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Abstract

When the illumination falling on a surface change, so does the reflected light. Despite

this, adult observers are good at perceiving surfaces as relatively unchanging—an abil-

ity termed colour constancy. Very few studies have investigated colour constancy in

infants, and even fewer in children. Here we asked whether there is a difference in

colour constancy between children and adults; what the developmental trajectory is

between six and 11 years; and whether the pattern of constancy across illuminations

and reflectancesdiffers betweenadults and children. To this end,wedevelopedanovel,

child-friendly computer-based object selection task. In this, observers saw a dragon’s

favourite sweet under a neutral illumination and picked the matching sweet from an

array of eight seen under a different illumination (blue, yellow, red, or green). This set

contained a reflectance match (colour constant; perfect performance) and a tristimu-

lusmatch (colour inconstant).We ran twoexperiments,with two-dimensional scenes in

one and three-dimensional renderings in the other. Twenty-six adults and 33 children

took part in the first experiment; 26 adults and 40 children took part in the second.

Children performed better than adults on this task, and their performance decreased

with age in both experiments. We found differences across illuminations and sweets,

but a similar pattern across both age groups. This unexpected finding might reflect a

real decrease in colour constancy from childhood to adulthood, explained by devel-

opmental changes in the perceptual and cognitive mechanisms underpinning colour

constancy, or differences in task strategies between children and adults.
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Highlights

∙ Six- to 11-year-old children demonstrated better performance than adults on a

colour constancy object selection task.

∙ Performance decreased with age over childhood.
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∙ These findings may indicate development of cognitive strategies used to overcome

automatic colour constancymechanisms.

1 INTRODUCTION

The light reflected from a surface depends on both the surface

reflectance and incident illumination. Colour constancy is the ability

to judge surfaces as relatively invariant under different illuminations.

This is crucial for recognising material properties of objects—without

it, objects would appear to change colour radically in different envi-

ronments. Empirical measurements of colour constancy find varying

levels depending on the method of measurement (including instruc-

tions; L. E. Arend et al., 1991), surfaces and illuminations used, and

the individuals tested (see Foster, 2011; H. E. Smithson, 2005, for a

review). Typicalmethods ofmeasuring colour constancy include achro-

matic setting (D. Brainard, 1998) in which observers adjust a patch to

appear achromatic; asymmetric matching (D. H. Brainard et al., 1997)

in which observers adjust the colour of a test patch to match a tar-

get patch under a different illumination; and object selection (Radonjić

et al., 2015a) in which observers select one object from several to

match a target seen under a different illuminant. Object selection tasks

are more naturalistic, and generally elicit the highest levels of colour

constancy (Radonjić & Brainard, 2016).

An almost infinite variety of illumination and surface reflectance

combinationsmay give rise to the same light signal at the eye. Bayesian

models (D. H. Brainard & Freeman, 1997; D. H. Brainard et al., 2006;

Olkkonen et al., 2016) propose that the visual system narrows down

the possibilities and estimates the actual physical stimulus by learning

the most likely combinations. Prior experience, acquired during devel-

opment, is arguably necessary to learn these mappings (Beau Lotto,

2004). Developmental studies into colour constancy are therefore

needed to empirically determine the relationship between experience

and perception. Whilst animal studies have shown that experience

with broadband illuminations is essential for colour constancy (Sugita,

2004), little is yet known about the development of colour constancy in

children.

Many low-level systems necessary for colour vision develop dur-

ing the first months of life (see Brown, 1990, for a review), including

macular pigment density (Bone et al., 1988), cone contrast sensitiv-

ity and acuity (Concetta Morrone et al., 1990). Two-month-old infants

can discriminate chromatic from achromatic surfaces (Peeples & Teller,

1975), and 4-month-old infants have colour categories similar to those

of adults (Skelton et al., 2017). Additionally, young infants exhibit

other complex aspects of perception including transparency percep-

tion (Johnson & Aslin, 2000) and certain visual illusions (Yang et al.,

2010). However, other aspects continue to develop, including detect-

ing colour-defined form, which is not adult-like until teenage years

(Hollants-Gilhuijs et al., 1998). This ability is likely to depend on

processes independent of those giving rise to the experience of colour.

Few studies have investigated colour constancy in children. Danne-

miller and Hanko (1987), Dannemiller (1989), and Yang et al. (2013)

and (2015) used a preferential-looking paradigm to study colour con-

stancy in 3- to 7-month-old infants and found rudimentary colour

constancy by 4.5 months. Similarly, Hui Lin Chien et al. (2006) and

Kavšek (2011) found looking behaviour consistent with lightness con-

stancy in 4- and 6-month-old infants, respectively. Using an object

selection task with a limited set of targets and a coarse measure of

colour constancy, Rogers et al. (2020) found no relationship between

age and performance in 2- to 4-year-old toddlers. Although therewere

large individual differences, no toddler performed aswell as the adults.

On the other hand, Katz (2013) anecdotally reports that children

aged8–15yearsmayhave equal or superior colour constancy to that of

adults. However, this report is not supported by explicit data, so should

be interpretedwith caution. Similarly, Beck (1966) found no difference

in lightness constancy between 5-year-old children and adults when

judging a single chip’s lightness.

The development of size and shape constancy has received more

experimental attention. Some studies report that size constancy

improves with age up to 7–9 years (Brislin & Leibowitz, 1970; Granrud

& Schmechel, 2006; Kavšek & Granrud, 2012), although others find

adult-like levels in 3-year-olds (Tronick & Hershenson, 1979). This dis-

crepancymaybeexplainedbydifferences in instructions and strategies

(Granrud, 2009; Rapoport, 1967). Kaess et al. (1974) found increas-

ing shape constancy with age up to 19 years, whereas others found

no effect of age (Field & Collins, 1977), or decreasing constancy with

age, but only for small viewing distances (3 vs. 15 feet; Meneghini &

Leibowitz, 1967). In shape and size constancy, the viewing distance

matters as different mechanisms are involved in judging the depth and

distance of near (e.g., stereopsis) versus far objects.

According to a popular hypothesis, adults’ colour constancy may

be optimised for daylight illuminations, which vary in appearance

from yellowish to blueish (Hernández-Andrés et al., 1999; Judd et al.,

1964; Spitschan et al., 2017). Through experience, observers may

have developed a “daylight prior,” in line with Bayesian models (D. H.

Brainard et al., 2006). The finding of higher constancy for scenes illu-

minated by blueish daylights than non-daylights (Delahunt & Brainard,

2004; Pearce et al., 2014; Weiss et al., 2017) partially supports this

hypothesis. Whilst the development of a daylight prior has not been

investigated, studies have found other perceptual priors developing

between four and 12 years (Chambers et al., 2018; Stone, 2011;

Thomas et al., 2010; Yonas &Hagen, 1973).

