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Abstract 

 

Adults’ judgments of another person’s gaze reflect both sensory (e.g. perceptual) and 

non-sensory (e.g. decisional) processes. We examined how children’s performance on 

a gaze categorization task develops over time by varying uncertainty in the stimulus 

presented to 6- to 11- year olds (n=57). We found that younger children responded 

“direct” over a wider range of gaze deviations. We also found that increasing 

uncertainty led to an increase in “direct” responses, across all age groups. A simple 

model to account for these data revealed that although younger children had a noisier 

sensory representation of the stimulus, most developmental changes in gaze were due 

to a change in children’s response criteria (category boundaries). These results 

suggest that although the core mechanisms for gaze processing are already in place by 

the age of 6, their development continues across the whole of childhood. 
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Being able to judge the direction of someone else’s gaze plays a fundamental role in 

social interactions. It reveals where other people are looking and what is drawing their 

attention, and is therefore a strong social signal to their intentions and future actions 

(Baron-Cohen, 1995). Interestingly, the ability to detect and orient to direct gaze 

appears from a very early age. Infants as young as 5 months old spent longer looking 

at the eye region of smiling faces when they were making direct eye contact than 

when the eyes were averted  (Symons et al. 1998). More recently, Farroni et al. (2002) 

reported that newborn babies also spent longer looking at faces when their gaze was 

direct than when it was averted. In addition, these authors also found that the ERP 

signals differed between direct and averted gaze in babies as young as 4 months of 

age (Farroni et al. 2004). Using a forced choice procedure, Doherty et al. (2009) 

reported that by 3 years of age children could reliably determine which of two faces 

was looking at them.  

More recent methods for measuring how humans perceive another’s gaze have 

led to the concept of a cone of direct gaze -- the range of gaze deviations that 

observers judged as being directed at them. It has been derived using either a gaze 

decentering/centering technique (e.g. Gamer & Hecht, 2007) or a gaze categorization 

technique (Ewbank et al. 2009; Stoyonova et al. 2010; Mareschal et al. 2013a). The 

categorization method has also been applied to study the development of gaze 

perception in children. For example, Vida and Maurer (2012) employed it to measure 

developmental changes in the ability to discriminate between direct and averted gaze 

along the horizontal (left-right) and vertical (up-down) dimensions. They reported that 

the horizontal cone of direct gaze was wider in children under the age of 6 than in 
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adults, suggesting a later development for fine-grained sensitivity to gaze. A binary 

categorization (left or right of forward) method has also been successfully used to 

measure perceived head direction in children (Vida et al. 2014). 

 

Children’s visual systems differ significantly from adults’. The majority of research 

points to the limiting role of internal noise on performance in infants (16 weeks and 

above) and young children (e.g. Skoczenski & Norcia, 1998; Beazley et al., 1980; 

Buss et al. 2008; Vida et al. 2014) rather than immaturities of the eyes (Brown et al., 

2009). Abramov et al. (1984) used a battery of psychophysical tests to examine 

whether differences in performance for children (aged 5-8) compared to adults were 

purely due to sensory explanations or could be accounted for by other (non sensory) 

factors. They found that children were less sensitive than adults on most tasks (e.g. 

contrast sensitivity function, flicker fusion) but that this mainly reflected changes in 

response strategy. Specifically, children’s attention levels drifted in near threshold 

tasks, leading to an increase in guessing rate. This is largely consistent with more 

recent reports that by roughly 3 years of age visual acuity is nearly adult like (Brown 

& Lindsey, 1998). Given that healthy (normal) social interactions in children might be 

compromised by a lack of normal visual experience (e.g. Jones & Klin, 2013), it is 

important to determine how accuracy on a visual task that underlies social interactions 

(e.g. gaze judgments) develops. In support of this idea, it has been shown that children 

in certain clinical groups spend less time looking at the eyes (e.g. autism (ASD), 

Pellicano et al. 2013). Although, a recent report from children raised with blind 

parents suggests no simple link between a lack of eye contact and autism, as these 

children  (studied longitudinally from 6-47 months old) did not display autistic 



 5 

behaviours and were not impaired on tasks that involved scanning the eye region of 

seeing adults (Senju et al. 2013).    

