
1 
 

Preprint  
  

Published paper can be found here:  

https://dx.doi.org/10.1007/s00221-020-05747-5 

 

Citation: Millard AS, Sperandio I, Chouinard PA (published online: 25/03/2020) The 
contribution of stereopsis in Emmert’s law. Experimental Brain Research. DOI: 

10.1007/s00221-020-05747-5 

 

 

 

 

The Contribution of Stereopsis in Emmert’s Law. 

Amy Siobhan Millard1, Irene Sperandio2, * Philippe A. Chouinard1 

1 Department of Psychology and Counselling, School of Psychology of Public Health, La Trobe 

University, Australia 

2 School of Psychology, University of East Anglia, Norwich, United Kingdom 

 

Keywords: size constancy, Emmert’s law, vision, size perception, afterimages. 

 

* Corresponding author: 

Philippe Chouinard 

p.chouinard@latratrobe.edu.au 

 

Acknowledgements 

This research was carried out with the support of La Trobe University’s School of Psychology 

and Public Health. We also thank Ritchie Millard for constructing the apparatus used in the 

experiments. 



2 
 

Abstract  

Size constancy is the ability to perceive objects as remaining constant in size regardless of their 

distance from the observer. Emmert’s law demonstrates that viewing distance determines the 

perceived size of afterimages according to the amount of depth cues that are available. Using 

an afterimage paradigm, we examined to what extent removing stereopsis and other depth cues 

affects size-distance scaling. Thirty participants ‘projected’ afterimages onto a surface 

presented at different distances under binocular, monocular, and eyes-closed conditions. The 

perceived size of the afterimages closely followed the size-distance scaling predictions made 

by Emmert’s law under binocular testing conditions, when all depth cues were available. In 

contrast, monocular testing decreased adherence to Emmert’s law, while the eyes-closed 

condition resulted in a greater breakdown of size-distance scaling. Because we used an 

afterimage paradigm, this study provides the first demonstration of how perceived size is 

modulated by the availability of depth cues under conditions with a constant retinal image 

stimulus. 
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Introduction 

We typically see the world with both eyes. An important depth cue that arises from this 

binocular viewing is stereopsis. Stereopsis is the consequence of the two eyes being spaced 

apart laterally so that each one receives a slightly different monocular image of the external 

environment (Wheatstone, 1838). When these retinal images are perceptually fused by 

processing in the visual cortex, the computed disparities between them provide us with three-

dimensional information, including the relative depth of different objects in the visual field 

(Howard & Rogers, 1995). When the distance of an object in view changes, so too does the 

size of its retinal image. Objects that are closer cast a larger retinal image than ones that are 

further away (Burton, 1945; Ittleson, 1951; Palmer, 2002).  

Indeed, the ability to instantly perceive the true size of objects accurately is remarkable 

when one considers that the image projected onto the retina continually changes as we move 

through our surroundings and as our surroundings move around us. For this reason, the world 

would appear completely distorted if we were to rely solely on retinal images to predict size. 

Rather, a perceptual scaling mechanism, known as size constancy, allows us to continually 

‘see’ an object as having the same size – regardless of any fluctuations in retinal image size as 

distance from the observer changes (Andrews, 1964; Boring, 1964; Descartes, 1637; Gregory, 

1973; Morgan, 1992; Sperandio & Chouinard, 2015). 

An early demonstration of size constancy is Emmert’s law, which was first observed 

with the visual phenomenon of afterimages. Afterimages are thought to arise from both 

photobleaching in the retina (Brindley, 1962; Craik, 1940; Virsu; 1978) and cortical processes 

(Shimojo, Kamitani, Nishid, 2001). They appear as vivid, but fleeting, shadow-like 

impressions of objects in the field of view (Kirschfield, 1999; Sperandio, Chouinard, & 

Goodale, 2012). Emmert’s law postulates that viewing distance determines the perceived size 

of an afterimage in a proportional manner under ideal viewing conditions. Namely, the size of 
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an afterimage viewed under these conditions can be precisely calculated with Emmert’s law 

(Emmert, 1881) using the following equation: 

 

In which, s is the perceived size of the afterimage, d is the perceived distance of the 

afterimage’s projection, and θ is the visual angle subtended by the afterimage (i.e. retinal image 

size). In this equation, θ remains constant and s changes depending on d.  