In summary, there is limited research into the development of colour

constancy, with no studies investigating the developmental trajectory

of colour constancy with age in children over 4 years, and few using

a comparable task for different age groups. This gap may be because
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many methods of measuring colour constancy in adults (achromatic

matching, asymmetric matching) are inappropriate for young children,

either requiring observers to remember a colour, and/or perform fine-

tuned matches which require a long attention span and fine motor

skills. Therefore,we have adapted an object selection task fromRadon-

jić et al. (2015b), related to developmental work from Rogers et al.

(2020), to develop a novel, child-friendly measure of colour constancy

with no memory demands, and no need to make explicit judgements

about colours.Weused this task to better understand the role of devel-

opment in perceptual constancies. Specifically, we aimed to answer

three research questions: (1) is there an overall difference between

6- to 11-year-old children and adult observers’ colour constancy? (2)

Is there a developmental trajectory in colour constancy from 6 to 11

years? and (3)Does thepatternof colour constancy across surfaces and

illuminations, such as effects driven by a daylight prior, differ between

adults and children? A developing daylight prior would be demon-

strated by a larger asymmetry between daylights and non-daylights

for adults and older children than in younger children.We focussed on

the age range (6–11 years) in which developmental changes in size and

shape constancy occur. In the first experiment, we aimed to measure

colour constancy in children and adults using simple two-dimensional

stimuli, comparable to those used in much previous research. In the

second experiment, wemeasured colour constancy with more realistic

three-dimensional rendered stimuli, to ask whether the findings apply

to scenes whichmore closely resemble the real world.

2 EXPERIMENT 1

We developed a novel computer-based object selection task, which

children would find engaging, based on the materials and methods

of Radonjić et al. (2015a), using simple two-dimensional scenes. This

involved finding a dragon’s favourite “sweet” from a set seen under

one illumination to match a target sweet seen under a neutral illumi-

nation. This experiment allowed us to measure baseline performance

with minimal cues, and to confirm whether the task was appropriate

for children. The use of a computer allowed precise manipulation of

reflectances and illuminants. Six- to 11-year-old children, and adults

participated, with scenes simulated under either daylight or non-

daylight illuminants to determine whether overall colour constancy, or

the pattern across illuminations, differs between children and adults.

2.1 Method

2.1.1 Observers

Twenty-six adults (mean age = 22.57 years, SD = 6.51; five male, 21

female) and 33 children aged between 6 and 11 years (11 male, 22

female) participated. This age range was chosen based on previous

findings for constancy in other visual domains, andbecause pilot exper-

iments found that younger children were unable to use the equipment.

Informed consent was given by adults and parents of children. The

children assented to take part and were repeatedly asked during the

experimental session if they were happy to continue. All observers

were screened for colour vision deficiencies using Ishihara plates (38

plates edition) (Ishihara, 2006). Two children had scores outside the

normal range (more than two errors), so their data were not included

in analyses. Adults were either psychology undergraduate students

who took part for course credits, or paid volunteers. Children were

rewarded with a small prize at the session’s end. All observers had

normal or corrected to normal visual acuity.

2.1.2 Materials and apparatus

Scenes were presented on an ASUS PA382Q 23″ monitor with 10

bits per channel, controlled by an Nvidia quadro k600 graphics card.

The monitor was characterized with a Konica Minolta CS-2000 spec-

troradiometer and display linearization and colour conversions were

achievedwith standardmethods (D. H. Brainard et al., 2002). The com-

puter presenting the stimuli and the testing room were changed after

the first 20 participants (five adults and 15 children) due to availability

of laboratory space and occasional computer malfunction. The moni-

tor was recalibrated after moving, to maintain stimulus properties. To

check this did not affect results, we ran a linear mixed effects (lme)

model including computer setup as a predictor of colour constancy

indices and found no significant main effect of computer setup, and

no significant interaction with age group. For all conversions to CIE

L*u*v*, the white point was defined as the chromaticity of the neutral

illumination (D57), at a luminance of 60 cd/m2 (Yxy= 60, 0.328, 0.344).

Observers sat in the dark, approximately 60 cm from themonitor, with

free head movement. Experiments were run on MATLAB (The Math

Works, Inc., 2018), using functions from the Psychophysics Toolbox (D.

H. Brainard, 1997; Kleiner et al., 2007; Pelli, 1997).

2.1.3 Stimuli

Each experimental scene filled the monitor, subtending 46 × 27

degrees of visual angle. The scenes consisted of two halves (each 23

× 27 degrees); a square target “sweet” was shown against a neutral

background on the left-hand side, and eight competitors were shown

against a “chromatic” background on the right-hand side (Figure 1). All

nine sweets were identical in shape and size (129 pixels2; 3.3 degrees

of visual angle). The target sweet was centred in the left half. The eight

competitor sweets were aligned in two equally spaced rows of four,

symmetric above and below a horizontal line at the vertical middle of

the screen.Numeralswere addedabove the top rowandbelow thebot-

tom row of competitors so that children unable to use themouse could

say which number to pick.

The backgrounds were designed to simulate different illuminations,

so will hereafter be referred to as illuminations. The neutral illumina-

tion had a CCT of 5698K (D57), close to the peak chromaticity of the

measured daylight distribution from 30 natural scenes (Nascimento

et al., 2016). Four chromatic illuminations were used: two along the
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F IGURE 1 Example of a scenewith a rose sweet under green
illumination. Note that Derek the dragonwas not present in scenes in
themain experiment. Sweet 5 is the tristimulus match and sweet 6 is
the reflectancematch

TABLE 1 Co-ordinates of the illuminations used in CIEYxy and
CIEL’u’v’ colour spaces

Illumination X Y u’ v’

Neutral (D57) 0.328 0.344 0.203 0.478

Blue 0.297 0.314 0.193 0.458

Yellow 0.364 0.372 0.216 0.497

Red 0.329 0.310 0.217 0.460

Green 0.327 0.382 0.189 0.496

daylight locus in the blueish and yellowish directions, and two per-

pendicular to the daylight locus at CCT 5698K (in u*v*), which appear

reddish and greenish. In all conditions the background was scaled to

have a luminance of 60 cd/m2. At this luminance, all chromatic illumina-

tionswere 30∆Eu∗v∗ fromD57. Illumination chromaticities are given in

Table 1.