 

When making a judgment of gaze direction, adults are influenced by a number of 

different features, including the emotion expressed by the face (Ewbank et al., 2009), 

its gender (O’Toole, et al. 1996; Slepian et al. 2011) and whether they hear it speak 

(e.g. Stoyanova et al. 2010). Perhaps the largest influence on gaze direction is the 

head orientation, as initially pointed out by Wollaston (1824) who showed that 

identical eyes in differently angled heads appear to gaze in different directions. Since 

then it has been found that head orientation and eye deviation interact, with head 

generally shifting the perception of gaze (Langton et al. 2004; Todorovic, 2006; 

Otsuka et al. 2014). Adults also demonstrate a “stare-in-the-crowd” effect; they are 

faster at detecting a direct gazing face within a crowd of averted gazing faces than an 

averted (rightwards) gaze within a crowd of direct and averted (leftwards) gazes (von 

Grunau and Anston, 1995). A similar effect has been demonstrated in children. For 

example, Senju et al. (2008) reported that children (normal and with autism) were 

faster at detecting a direct gaze (“stare in the crowd” effect) than averted gaze when 

eyes were presented alone (no facial information). However when shown within a 

laterally viewed (rotated) full face, only children with ASD did not show the stare in 

the crowd effect for direct gaze. This suggests that, at least for ASD, the contextual 

information of the face interacts with processing of the eye region indicative of 

information combination (between head rotation and eye direction). The general 

relationship between head direction and gaze is compounded by the fact that eyes can 

(and generally do) move independently of the head. As such, head direction is not 

always a reliable predictor of (congruent) gaze direction.   
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Given the relevance of gaze in social interactions, we sought to examine what limits 

children’s performance under different conditions of task difficulty. We did this by 

altering features of the stimulus and measuring the children’s judgments of gaze. We 

previously developed (Mareschal et al. 2013a) a simple psychophysical model that 

accounts for gaze categorization by three factors: (1) the width of the categorical 

boundaries (e.g. the categorical boundaries for “averted leftwards” and “averted 

rightwards”), (2) the peak (the midpoint between the category boundaries, akin to an 

observers’ internal bias of what they judge as direct), and (3) the observers’ 

uncertainty about the stimulus that reflects changes in both the internal noise (of the 

observer) as well as the external noise (imposed on the stimulus). Here we apply this 

model to the children’s data to track changes in performance on three different gaze 

tasks as a function of age.  

Specifically we sought to test the following hypotheses: 

1) Younger children will have a larger cone of direct gaze than older children or 

adults. This hypothesis relates directly to performance in our “baseline” 

(noiseless) condition.  

2) Since children use the head to detect direct gaze (Senju. 2008), removing 

configural information (“head” context) will decrease the CoD. This 

hypothesis relates directly to performance in our “eyes-only” condition.  

3) Increasing uncertainty on the stimulus will lead to changes in response 

strategy. This hypothesis relates directly to performance in our “noise” 

condition.  
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Methods 

 

Participants 

A total of 57 children from a broad range of ethnic backgrounds in 3 mixed SES state 

supported primary schools took part in this study and were tested individually within 

their school classroom. There were 23 children in the “5.5 years old” group  (14 girls; 

M = 6.6 years, SD=3.8 months), 18 children in the “7.5 years old” group (12 girls; M 

=  8.3 years, SD=2.9 months) and 16 in the “9.5 years old” group (6 girls; M = 10.7 

years, SD= 4.8 months). All children had normal or corrected to normal vision.  

 

Apparatus and stimuli 

A Dell and a Lenovo laptop computers running MATLAB™ (MathWorks Ltd) were 

used for stimulus generation, experiment control and recording subjects’ responses. 

The programs controlling the experiment incorporated elements of the PsychToolbox 

(Brainard, 1997). Stimuli were displayed on a Thinkpad Edge laptop (1366*768 

pixels, refresh rate: 60 Hz) driven by the computer’s built-in Intel HD Graphics 4000 

card, or on a Dell Latitude E6500 (1280*800 pixels, 60Hz) driven by a NVIDIA 

Quadro NVS Graphics card. The displays were calibrated using a photometer and 

linearized using look-up tables in software. At the viewing distance of 57cm, one 

pixel subtended 1.5 arcmin for both computers.  

The stimuli consisted of:  

a) Face stimuli: Eight grey-scale adult faces (4 male and 4 female) with neutral 

expressions were created with Daz software (http://www.daz3d.com/). One of the 

female faces is shown in Figure 1a and b displaying direct gaze along with the two 

most extreme gaze deviations tested (± 20º). The hair was cropped and the face was 

http://www.daz3d.com/
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presented within a circular aperture in the middle of the monitor. The stimuli 

subtended on average 15.1 deg * 11.2 deg and were viewed at approximately 57 cm. 

Stimuli were uploaded into FaceGen and the (pixel) position of the iris for each 

forward gazing head was determined using Gimp software. In order to control the 

direction of gaze, the original eyes in the faces were replaced by grey-scale eye 

stimuli created using Matlab, making sure that the pixel location of the new iris was 

the same as that recorded in Gimp. The inter-ocular distance was kept the same as the 

original face and a small amount of vergence was added so that the left and right eyes 

converged at a distance of 57cm. The deviation of each eye was independently 

controlled using Matlab procedures that gave us precision down to the nearest pixel 

for eye rotation along the horizontal axis.  

b) Noisy faces: Fractal noise (1/f amplitude spectrum) was added to the eyes of the 

same faces (Figure 1b, middle). Since contrast sensitivity is dependent on age (e.g. 

Brown & Lindsey, 2009 for a review; Beazley et al. 1980) we tailored the strength of 

the noise to each child by changing the pupil/sclera contrast to ensure equal sensitivity 

across age groups (see noise contrast task below).  

c) Eyes-only stimuli: In order to examine configural head influence, we presented only 

the (noiseless) eyes of the same eight faces in this condition (Figure 1b, right). The 

stimuli subtended on average 1.3 deg * 7.2 deg (the same size as when within the 

head context).  
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Figure 1. Experimental procedure. (a) In the main condition, a face appeared for 

500ms followed by a grey screen for 300ms. At the end of the 300ms, the child could 

respond using a key press to indicate the direction of gaze. (b) Sample face in the 

noiseless (left), noisy condition (middle), and eyes-only (right). The Noisy condition 

was created by adding fractal noise to the eyes (shown here for the same female face). 

The Eyes-only condition was achieved by applying an elliptical raised cosine contrast 

envelope over each eye (same female face as in a).  

 

Procedure  



 10 

In order to compensate for differences in susceptibility to noise as a function of age 

we tailored the strength of the noise to each child, as described below.  

 

a) Noise contrast task 

Noise was added to the eyes of computer-generated faces (RMS contrast of 6%) and 

the children were asked to judge whether the gaze was to their left or to their right. 

One of four possible faces appeared with a fixed gaze deviation of either +12° (right) 

or -12° (left) for 500ms followed by a grey screen (300ms) after which the child could 

respond, giving their answer using a key-press (or verbally if they preferred to do so). 

We employed the Psi Bayesian adaptive procedure that estimates the choice of the 

next trial stimulus level based on the responses to all the previous trials. By 

optimizing the stimulus placement, the staircase is very efficient while being more 

robust to changes in slope and therefore is well suited to test young children. It 

converges at the end of 32 trials on the pupil/sclera contrast level leading to 80.3% 

correct discrimination (Konstevich and Tyler, 1999). The pupil/sclera contrast 

obtained by the staircase was subsequently used for that child’s categorization tasks. 

This level could not exceed 0.4 and most children’s thresholds were below this value 

(see Table 1 for average values). 

 

b) Categorization task 

The child’s task was to indicate whether the direction of gaze in the three different 

conditions was averted to the left, direct, or averted to the right using 3 different key-

presses. Each stimulus was presented for 500ms followed by a grey screen that lasted 

300ms during which no response was recorded. There was no time pressure and the 

next trial was only initiated after a response was made. A pause was introduced after 
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10 trials, the screen was set to grey and the child was asked if they wanted to 

continue. Stimuli were presented using a method of constant stimuli with 9 different 

directions of gaze selected from the set: {-20º,  -9º,  -6º,  -3º, 0º, 3º, 6º, 9º, 20º}. Each 

direction of gaze was tested 8 times per condition. Not all children performed all 

conditions. To ensure continued engagement with the task, children in the 5.5 years 

old and 7.5 years old groups received stickers between testing conditions. Children in 

9.5 years old group were offered stickers at the end of the session. Two stickers were 

placed on the edges of the monitor (Fig 1a), one on the left side (star) and one on the 

right side (smiley face). Two identical stickers were also placed on the two 

corresponding response keys.  The child’s task was to indicate the direction of gaze 

(towards the star; press star / towards the smiley face; press smiley face). Although 

the faces and stickers were in the same depth plane, the children had no difficulty 

indicating when gaze was directed towards one (or the other) sticker.  