We used four target reflectances which appeared grey, green,

rose, and teal under neutral illumination (Radonjić et al., 2015b). For

each target and illumination, we generated eight competitors, equally

spaced on a line in u’v’, which contained a tristimulus match (T; this has

the same chromaticity that the target sweetwould have under the neu-

tral illumination, therefore indicating no constancy) and a reflectance

match (R; this has the chromaticity that the target sweet would have

under the different illumination, therefore indicating perfect con-

stancy). An example of the competitors’ chromaticities is shown in

Figure 2. These range from an over-constancy match, which observers

would pick if they over-corrected for the illumination (with a chro-

maticity beyond R), to under-constancy matches (with chromaticities

beyond T). Full details of how these were generated, and a description

of tristimulus and reflectance matches, is given in the Supplementary

Material. Although the competitors should have slightly different lumi-

nancesdue to the interactionbetween the illuminationand reflectance,

for simplicity we fixed the luminance of each competitor at 50 cd/m2

(The difference in luminance between competitors before fixing was

small, with amaximum discrepancy between T and R of 1.8 cd/m2).

0.200 0.205 0.210 0.215
u'

0.47

0.48

0.49

0.50

v'

T

R

F IGURE 2 Example chromaticity of eight competitors in u’v’. Red
X represents the tristimulus match, T; blue diamond represents the
reflectancematch, R; the blackOs are the competitors in between T
and R; redOs are underconstant and blueO is overconstant

In addition to these sixteen experimental scenes (four illuminations

× four sweet colours), there were two control conditions for each tar-

get sweet, in which both sides of the screen were illuminated by D57,

to test for any internal biases—such as a preference to pick more satu-

rated sweets. In these scenes, the background was uniform across the

screen. Full details of how the eight competitors in these scenes were

generated are given in the SupplementaryMaterial.

Overall, there were 24 conditions (six illuminations × four sweet

colours). Each observer was presented with each condition 10 times,

for a total of 240 trials, with the eight competitors positioned in a

random order on each trial.

2.1.4 Task

The observers’ task was to feed “Derek the dragon” his favourite

sweets. They saw his “favourite sweet”—the target sweet—on the left-

hand side of the screen under neutral illumination (D57). From the

eight competitors on the right-hand side of the screen, observers used

a mouse to click on the sweet they thought was his favourite. The

instructions (see Supplementary Material) did not mention colour, or

explain that the backgrounds simulated illumination changes. There-

fore, no specific strategy was encouraged. Children who could not use

amouse spoke the number of the sweet to select, and the experimenter

clicked on it. The selected sweet was then indicated by a small, uni-

form increase in size.Observerswere allowed to change their selection

as often as required, with unlimited time. To feed Derek the sweet,

observers pressed the space bar.

2.1.5 Procedure

All adults completed all 24 conditions in a single session, except the

first five who did not complete the red-green control condition, as
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TABLE 2 Mean and SD number of blocks completed by children of
each age (out of five for first 15 children and out of six for remaining
children)

Age

(years)

Mean number

of blocks

completed

SD blocks

completed

6 3.89 1.90

7 5 1.10

8 5.17 1.17

9 5 0.82

10 4.4 1.52

11 5.67 0.58

this was added later. Fifteen children were also tested before the red-

green control condition was added. Children completed as many trials

as they could in a single session before becoming fatigued. Generally,

the older children were more likely to complete all conditions than

the younger children. Over all 33 children, 28 blocks (out of a possible

183) were not completed due to fatigue. The breakdown of number of

blocks completed by age is shown in Table 2. The testing sessions lasted

approximately an hour, with large variability between observers.

The full sessions were split into six blocks—one for each illumi-

nation. Within a block, each sweet was shown 10 times, resulting in

40 trials per block. Trial and block orders were randomised for each

observer.

Each block began with two minutes of dark adaptation. In the first

block immediately following the adaptation period, the instructions

were presented on the screen by an animation of Derek the Dragon.

The illumination of the first block was used in the example scene in the

instructions. For childrenwho struggled to read, the experimenter read

out the instructions, and pointed to the relevant parts of the scene.

Following the instructions, the first trial was presented.

Children were given a star chart at the beginning of the session and

were rewarded with a star sticker after a set of six, seven, or eight

trials, with the set length randomised each time. Between every trial,

observers saw a black screen containing an energy bar, alongside text

telling them to continue. The energy barwas filled incrementally, either

1/6, 1/7 or 1/8 after each trial depending on the set length. When the

bar was full a black screen containing a large silver star was shown,

alongside an animation of Derek talking with the text “Thank you for

feedingme, you have earned a star!.” This rewardwas designed to keep

childrenmotivated, without giving anymeaningful feedback.

At the end of each block, an animation of Derek appeared alongside

text saying “Thank you for feedingme somany sweets!.” Between each

block, observers were asked if they wanted to play the next round.

2.1.6 Data analysis

Wedeveloped twocriteria toexclude randomresponses. Thiswasdone

for each illumination condition, but not separated by sweet colour, as

sufficient responses were needed to test for potential randomness.

There were, therefore, 40 responses (each a number between one and

eight indicating the competitor selected on that trial) to assess. A uni-

formandaGaussiandistributionwere fitted to these responses. Sets of

responses where the Bayesian information criterion (BIC) of the Gaus-

sian fit was larger than, orwithin six units from, the BIC for the uniform

fit were deemed as equally or better fit by the uniform than the Gaus-

sian distribution, andwere excluded from analysis. This excluded three

conditions, all from children. Additionally, any set of responses with

SD greater than 2.32 (the SD of 40 responses uniformly distributed

amongst eight competitors) were excluded. This excluded five condi-

tions, all from children. Due to overlap between the exclusion criteria,

five conditions in total were excluded, from four children, represent-

ing 3.23% of conditions completed by children. No data were excluded

from adults.

To analyse the remaining data, all responses were first converted to

the associated chromaticities of the competitors in CIE u’v’. T had the

same chromaticity as the target sweet, despite the change in illumina-

tion, and therefore indicated no colour constancy, while R simulated

the target sweet under the chromatic illumination, and therefore indi-

cated perfect constancy. The observer’s colour constancy index (CCI)

was calculated for each trial as:

CCI = 1 −
a
b

(1)

where a is the signed Euclidean distance, in u’v’, from R to the

competitor selected, which was negative for over-constancy

matches, and b is the Euclidean distance from R to T. Possible

CCIs ranged from −0.25 for under-constancy matches to 1.5

for over-constancy matches, with CCIs of one indicating perfect

constancy.

Figure 3 shows an example of how the chromaticity of the sweets

selected corresponds to the CCIs.

In order to test our three research questions, we ran lme models in

R (R Core Team, 2020) using the lme4 package (Bates et al., 2015). As

many children did not complete all 16 conditions and some conditions

were excluded, it was not possible to conduct an ANOVA. We created

two models: one to investigate main effects of age group, illumination,

and sweet colour:

CCI ∼ ageGroup + block + illumination + (1|observer) (2)

and a second to test for interactions between these variables

CCI ∼ ageGroup ∗ block ∗ illumination + (1|observer) (3)

2.2 Results

The mean chromaticities of the sweets selected by adults and children

under each of the 16 conditions are shown in Figure 4. These graphs

are in the same format as Figure 3a but show all four sweet colours,

with the corresponding target sweet shown above. The pattern across
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0.46
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0.48

0.49

0.19 0.20 0.21

u'

v'

a b

0.00

0.25

0.50

0.75

1.00

blue yellow red green

Illumination

(a) (b)

C
C

I

F IGURE 3 (a): Example of an observer’s matches for grey sweets in u’v’. The black filled O is the tristimulus match (T). The open colouredOs
are the reflectancematches (R) under each of the four illuminants, with the colour of theO corresponding to the colour of the illumination. The
filled colouredOs are the observer’s matches under each illuminant, with the colour corresponding to the illumination. Pale lines show thewhole
distance from T to R (b in Equation 1); darker lines show the distance from T to thematch. (b): the colour constancy indices associated with the
chromaticities in (a). As this observer selected R under green, they had perfect colour constancy under green, but they chose a competitor close to
T under yellow, resulting in poorer constancy
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F IGURE 4 (a) Mean chromaticities of sweets selected in u’v’, formatted as in Figure 3a for each sweet colour separately, with the shape
families representing different sweet colours: Os are green; squares are grey; triangles are rose; diamonds are teal. Adults’ results are in the top
row and children’s are in the bottom row. (b) shows themean chromaticities selected by both adults (pale symbols) and children (dark symbols) for
all sweet colours. In all plots, black symbols are the targets/tristimulus matches, open coloured symbols are reflectancematches, and filled
coloured symbols aremeanmatches across observers. The colour of the symbols indicates the colour of the illumination. Error bars (too small to be
visible in many cases) show± 1 SEM

adults and children is similar, with large differences between sweet

colours and illuminations.

In order to meaningfully analyse colour constancy performance, we

first needed to ensure that observers could discriminate between the

competitors, and accuratelymatchwithout colour constancy demands.

To this end, we analysed the neutral control conditions. Observers

performed generally well in these, with a mean ∆Eu’v’ (Euclidean dis-

tance) from the target of 0.00242, corresponding to a just-noticeable-

difference (L*u*v*) of 3.74. In a 2(condition) × 4(sweet) × 2(age group)

ANOVA, deviations were significantly larger in the blue-yellow control

than the red-green control condition (p = 0.0152), with a bias towards

yellower competitors for Green, Grey, and Rose sweets, and a bias

towards bluer competitors for Teal sweets. Observers had a small bias

towards green for Green and Grey sweets, and towards red for Rose

and Teal sweets. There was no significant difference between adults

and children (p= 0.603), and both followed the same pattern.

Our first research question was whether CCIs differed between

adults and children. Figure 5a shows that children (dark violins) had,
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F IGURE 5 (a): Mean colour constancy indices (CCIs) for children (dark bars) and adults (light bars) collapsed across sweet colours, for each
illumination condition separately. (b): Age againstmean CCI across all sweet colours for each child and illumination condition separately. Colours of
points represent illumination colour. Regression lines are shown for each illumination condition. (c): Mean CCI across all sweet colours for each
adult and illumination condition. Participants are sorted in ascending age order

on average, higher CCIs (closer to 1) than adults (light violins) under

all four illuminants (collapsed across sweet colours). Figure 5 shows

the same pattern, comparing individual children (b) with adults (c). In

a lmemodelwith age group (children or adults), illumination, and sweet

colour as predictors of CCI (Equation 2), the main effect of age group

was significant (p < 0.001, t = 9.605), with higher CCIs in children

(mean = 0.436, SD = 0.373) than adults (mean = 0.364, SD = 0.303)

(Figure 6).

To determine whether CCIs changed over childhood, addressing

our second question, we ran robust regressions on the children’s

data using the rlm function of the MASS package in R (Venables

& Ripley, 2002). We used age as a predictor of CCI for each illu-

mination separately, collapsed across sweet colour and repetitions.

All four regressions (Figure 5b) were significant and negative (Blue:

B = −0.0390, p = 0.0147; Yellow: B = −0.0252, p = 0.0054; Green:

Teal vs Grey

Rose vs Grey

Green vs Grey

Sweet Colour
Yellow vs Blue

Red vs Blue

Green vs Blue

illumination
Children vs Adults

-0.3 -0.2 -0.1 0.0 0.1

Estimate

V
a

ri
a

b
le

F IGURE 6 Main effects model results. Red circles show estimates;
error bars show 95% confidence intervals. Black vertical line at
Estimate= 0 reflects non-significance. Estimates greater than 0
indicate the first variable (e.g., “green” in “green vs blue” predicts
higher CCIs; estimates less than 0 suggest the variable on the right
hand side predicts higher CCIs
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F IGURE 7 CCIs against log(age) with each of the best fitting models for each illumination. For Blue and Red illuminations, the best fitting
model is the jumpmodel, with the vertical line indicating the jump and the horizontal lines indicating themean CCI below and above this age. For
Green and Yellow, the best fittingmodel is linear, with the regression line shown

B=−0.0241, p=0.0061; Red:B=−0.0436, p<0.001), suggesting that

CCIs decrease with age between 6 and 11 years under all four illumi-

nations. B denotes the change in CCI for each year of age; for the Blue

illumination, a 7-year-old’s CCI is 0.0390 lower than a 6-year-old’s, on

average.

To determine more specifically the shape of the developmental tra-

jectory, we asked which of four distinct models best fit the CCIs as

a function of log(age) for all data (children and adults): linear; jump

model, which predicts a step-like change in CCIs; hockey stick model,

which predicts a linear change up to a certain age, after which CCIs

plateau; and no change with age. We used log(age) to reduce the age

gap between adult and child observers. The models were fitted to the

data for each illumination condition separately, to determine the inter-

action between age and illumination. The BICwas determined for each

model to determine which best fitted the data, and are all given in the

Supplementary Material. The models with the lowest BIC, and there-

fore the best fits, were the jump model for Blue and Red illuminations,

and the linear model for Green and Yellow. For Blue, the jump was at

8.6 years, with the mean CCI 0.609 below this age and 0.422 above.

For Red the jump was at 8.4 years, with CCIs higher below this age

(mean = 0.526) than above (mean = 0.357). For green, βwas −0.0599,
and for yellow β was −0.576. These models are plotted alongside the

data in Figure 7.

To test whether the pattern of CCIs across illuminations and

reflectances differed between adults and children—our third research

question—we ran a second lme model to look for interactions

(Figure 8), described in detail in the SupplementaryMaterial.

The two lme models show that CCIs differ significantly across

illuminations (highest under Blue and lowest under Yellow) and

sweet colours (highest for Grey and lowest for Teal), and that

there are significant interactions between the two. None of the

two-way interactions involving age group are significant, indicating

that the patterns across illuminations and reflectances are similar

across adults and children. The two significant three-way interac-

tions children|Greensweet|Redillumination (p = 0.007); children|Tealsweet|

Yellowillumination (p = 0.003) indicate that the two-way interactions

for Greensweet |Redillumination and Tealsweet|Yellowillumination are more

pronounced for children than adults.