 

c) Instructions 

Noise contrast task: “On the screen you're going to see some faces. Now, these faces 

aren't always going to be normal faces like yours or mine. They're going to have 

really funny looking eyes! Their eyes are going to be a bit fuzzy looking. Your job is 

to work out which way the eyes are looking. Sometimes it will be quite easy but other 

times it will be really hard, so concentrate really hard, but if you're not sure, you can 

just guess! Now, if you think the eyes are looking this way (points), towards the star, 

you press the star button. And if you think that the eyes are looking this way (points), 

towards the smiley face, you press the smiley face button. If they're looking this way, 

which button do you press? (child responds), well done! And if they are looking this 

way, which button do you press? (child responds - corrected if wrong and asked until 
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they get it right). Great! Let's start playing.”  

 

Categorization task: “Well done, you did a really great job! Now, we're going to play 

again. If you think the eyes are looking this way (points) towards the star, you press 

the star button. And if you think that the eyes are looking this way (points), towards 

the smiley face, you press the smiley face button. Just like before. Except, this time, if 

you think that the eyes are looking straight at you, you can press the middle button, 

the K button (show button - buttons in use were “j”, “k” and “l”). So, that way 

(points) you press star, that way (points) smiley face, and straight at you, the middle 

button”. (Checks again that they understand).  

 

Data analysis strategy 

a) Logistic fit 

We fit each child’s data using the (model free) conventional method (e.g. Stoyanova 

et al., 2010) where two logistic functions were fitted to the proportion of “left” and 

“right” responses. A function for “direct” responses was calculated by subtracting the 

sum of the “left” and “right” responses from 1.0 (Fig. 2b). It is important that these 

three functions be fitted as an ensemble (here using the Nelder-Mead simplex method 

(Nelder & Mead, 1965) implemented via Matlab’s fminsearch function, as in 

Mareschal et al., 2013a) to minimize residual variance and avoid introducing bias. 

The cross-over points of the “direct” and the “left” (L1), and “direct” and “right” (R1) 

responses respectively are termed the categorical boundaries and the separation 

between the two is taken as the cone of direct gaze.  

 

b) Psychophysical Model:  



 13 

We also fit each child’s data using a psychophysical model that accounts for data 

based on three free parameters (Mareschal et al. 2013a).  The advantages of this 

model are that it formalizes the assumptions that underlie conventional curve fitting 

and that all the data (left/right averted and direct) are fit together. 

1) An estimate of the peak that corresponds to the midpoint between the category 

boundaries and represents the gaze direction most judged to be direct (also 

known as a person’s bias).  

2) An estimate of the width of direct judgments that corresponds to the distance 

between the categorical boundaries between leftwards and direct and 

rightwards and direct.  

3) An estimate of the standard deviation of the observers’ sensory representation 

of a gaze stimulus. This represents the uncertainty associated with the estimate 

and reflects the noise (internal and external) affecting the observer’s sensory 

representation.  

 

We note that in this type of task, any trial-by-trial shifts in the children’s criterion 

(their category boundaries) may affect their responses and could cause an increase in 

the standard deviation (SD). As such our SD component encompasses both these 

factors in its estimate.  

 

Results 

 

Categorization Response Curves: logistic fits 
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 We were not always able to collect a full set of data on all of the children. For the 5.5 

years old group, 4 children were excluded resulting in usable data from 19 out of 23 

(three children only performed the detection task, and one child had data that could 

not be fit (e.g. mainly responding in a single direction), 17 out of 18 for the 7.5 years 

old group (1 child stopped after the detection task), and 16 out of 16 for 9.5 years old 

group. 

 

 

Figure 2 Categorization data for the Noiseless, Noisy and Eyes-only conditions for 

the three age groups. Data points are the proportion of responses to different 

directions of gaze: leftwards (blue diamonds), direct (pink squares) and rightwards 

(red triangles). (a) 5.5 years old. Large graphs are averaged data, smaller insets are 

data for one representative child (SL) in the three conditions. Error bars are ± 1 s.e.m. 