2.3 Interim discussion

In this object selection task, we found that 6- to 11-year-old children’s

colour constancy indices were higher than adults’ and decreased with

agebetween6and11years. Although surprising, the result agreeswith

some previous reports of superior constancy in children (Katz, 2013;

Meneghini & Leibowitz, 1967).

As well as the overall change in CCIs with age, we were inter-

ested in the pattern across illuminations and reflectances for adults

and children. Both adults and children had the highest CCIs under

the Blue illumination, possibly due to a daylight prior, in agree-

ment with Delahunt and Brainard (2004). Furthermore, children and

adults had the highest CCIs for grey sweets, in line with previous

research (Olkkonen et al., 2009). Interestingly, there was a strong

interaction between sweet colour and illumination, such that CCIs

were generally higher when the sweet’s reflectance and illumination

had similar chromaticities (e.g., Green sweets under Green illumina-

tion). As with the main effects of sweet colour and illumination, this

interaction did not vary by age group. Whilst there were few sig-

nificant interactions involving age group in the lme model, different

models best explained the developmental trajectory under Blue and

Red illuminants (jump model) compared to Yellow and Green (lin-

ear model). The developmental trajectory may therefore vary across

illuminations.

This experiment provided a useful way tomeasure colour constancy

in children and adults in a simple, controlled scene, using a novel task.

However, the simplicity of the stimuli limits their relevance to colour

constancy in real life, as many cues are missing, and observers might

not interpret the backgrounds as different illuminations. Therefore, in

Experiment 2 we used three-dimensional rendered scenes, to deter-

minewhether their additional cues to the illumination geometrywould

be exploited by children and/or adults.
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F IGURE 8 Interaction effects model results. Red circles show estimates; error bars show 95% confidence intervals. Bold, italic text is added to
divide the different factors. Parentheses show the level of the fixed factors, such that the first effect is a comparison of children compared to adults
with grey sweets under the blue illumination. See text for full explanation of results

3 EXPERIMENT 2

To measure colour constancy in a more realistic environment, in

Experiment 2 we used three-dimensional computer rendered stim-

uli. The task, illuminations, and sweet colours were the same as in

Experiment 1.

3.1 Method

3.1.1 Observers

A further 26 adults (mean age = 25.2 years, SD = 10.1; seven male, 19

female) and 40 children aged 6–11 years (15 male, 25 female) partici-

pated.All observerswerenaive to thepurposes of the study, apart from

one adult whowas involved in collecting data.

3.1.2 Materials and apparatus

The same materials were used as in Experiment 1. The computer and

testing roomwere those employed in the second half of Experiment 1.

3.1.3 Stimuli

An example of the stimuli is shown in Figure 9. The geometry of the

three-dimensional scenes was created using Blender (https://www.

blender.org/), and they were rendered using Mitsuba (http://www.

mitsuba-renderer.org/) compiled for spectral rendering. Mutual illumi-

nationwas excluded from the rendering process by limiting the number

of bounces to one, to ensure the chromaticities of the sweets were not

affected by surrounding sweets or walls.

The scenes consisted of two boxes with open fronts. A square area

light encompassed the ceiling of each box. The lights were hidden by

wall fragments on the top fronts. As in Experiment 1, the left box

was always illuminated by D57, and the right box was illuminated by

either a Blue, Yellow, Red, or Green illumination—each 30∆Eu∗v∗ from

D57. The boxes subtended approximately 11 × 10 degrees of visual

angle.

All surfaces within the boxes had a spectrally neutral reflectance of

0.5. The sweet shapewas identical for all competitors and generatedby

adding cones to either side of an ellipsoid with the vertices randomly

deformed to look like the sweet wrappers. A single target sweet was

placed in the left-hand box, roughly in the middle, with two rows of

four competitor sweets in the right-hand box. Each sweet subtended
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F IGURE 9 Example of a 3D scene containing green sweets under the blue illumination on the right

approximately 1.8× 0.4 degrees of visual angle at a viewing distance of

60 cm.

The sweets’ reflectances were generated using the rough plastic

material in Mitsuba, with an alpha of 1, which is perfectly rough, and a

specular reflectance of 0, which is perfectly matte. The chromaticities

of the target sweets under the neutral illuminationwere the same as in

Experiment 1: Grey, Green, Rose, and Teal. For each chromatic illumi-

nation and each target sweet, the colour differences between the eight

competitor sweets were evenly spaced in L*u*v*, and corresponded to

a reflectancematch (R), a tristimulus match (T), and six alternative sur-

faces, including one over-constant and two under-constant matches,

as in Experiment 1. To generate the 3D rendered sweets, spectral

reflectance functions for each alternative sweetwere computed,which

would deliver the desired evenly spaced chromaticities; for details see

SupplementaryMaterial.

As in Experiment 1, in two control conditions both boxes were illu-

minated by the Neutral illuminant (D57). See Supplementary Material

for details.

For each of the 24 conditions (four sweets × six illumination con-

ditions), 10 scenes were rendered with the eight competitors in a

different, random, order. The hyperspectral rendered sceneswere con-

verted toRGB images using the calibration file described in Experiment

1. As somepixels in the rendered imageswere out of gamut, thesewere

truncated by converting any pixels with R, G, or B greater than 1 to 1,

and converting any values less than 0 to 0.

During rendering and truncation, the sweets’ chromaticities shifted

slightly from the predicted chromaticities. Therefore, during analysis,

the chromaticity of the rendered sweet selected was used, as shown in

the SupplementaryMaterial.

3.1.4 Task

The task was the same as in Experiment 1. The observer’s selected

sweet was indicated by a black arrow instead of an enlargement.

TABLE 3 Mean and SD number of blocks completed by children of
each age (out of 6)

Age

(years)

Mean number of

blocks

completed

SD blocks

completed

6 5.29 1.50

7 5.22 1.56

8 6 0

9 6 0

10 6 0

11 6 0

3.1.5 Procedure

All adults completed all conditions within a single session lasting

roughly an hour. Most children completed all conditions. Four children,

all aged 6 or 7 years, did not complete all conditions due to fatigue, for

a total of 12 conditions (out of a possible 240). The number of blocks

completed by age is shown in Table 3.

The procedure was identical to that in Experiment 1, except addi-

tional instructions were given before the main instructions. These

consisted of a demonstration scene containing the boxes from the

main experiment with perfectly reflective (white), specular, objects

inside: a cone, a sphere, and a cube (Figure 10). The experi-

menter explained to observers that the light would change colour

on every round, while manipulating the illumination in the right-hand

box to illustrate the effects. This ensured that observers under-

stood that it was the illumination, rather than the wall, changing

colour. A three-dimensional rendered image of Derek the dragon

gave the remainder of the instructions, with the same text as in

Experiment 1.
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F IGURE 10 Demonstration scene used to show the light changing colour. In this example, the light in the right-hand room is green, and the
light in the left-hand room is neutral. In this and all other representations of stimuli, images have been tonemapped for illustrative purposes

3.1.6 Data analysis

The same exclusion criteria as in Experiment 1 were applied. Ten illu-

mination conditions from children were better fit by a Uniform than a

Gaussian distribution, and the SD of responses was greater than 2.32

in 22 conditions from children. Due to overlap between the two crite-

ria, 24 conditions, representing 10.5% of those completed by children,

were excluded. No adults’ data were excluded by either of these cri-

teria. However, two adults were removed from analysis as their mean

CCIsweremore than three SD from themean of all adults; one of these

was a non-naive observer who collected part of the data.

When calculating CCIs, the responses were converted to the chro-

maticity (in u’v’) of the sweet in that particular rendering. “T” was

defined as the chromaticity of the rendered target sweet. “R” was

the chromaticity the rendered target sweet would have under the

chromatic illuminant (see SupplementaryMaterial for further details).

As the chromaticities of the rendered sweets did not always fall on a

straight line between T and R (as defined above), CCIs were calculated

by defining a as the (signed) vector projection of the line joining R to

the response, onto the line joining R to T, using Equation 1. In separate

analyses, we calculatedCCIs by defining a as the (signed) Euclidean dis-

tance fromR to the response, but the resultswere no different to those

reported here.

3.2 Results

Themean chromaticities of the rendered sweets selected by adults and

children are shown separately for each sweet colour in Figure 11a, and

together in Figure 11b. These show a similar pattern across adults and

children which varies dramatically across sweet colours.

To check that observers could discriminate the sweets and per-

form accurate matches without colour constancy demands, we ran an

ANOVA on the data from the neutral control conditions. Across all

observers and both control conditions, the mean ∆Eu’v’ was 0.00494.

Deviations did not differ significantly along the blue-yellow vs red-

green axes. There was a significant difference between the sweet

colours,with the smallest error forGrey sweets, and the largest for Teal

sweets. Children had overall higher ∆Eu’v’ than adults (p < 0.001), but

the pattern across sweet colours was consistent across age groups.

To answer our first research question, and determine whether CCIs

differed between children and adults, we ran a lme model with age

group, illumination, and sweet colour as predictors of CCI. As can be

seen in Figure 12a, children (dark violins) have higher CCIs, on average,

than adults (light violins) in all four illumination conditions. Individual

children’sCCIs for each illumination condition are shown in Figure 12b,

and adults’ CCIs in 12c. The results of the lmemodel in Figure 13 show

a significant main effect of age group (p < 0.001), with higher CCIs in

children (mean = 0.315, SD = 0.362) than in adults (mean = 0.245,

SD= 0.294).

To determine whether colour constancy changes over childhood

(our second research question), robust regressions were fitted to the

children’s data for each illumination condition separately. Under both

Blue (β = −0.036, p = 0.019) and Red (β = −0.031, p = 0.020), but not

Yellow or Green, age negatively predicted CCI. To further explore the

developmental trajectory, we fit fourmodels (linear, jump, hockey stick,

and no change) to the CCIs as a function of log(age). The linear model

was the best fit for the Blue (β = −0.0644), Green (β = −0.0515), and

Red (β = −0.116) illuminations. Under the Yellow illumination, the no

change model was the best fit. The best fitting models are plotted in

Figure 14. The BIC for each model are shown in the Supplementary

Material.

The main effects model found significant differences in CCIs across

illuminations (highest for Blue) and sweet colours (highest for Grey).

To determine whether the pattern across illuminations and sweets

differed across age groups, addressing our third research question,

 14677687, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/desc.13306 by T

est, W
iley O

nline L
ibrary on [14/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 of 18 WEDGE-ROBERTS ET AL.

0.18 0.19 0.19 0.20 0.21 0.23 0.24 0.25 0.26 0.27 0.15 0.16 0.16 0.16

0.18 0.19 0.19 0.20 0.21 0.23 0.24 0.25 0.26 0.27 0.15 0.16 0.16 0.16

0.43

0.44

0.45

0.46

0.47

0.43

0.44

0.45

0.46

0.47

0.45

0.46

0.47

0.48

0.49

0.45

0.46

0.47

0.48

0.49

0.46

0.47

0.48

0.49

0.46

0.47

0.48

0.49

0.500

0.505

0.510

0.515

0.520

0.500

0.505

0.510

0.515

0.520

u'

v'

A
d
u
lt
s

C
h
ild
re
n

0.425

0.450

0.475

0.500

0.525

0.15 0.18 0.21 0.24 0.27

u'

v'

(a) (b)

F IGURE 11 Mean chromaticities of sweets selected. (a) shows the chromaticities for each sweet colour separately: Os are green; squares are
grey; triangles are rose; diamonds are teal. The top row shows the adults’ results and the bottom row shows the children’s results. (b) shows the
mean chromaticities selected by both adults (pale symbols) and children (dark symbols) for all sweet colours. In all plots, black symbols are
tristimulus matches, open coloured symbols are reflectancematches, and filled coloured symbols aremeanmatches
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F IGURE 12 (a): Mean CCIs for adults (pale) and children (dark) for each illumination (b): Individual children’s CCIs against age, with regression
lines for each illumination. Colours reflect illuminations. (c): Individual adult’s CCIs for each illumination condition. Horizontal axis is age rank of
observer
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F IGURE 13 Main effects model results. Red circles are estimates,
with error bars showing 95%CIs. For estimates greater than 0, the
comparison condition predicts higher CCIs; for estimates lower than 0
the reference condition predicts higher CCIs

we ran a lme model to test for any interaction effects. Illumination,

sweet colour, and age group were added to the model as interact-

ing predictors of CCIs (Figure 15). There was a significant interaction

between illumination and sweet colour, visible in Figure 11. For Grey

sweets, children had higher CCIs than adults under the Blue illumi-

nation, but the Age Group | Illumination interaction suggests that

the difference between children and adults was significantly smaller

under the Yellow illumination. Furthermore, the difference between

adults and children under the Blue illumination did not depend

on sweet colour, but there was a significant positive estimate for

children|Tealsweets|Redillumination. This means that, while adults have

a negative interaction for Tealsweet|Redillumination, this effect is either

smaller, non-significant, or reversed in children.

3.3 Interim discussion

In this experiment we measured colour constancy in children and

adults using realistic three-dimensional computer rendered stimuli, to

answer three research questions. First, we found that 6- to 11-year-old

children had higher colour constancy indices than adults, as in Experi-

ment 1. Second, we found that under the Red and Blue, but not Yellow

or Green, illuminations CCIs decreased with age from 6 to 11 years.