(b) 7.5 years old, inset data from ZA and (c) 9.5 years old, inset data from AK.  
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Figure 2 plots the data, averaged across all children within each age group, for the 

three different conditions. Insets are sample data from children who performed all 

three conditions in different age groups. Blue and red curves are logistic fits to the 

leftwards and rightwards responses respectively and purple is the direct responses. For 

each child we report the “cone of direct gaze” (CoD) that corresponds to the distance 

in degrees between the left and direct cross-over points (blue and purple curves) and 

right and direct cross-over points (red and purple curves). In order to examine changes 

in the overall number of direct responses, we also report the area under the direct 

response curve (AUC) for all children. Both are estimates of how many gaze 

deviations the child judged to be directed at them. Average values are given in Table 

1 as well as the average noise contrast used. We note that the sclera/pupil contrast 

value used for 9.5 years old children of 0.24 is comparable to that used in adults that 

ranged between 0.17 and 0.20 (Mareschal et al. 2013a,b). Since the Psi-procedure is 

based on 32 trials, we also calculated the mean value of the standard error (of the 

noise threshold measure) for the three different age groups. These are (0.027) for 5.5 

years old children, (0.043) for 7.5 years old children, and (0.049) for 9.5 years old 

children.  In the context of the between subjects errors in thresholds reported in Table 

1, these values indicate that only around 40% of that variance is due to measurement 

error.  

 In order to ensure that children were paying attention to the task, we also calculated 

the response rates for each condition and age group. This was taken as the average 

number of correct identifications in the most extreme (i.e. the two easiest) gaze 

deviation conditions. For difficult discrimination tasks in adults (such as visual 

crowding) these values are around 95-97% and can result from finger press errors, 

lapses in attention, or confusion about the target (Mareschal et al. 2010). We note that 
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in the Noiseless and Eyes-only condition, the response rates were above 90% for all 

age groups, with the 7.5 and 9.5 years old children performing close to adult levels. 

The response rates are lower in the Noisy condition, but this largely reflects the fact 

that the noise level was chosen to maintain 80.3% correct identification for a 12° 

deviation. The values here are slightly higher (since the extreme deviation was 20° 

degrees) but close to 80.3% suggesting that children were not attending less well or 

making more finger press errors in this condition than the other ones. As expected, 

with a fixed level of noise, the threshold pupil/sclera contrast (and hence signal-to-

noise ratio) decreases with age. 

 

Table 1: Cone of Direct Gaze (CoD) and AUC for all three conditions as a function of 

age 

 

 Noiseless Noisy Eyes-only Pupil/sclera 

contrast 

5.5 y.o (CoD) 

 (AUC)      

Resp. Rate 

15.1±6.4 

15.6±5.1 

92.3% 

16.2±5.2 

15.1±3.4 

83.8% 

12.7±7.3 

13.9±5.8 

90.4% 

0.35±0.05  

 

 

7.5 y.o  (CoD) 

 (AUC)               

Resp. Rate                

13.1±3.1 

13.2±3.2 

91.5% 

14.7±2.8 

14.7±2.6 

86.0% 

13.2±5.3 

13.1±4.6 

91.5% 

0.33±0.06 

9.5 y.o  (CoD) 

 (AUC)               

Resp. Rate 

10.0±2.6 

10.2±2.6 

97.6% 

10.9±3.4 

11.2±3.1 

91.1% 

9.7±3.4 

9.8±3.4 

94.7% 

0.24±0.08 
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Note: CoD is measured in degrees, averaged across all children who performed all 

three conditions. Response rates are the average percentage of correct gaze 

categorizations at the extremes (±20°). 

 

Analyses using AUC or CoD yielded similar results, so we report the analysis for 

CoD only as this is the more commonly used measure. The data were analyzed using 

a mixed-design ANOVA with Condition as a repeated (within-subject) factor and 

Age-group as a between-subject factor. We found main effects of Condition (F(2, 86) 

=4.84, p<.01, η p
2
=.10  ) and of Age-group  (F(2, 43)=4.18, p<.025, η p

2
=.16), with no 

significant interaction. Post-hoc Tukey tests revealed that the 5.5 year old children 

have significantly broader CoDs than 9.5 years old children (p=.02). CoDs for 5.5 and 

7.5 years old did not differ significantly (p=.78), while CoDs for 7.5 and 9.5 years old 

children were marginally different (p=.09). Paired t-tests to explore the main effect of 

Condition revealed that CoDs for Eyes-only were significantly narrower than those 

for the Noisy condition (t(45)=3.54, p<.001) and that CoDs for the Noiseless 

condition were significantly narrower than the CoDs for the Noisy condition (t(47)=-

1.9, p<.06), but that CoDs for the Noiseless and Eyes-only conditions were not 

significantly different. Note that differences in degrees of freedom between t-tests 

occurred because children who only performed two of the three conditions could be 

included in the relevant paired t-test comparison for which they had provided data. 