This contrasts with Experiment 1where constancy decreasedwith age

under all four illuminations.

Third, considering the pattern across illuminations and sweets, the

highest CCIs were under the Blue illumination and for Grey sweets,

in agreement with Experiment 1. The superior performance under the

Blue illumination may indicate use of a daylight prior, although it does

not extend to the Yellow illumination used here, which elicited the

lowest CCIs. As in Experiment 1, there was a significant interaction

between sweet colour and illumination. In Figure 11, CCIs appear to

be highest when the chromaticities of the illumination and sweet are

similar. There were few interactions involving age group, suggesting a

similar pattern across sweets and illuminations. However, there was

a significantly smaller difference between the Yellow and Blue illu-

minations for children compared to adults. Additionally, model fitting

found the developmental trajectory was best fit by a linear model for

the Blue, Green, and Red illuminations whereas the data were best fit

by a no change model under the Yellow illumination, suggesting CCIs

do not change with age. Taken together, these findings suggest that

the developmental trajectory is different under the Yellow illumination

compared to the others.

Overall, the results generally agreed with those from Experiment 1,

although the CCIs were somewhat lower.

4 DISCUSSION

In this study, we ran two experiments, using a novel measure of colour

constancy, to determine the nature of the development of colour con-

stancy. This task was designed to be appropriate for measuring colour

constancy in 6- to 11-year-old children. Overall, the pattern of results

was similar across the two experiments.

We first askedwhether constancy differed between adults and chil-

dren, and examined the developmental trajectory across childhood.

In both experiments we found a significant difference between age

groups, with children demonstrating better colour constancy than

adults, as shown by picking sweets closer to the reflectance match,

resulting in higherCCIs. Robust regressions found that CCIs decreased

with age from 6 to 11 years under all illumination conditions with

two-dimensional stimuli (Experiment 1), and under Blue and Red illu-

minations with three-dimensional rendered stimuli (Experiment 2). In

Experiment 1, model fitting showed a step-like decrease in colour con-

stancy at around 8.5 years under Blue and Red illuminations and a

linear decline with age under Green and Yellow. In Experiment 2, the

data were best fit by a linearmodel under all illuminants except Yellow,

in which CCIs did not change with age. Taken together, these findings

suggest that colour constancy decreases with age. Whilst this finding

may appear counter-intuitive, and differs from the findings in toddlers

(Rogers et al., 2020), it agrees with findings described by Katz (2013).

Katz reports that Brunswik found colour constancy to peak between

8 and 15 years, after which it decreases up to adulthood. Interest-

ingly, in another set of experiments, Katz notes that Burzlaff found

that the developmental trajectory depends on the experimental setup,

such that children are as good as adults on an object selection task,

with almost perfect constancy, but performance on an adjustment task

improves with age. The task used here is more like the former, in which

children demonstrate high degrees of colour constancy. It would there-

fore be interesting to determine whether the results found here apply

to other experimental setups. However,matching tasks have additional

cognitive and motor demands, which could explain the developmen-

tal trajectory found by Katz. Furthermore, the findings reported by

Katz are to be taken with caution, as he does not report any statistical

analyses.

It is important to consider other possible explanations for the

decreasing CCIs with age, apart from declining colour constancy.

Firstly, children’s data are generally more noisy than adults’ data,

which could be due to them responding more randomly. If an observer

were responding entirely at random, we would predict CCIs of

0.375. In Experiment 1, adults’ CCIs were closer to this (0.361) than

 14677687, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/desc.13306 by T

est, W
iley O

nline L
ibrary on [14/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



14 of 18 WEDGE-ROBERTS ET AL.

blue yellow red green

2.0 2.5 3.0 3.5 4.0 2.0 2.5 3.0 3.5 4.0 2.0 2.5 3.0 3.5 4.0 2.0 2.5 3.0 3.5 4.0

0.00

0.25

0.50

log(age)

C
C

I

F IGURE 14 CCIs against log(age) with the best fitting models for each illumination. For Blue, Red, and Green the best fittingmodel is linear,
with the regression line shown. For Yellow, the best fit is no change, with themean across all ages plotted as a horizontal line
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F IGURE 15 Interactionmodel effects. Red circles show estimates, with 95%CI error bars. See text in SupplementaryMaterial for full
explanation

children’s (0.425), whereas in Experiment 2, the lower CCIsmeant chil-

dren were closer to random (0.315) than adults (0.245). It is, however,

unlikely that children would respond randomly in one experiment only.

Furthermore, we excluded conditions with random responses before

analysis.

A more likely alternative explanation is a difference in strategy

use due to interpretation of the deliberately ambiguous instructions.

Observers were told to find the sweet that Derek the Dragon would

“like best.” They were not told whether to match based on the hue and

saturation, or to pick the sweet which has the same reflectance as the

target (paper match), and there was no explicit mention of colour. This

was to determine what observers would do in the real world, without

an explicit strategy. However, if observers were attempting to make a

hue/saturation match, the “correct” response would be the tristimulus

match, whereas for a paper match the correct response would be the

reflectance match. The greater cognitive effort required in making a
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hue/saturation match might make it harder for children to adopt that

strategy, since they must override in-built colour constancy mecha-

nisms. Future studies manipulating instructions may help to determine

whether different strategies drive differences in performance, at least

in adults. If a difference in strategy use is driving these developmental

differences, it suggests that as age increases, people can more flexibly

switch between different methods of processing. This aligns with task-

switching literature,which has found this executive function to develop

during childhood (Davidson et al., 2006; Gupta et al., 2009).

Relatedly, a difference in perception of the stimuli could have

impacted on task strategy. Whilst the stimuli were designed to simu-

late different illuminations, they couldhavebeenperceivedasdifferent

wall colours by some observers. In situations in which the background

changes, the “correct”matchwouldbeahue/saturationmatch. It is pos-

sible that there are developmental changes in likelihood of perceiving

the difference as due to illumination or wall colour, which might have

influenced the results.

A difference in adaptation to the test illumination, or in simultane-

ous contrast, may also explain the difference in CCIs between children

and adults. Adaptation is known to be one of the major mechanisms

of colour constancy (Fairchild & Lennie, 1992; H. Smithson & Zaidi,

2004; Werner, 2014). Children might have adapted more to the test

illumination, either due to having poorer divided attention and execu-

tive control (Klenberg et al., 2001; Rosario Rueda et al., 2004; Shepp

& Barrett, 1991), causing more looking to the right-hand side of the

screen; having smaller receptive fields; or using more local, as opposed

to global, processing (Balas et al., 2020; Poirel et al., 2008). All these

factors could similarly impact simultaneous contrast. However, there is

evidence that by 5 years children’s receptive fields fromV1 to VO1 are

adult-like (Gomez et al., 2018). To test whether looking behaviour can

explain the results, future studies might use eyetracking to determine

whether there is a difference in looking behaviour between age groups,

or haploscopic viewing to ensure all observers are fully adapted in one

eye.