The same applies to the paired t-test comparisons reported further in the results 

section. 

 

Model fits 
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In order to examine what changes underlie children’s performance as a function of 

condition at different ages, we fit the psychophysical model to each child’s data. 

Figure 3 shows the model fit to sample data for two 5.5. years old children (top row), 

two 7.5 years old children (middle) and two 9.5 years old children (bottom row). The 

data were chosen to highlight the variability between children’s data within and across 

age groups. Symbols are the children’s responses to the different gaze deviations and 

curves are the model fits to the data in the Noiseless condition (left column), in the 

Noisy condition (middle) and in the Eyes-only (right column). Notice that there is 

more inter-observer variability for the younger ages than the older ages (e.g. AK and 

SR responses look more similar than SA and SL across the different conditions 

tested). Estimates of goodness of fit were calculated for the model fit to each child’s 

data in each condition and the averages (of these individual fits) were calculated. For 

the 5.5 years old children, the model accounted for 92.6% of the variance (Noiseless), 

90.6% (Noisy) and 93.9% (Eyes-only). For the 7.5 years old the model accounted for 

90.2% (Noiseless); 81.7% (Noisy) and 88.5% (Eyes-only), for the 9.5 years old it 

accounted for 93.9% (Noiseless), 78% (Noisy) and 94.4% (Eyes-only). All children 

whose data could be fit with the model were included in the anlysis.  
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Figure 3 Model fits to two participants for each of the three age groups across the 

three conditions. The two examples per age group were chosen to show the most 

different types of responses to the three conditions. Values above plots are the 

percentage of variance accounted for by the model.   

 

The model returned three parameters per child, per condition: (1) an estimate of the 

Peak (Bias), (2) the distance between the Category Boundaries (Width), and (3) the 

standard deviation (SD) of the sensory representation of gaze. In order to examine 

how the children’s data compares to adults’, we have also included previously 

reported parameter estimates obtained on an adult group using identical stimuli (mean 

age = 31.2 years; SD = 7.6 years; data taken from Mareschal et al. 2013a). Data and 

statistical analyses for the model parameters are shown only for children that 

completed all three conditions, which corresponds to 16 of the 5.5 years old children 

(70% of total), 17 for the 7.5 years old (94% of total) and 14 for the 9.5 years old 

(88% of total) totaling 47 children. In addition, in a very small number of cases (3) 

where one of the 3-parameter estimates returned an impossible value (either width of 

category boundaries greater than the range tested, or an SD of 0), all three parameters 

for the corresponding condition only were excluded. Estimates (averaged across 

participants’ fits) are presented in Table 2. 

 

 Table 2: Average peak, width and SD estimates in degrees  

 

 Peak (noiseless) Peak (noisy) Peak (eyes-only) 

5.5 y.o 2.16 ± 1.68 1.72 ± 1.14 1.28 ± 1.60 

7.5 y.o 1.68 ± 1.35 2.72 ± 2.34 0.87 ±1.68 
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9.5 y.o 1.50 ± 1.41 2.12 ± 2.32 0.60 ±1.79 

Adult 1.11 ± 0.89 1.37 ± 1.26 0.46 ± 0.81 

 Width(noiseless) Width (noisy) Width(eyes-only) 

5.5 y.o 15.65 ±5.65 16.72 ± 5.11 13.78 ± 6.55 

7.5 y.o 15.33 ± 6.30 16.69 ± 6.01 13.80 ± 5.22 

9.5 y.o 10.01 ± 2.85 13.62 ± 6.84 9.24 ± 3.69 

Adult 6.33 ± 2.05 6.93 ± 2.73 4.73 ± 1.28 

 SD (noiseless) SD (noisy) SD (eyes-only) 

5.5 y.o 3.69 ± 2.34 6.30 ± 4.06 3.89 ± 2.12 

7.5 y.o 4.24 ± 3.03 5.26 ± 3.06 4.31± 3.08 

9.5 y.o 2.16 ± 1.76 5.71 ± 6.17 2.35 ± 1.33 

Adult 2.41 ± 0.66 4.40 ± 1.28 2.22 ± 0.44 

 

 

We performed a mixed-design ANOVA with Condition as a repeated (within-subject) 

factor and Age-Group as a between-subject factor, on each of the 3 parameters of 

interest. The ANOVA revealed a significant effect of Condition for the Peak (F(2, 

98)=9.84, p<.001, η p
2
=

 
.17

 
),  Width (F(2, 98)=15.62, p<.001, η p

2
=

 
.24), and SD 

(F(2, 98)= 15.10, p<.001, η p
2
=

 
.24) parameters. There was also a main effect of Age 

group for the Width parameter only (F(3, 49)=11.10, p=.001, η p
2
=

 
.40), and no 

interaction for any of the parameters. 
 

Follow up posthoc t-tests (Tukey) revealed that 9.5 years olds Width was marginally 

significantly narrower than 5.5. years old (p=.06) and that adult widths were 

significantly narrower than for all other age groups (p<.05). T-tests on the Width of 

the Category Boundary revealed that all conditions differed significantly from each 
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other, with Eyes-Only being the narrowest condition and Noisy the widest (Noiseless 

significantly narrower than Noisy, t(53)=-3.15, p<.003; Eyes-only significantly 

narrower than Noisy, t(52)=4.87, p<.001 and significantly narrower than Noiseless 

t(53)= 3.72, p<.001). For the Peak values, t-tests revealed that the Noisy and Eyes-

only conditions differed significantly (t(52)=4.98, p<.001) and the Noiseless and 

Eyes-only conditions (t(54)=3,39, p<.001). Finally t-tests on the SD values revealed 

that Noisy was significantly wider than Noiseless (t(53)=-4.12, p<.001) and also 

significantly wider than the Eyes-only condition (t(52)=4.32, p<.001).  

 

Discussion 

 

We report the following findings: (1) the cone of direct gaze narrows with age, 

consistent with Vida & Maurer using noiseless stimuli (2012); (2) increasing 

uncertainty by adding noise to the stimulus widens the cone of direct gaze; and (3) 

removing configural information (the head cue) narrows the cone of direct gaze. The 

latter two findings reveal that, when tested with identical stimuli, the children we 

examined performed similarly to adults (Mareschal et al. 2013a). When examined 

with the model, we report that the only significant effect of age is a narrowing of the 

Width parameter suggesting that children’s response criteria and, by consequence, 

their category boundaries are what underlie the changes in the Cone of Direct gaze, 

not their sensory representation (e.g. their internal noise).  

 

Using a categorization task, we report that the CoD is wider in young children and 

narrows with age. This is consistent with Vida & Maurer (2012), although they report 

narrower CoDs than here, possibly reflecting a difference in the two procedures (they 
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gave feedback during practice which may have led children to use a more stringent 

criterion). When noise is added to the stimulus, children increase their direct 

responses, as evidenced by a broadening of the CoD and a greater area under the 

curve measure. We have previously shown in adults that when they are uncertain 

about the stimulus, they have a prior expectation to assume that gaze is directed at 

them (Mareschal et al. 2013b; Mareschal et al, 2014). The result here can be largely 

accounted for by the effect of a widening of the category boundaries (Width) and an 

increase in the standard deviation of their representation of the stimulus (their 

uncertainty). There is growing evidence for a special status for direct gaze that is 

already present in babies (Farroni et al., 2002; Samuels, 1985; Vecera & Johnson, 

1995). Interestingly, we also find that the peak (bias) of direct responses is positive 

(rightwards) in all conditions. Using photographs of real faces, Calder et al. (2008) 

have reported a small but consistent bias in adults in the same direction. They found 

that a 5° rightwards gaze deviation was more likely than a 5° leftwards one to be 

categorized as direct, and that a physically direct gaze was more likely to be 

categorized as leftwards than rightwards. Importantly, they also mirror flipped their 

images and the bias remained, suggesting that it is not simply the result of small 

asymmetries present in both real and avatar faces. It appears that a similar bias is 

evident in children’s perception of gaze although it remains unclear what functional 

purpose this may serve.   