In summary, the developmental findings suggest that, by the age of 6

years, children are better on this task, which might imply they are bet-

ter able to take the illumination into account when selecting objects

than adults. This extends findings from infant studies which suggest

that infants have a rudimentary form of colour constancy at a couple

of months old. Better performance on this task might arise from dif-

ferent weights on low-level versus higher-level mechanisms to colour

constancy. But the difference might be in task strategy, rather than

colour constancy per se. Further studies using physical, rather than

computer-generated, stimuli are needed to determine the cause of this

difference.

Our use of four different sweet colours and four illuminations

allowed us to investigate the pattern of colour constancy across differ-

ent conditions, and determine whether this pattern changed with age.

In both experiments, colour constancy was significantly higher under

the blue daylight illuminant than any other illuminants. Such a “blue

bias” has been found in previous research (Delahunt & Brainard, 2004;

Weiss et al., 2017), and is in line with a broad daylight prior, as mod-

elled by D. H. Brainard et al. (2006). The fact that this effect did not

extend to the Yellow illumination, under which observers had the low-

est CCIs, could be due to a skew in the distribution of daylights such

that highly saturated blues are more common than highly saturated

yellows (Hernández-Andrés et al., 2001;Nascimentoet al., 2016). Thus,

observers may be more likely to attribute the blue illuminated box to

a difference in illumination while attributing the other illuminations

to a difference in wall colour. In both experiments the pattern across

illuminations was similar for adults and children. However, in Experi-

ment 2 (three-dimensional stimuli) there was a significant interaction

between illumination and age group such that children had a smaller

advantage over adults under the Yellow illumination than all other illu-

minations. This is in agreement with the model fitting which suggested

no change in colour constancy with age under the Yellow illumination.

Considering the developmental trajectory, we found a divide between

Red and Blue versus Yellow and Green illuminations, such that there

was a step-like change in colour constancy with age under Blue and

Red illuminationsbut a linear changeunderGreenandYellow inExperi-

ment 1. In Experiment 2 therewas no changewith age across childhood

under Yellow or Green but a linear decline with age under Blue and

Red. Overall, these results suggest that any daylight prior is already

present in children, but the divide between daylight and non-daylight

illuminations requires further investigation.

As with illuminations, the pattern across sweet colours remained

fairly consistent across age groups and experiments, with both adults

and children demonstrating the highest constancy for theGrey sweets,

followed by Green, Rose, and poorest constancy for Teal. There were

no significant interactions between age group and sweet colour in

either experiment. Interestingly, we found a consistent significant

interaction between surface reflectance and illumination, which was

similar across age groups. When the sweet and illumination had simi-

lar chromaticities, such as the Green sweet under Green illumination,

CCIs were higher than when the chromaticities were opposed. This

effect is clearly visible for adults and children in Figures 4 and 11 (b).

A possible explanation is that observers have a bias towards more

saturated competitors. Under the Green illuminant, the most satu-

rated Green competitor would be the over-constant one whereas the

most saturated Rose competitor would be under-constant. An alterna-

tive explanation with similar predictions is that observers are biased

towards competitors which have a greater cone contrast against the

background. Clearly observers are not simply picking the sweet with

the highest saturation or greatest cone contrast, as these would result

in CCIs of 1.25 or −0.5 depending on the condition, but they may

have a bias in that direction. Radonjić et al. (2015a) used a similar

methodology to that used here, with blue and yellow illuminations,

and found interactions between the set of reflectances and illumina-

tions. Under their blue illumination, colour constancy was higher for

the set of reflectances used in the present experiments than for more

natural reflectances, whereas for the natural reflectances, colour con-

stancywashigher under the yellow illuminant. Thenatural reflectances

they used appear more yellow under a neutral illumination. Therefore,

although not discussed or explicitly tested, their findings are broadly

in agreement with those found in the present study. However, future

studies are needed which manipulate the surface reflectances in a
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more controlled manner, such as using chromaticities aligned with, or

orthogonal to, the illuminations, to determine whether saturation or

cone contrast can explain these findings. Furthermore, the interaction

seen here suggests future experiments investigating a daylight prior

would benefit from manipulating surface reflectances in addition to

illuminations.

The CCIs found in these experiments were generally low, withmean

CCIs of 0.425and0.361 inExperiment1, and0.315and0.245 inExper-

iment 2, for children and adults respectively. Several factors might

explain this level of performance. Firstly, as noted above, the instruc-

tions to observers were deliberately ambiguous and did not mention

colour. Instructions have been shown to influence measured levels

of performance. Hue/saturation matches generally show poorer con-

stancy than paper matches (L. E. Arend et al., 1991). It is possible that

both children and adults opted for hue/saturationmatches, with adults

coming closer to this tristimulus match, as discussed above. This can-

not be the whole explanation, because CCIs would then be even closer

to zero for both (L. Arend&Reeves, 1986). It ismore likely that the con-

stancy taskwas difficult for both because of the nature of the stimuli. In

Experiment 1, the stimuli were two-dimensional and the backgrounds

might not have been perceived as differing in illumination. Radonjić

et al. (2015b) found very lowCCIs for two-dimensional stimuli. It is sur-

prising that theCCIs in Experiment2,with three-dimensional rendered

stimuli and an explanation of the changing illumination, were lower

than in Experiment 1. Hedrich et al. (2009) found higher constancy

for three-dimensional compared to two-dimensional scenes, and de

Almeida et al. (2010) found no effect of dimensionality, both for real,

rather than rendered scenes. In someconditionsofExperiment2, itwas

impossible to achieve perfect constancy as the chromaticities of the

competitors did not contain a reflectance match, although CCIs above

0.9 in all but 1 condition were still possible (see Supplementary Mate-

rials). Additionally, the 3D realism of these rendered scenesmight have

been reduced by the lack of mutual reflections. Because the sweets

were “floating,” they also might have seemed to belong to a different

illumination framework from the boxes. Furthermore, the stimuli were

not immersive in either experiment; they were viewed on a monitor

without the stereoscopic viewing deployed in Radonjić et al. (2015a).

The task used here was also harder than in Radonjić et al. (2015b)

where observers had only two rather than eight competitors to choose

from on a given trial. Many observers commented on the difficulty of

the task.

In summary, we found a consistent pattern in colour constancy

across illuminations and sweets across ages, with adults and children

showing a “blue bias,” and higher constancy for sweets with a more

neutral reflectance. Furthermore, for both age groups the effect of

illumination was mediated by the surface reflectance. Importantly, we

found a surprising decline in colour constancy with age from chil-

dren to adults. This suggests that the cognitive contributions to colour

constancy—or to task strategy—change during development.
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