 

When configural information (a forward facing head) is present, we find evidence that 

children use information about the head direction to judge the eye deviation, even for 

the 5.5. year old children. This is consistent with the finding that head orientation 

plays an important role in adults’ perception of gaze (Mareschal et al, 2013a), 
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although the effect of the presence versus absence of a direct head on gaze judgments 

is not always evident (Otsuka et al. 2014). We also find, as with adults, that although 

the width of the category boundaries narrows in the Eyes-Only condition there is no 

concomitant increase in the SD, which might be expected since removing head 

information could increase uncertainty. However this depends on (a) the uncertainty 

associated with the head orientation judgment as well as (b) the amount of noise 

associated with the combination of head orientation and gaze deviation. Interestingly, 

in the children we tested, the use of the (forward) configural head cue appears to be 

reliable, consistent with previous findings that children generally rely strongly on the 

head direction information than eye deviation. Using a pointing and looking task, 

Doherty et al. (2009) found that head rotation affects childrens’ judgments of where 

an adult is looking. They found that children as young as 3 performed better on the 

task when the head and gaze of the adult demonstrator were congruent. Evidence of 

children using head orientation is also present in Senju et al. (2008), who used a 

“stare-in-the-crowd” task to show that, for normally developing children, inversion 

effects abolish the advantage of detecting a direct gaze only when full faces are 

shown. When the eyes are shown alone the inversion effects disappear. This indicates 

that, in normally developing children, faces are processed holistically and that 

information about the head direction is used in their judgments of gaze. It is worth 

noting that a possible effect on our results is that when the heads are removed the 

Eyes-Only stimuli lack realism and that this modulates the effect. Although this is 

possible, recent work by Takahashi & Watanabe (2013) suggests that children orient 

to gaze from pareidolia faces (objects that look like faces) in a similar manner to 

cartoon and real faces.  
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We find a significant effect of age on the CoD, such that the cone of direct gaze 

narrows with age. Examination of the model parameters reveals a significant effect of 

age on the category boundaries only, with an average width for 9.5 years old children 

of 10° for noiseless faces, which is only slightly larger than adults (approximately 8°), 

suggesting that the narrowing is due to a change in response criterion rather than a 

change in children’s sensory representation.  Although we might have expected to 

find a significant effect of age on the SD, it is worth noting that we equated 

performance for the noise condition by changing the pupil/sclera contrast accordingly. 

The fact that this value was lower for the older children (i.e., the threshold signal-to-

noise ratio was lower) than the younger ones indicates that the child’s uncertainty due 

to noise in the sensory representation reduces with age.  

 

In adults, it is believed that gaze direction is coded by a multi-channel system with at 

least 2 channels representing averted (leftwards and rightwards) directions of gaze 

and one explicitly representing direct gaze (Calder, Jenkins, Cassel and Clifford, 

2008). In this framework, the perceived direction of gaze of, for example, a slightly 

rightwards gazing stimulus is determined by the relative activity of the three channels 

(near baseline in the leftwards channel, higher in the direct and right channels). An 

increase in uncertainty (e.g. noise) would lead to a slight increase in activity in the 

rightwards and direct channels with the same (baseline) amount of activity in the 

leftwards channel such that their relative activity is different to the noiseless condition 

(see Clifford et al. 2015 for a fuller discussion). This results in a shift towards the 

central tendency (e.g. “direct”); the observer classifies gaze deviations as “direct” 

over a larger range of gaze deviations (larger Width parameter). We note that the 

change in category boundaries need not be a “higher-level” (cognitive) effect. We 
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find that younger children (5.5. year olds) have a wider CoD, mainly due to an 

increase in their category boundaries. This in could result from a wider “direct” gaze 

channel, and/or greater weighting of the (forward) head direction cue.  

 

One question that arises from this procedure is whether gaze judgments change when 

children are tested with other children’s faces, rather than adult Caucasian faces. For 

example, adults and children display an “other-race effect” (poorer at making 

judgments in other races), which can affect how they look at faces (e.g. Kelly et al. 

2007; Fu et al. 2012; Suhrke et al. 2014). A similar effect has also been shown with 

age; faces similar in age to ones own receive more attention than those of a dissimilar 

age (Ebner at al. 2013; Rhodes & Anastasi, 2012). How these factors may influence 

children’s overall judgments of gaze remain to be investigated.  

 

Overall our data suggest that the foundations for gaze judgments are present by the 

age of 6. However, given that we find evidence of developmental changes (the CoD 

narrows with age), it is likely that these processes get tuned, possibly via normal 

social interactions., For example, it has been reported that after an initial normal 

period, babies (ages 2-6 months) that develop autism spectrum symptoms (ASD) at a 

later stage, spend less time looking at the eyes faces (Jones & Klin, 2013). This 

suggests that abnormal sensory input may have knock on effects for the development 

of social interactions, although this interpretation remains speculative for the moment. 

Indeed, whether healthy social interactions inform the development of normal gaze 

behavior or the other way around, and whether there is an optimal period in time for 

these to take place remain to be determined.  
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