 Indeed, processing distance is known to be closely tied to the perception of size (Burton, 

1945; Ittleson, 1951; Kilpatick & Ittleson, 1953). We calibrate our impression of the physical 

size of objects by combining information received from distance cues and retinal images 

(Ebenholtz, 2001, Howard & Rogers, 1995). A classic experiment by Holway and Boring 

(1941) demonstrates this. Several test disks were positioned so that they subtended the same 

visual angle on the retina, regardless of their physical size and distance from the observer (i.e. 

smaller disks were placed closer and larger disks further away so that the stimulus always had 

a constant visual angle). Disk sizes were able to be correctly judged when participants were 

able to get adequate information about their relative depths from various cues, such as 

stereopsis. But as information about distance was reduced or eliminated, the observers’ 

judgements of disk sizes became more based on retinal image sizes.  

Under typical binocular viewing conditions, when both eyes are unobstructed, we can 

utilise the full array of depth cues to determine distance (Tyler, 2004). Under reduced 

monocular viewing conditions, such as when one eye is covered, certain depth cues are 

unavailable to us, and our ability to accurately gauge distance can diminish accordingly 

(Howard & Rogers, 2012). In line with this, when both eyes are closed, we should be unable 

to gather depth information and be incapable of estimating distance. 

The present investigation used afterimages to determine how Emmert’s law is affected 

by the removal of binocular and monocular cues. As far as we know, this has never been 

)tan( ds
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examined before. The use of afterimages is arguably a better alternative for studying size 

constancy than the use of physical disks as stimuli. Not only can afterimages be perceived when 

one closes their eyes after exposure to the inducing stimulus, but as afterimages are fixed to 

the retina, they will remain unquestionably constant in retinal image size. Further, the use of 

the same stimulus to create the afterimages throughout experimentation ensures that both the 

physical size and the luminance of the stimuli remain constant across all conditions and trials 

(Sperandio, Chouinard, & Goodale, 2012). Moreover, Sperandio, Lak, and Goodale (2012) 

proposed that the size evaluation of both afterimages and real physical objects could share 

similar mechanisms, suggesting that the results from studies using afterimages to examine size-

distance scaling are comparable to those that use physical stimuli, and vice versa. In short, the 

use of afterimages can serve as a tool, or model, to study how size constancy might operate in 

the real world and arguably provide tighter control of extraneous variables than other methods 

that rely on the presentation of physical stimuli. 

We had three experimental conditions designed to alter the amount of available 

information about distance. In binocular testing, participants viewed afterimages at a range of 

distances with the full range of depth cues, including stereopsis. In monocular testing, the use 

of the stereopsis, specifically, was removed while all other depth cues remained. Finally, in 

eyes-closed testing, the retinal image size was the only information left for participants to 

estimate size. It was hypothesised that judgements of afterimage size would become less 

accurate when the use of stereopsis was eliminated. Then, as depth information from monocular 

cues was further eliminated, the size-distance scaling predicted by Emmert’s law would 

completely breakdown. 

 

Method 

Participants 
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An a priori power analysis using G*Power 3.1 (Faul, Erdfelder, Lang, & Buchner, 2007) 

indicated that a sample size of 28 participants would be required to achieve a moderate effect 

size (Cohen’s f = .25) with a power of .80 and an alpha of .05 for a one-way analysis of variance 

(ANOVA) with three repeated measures. Participants were required to be right-handed and 

have good uncorrected vision.  

Prior to testing, eye dominance, visual acuity, and binocular abilities were evaluated. 

The Miles test (Miles, 1930) was used to assess eye dominance, whereby participants placed 

their hands together by intersecting their index fingers and thumbs to form a small triangular 

gap and gazed on an object through this openning. While maintaing fixation, they slowly 

brought their hands back to one of their eyes. Whichever eye was selected indicated eye 

dominance. A Snellen eye chart (Snellen, 1862) was used to examine visual acuity in each eye. 

Individuals were eliminated if they showed deficits in either the acuity of their dominant eye 

(defined as being unable to see past a 20/40 level) or binocular abilities (defined as scoring 

more than a two line difference between eyes). A binocular fusion test (Laycock, Sherman, 

Sperandio, & Chouinard, 2017) was used to screen for gross impairments in fusion. Participants 

were instructed to hold up a single finger at arm’s length so that it was partially covering an 

object on a wall two metres away. They were asked to focus their gaze on their finger and 

report how many images of the object they perceived, then focus their gaze on the object and 

report how many images of their finger they perceived. Individuals who can binocularly fuse 

typically see two objects framing their finger and two fingers framing the object, respectively. 

Any participants who did not demonstrate this typical pattern of results were excluded from 

this study. Note that this test does not measure stereoacuity. Therefore, participants likely 

ranged in their ability to use stereo depth cues. 

The final sample consisted of 30 participants (15 male) between 18 and 37 years of age 

(M = 22.67, SD = 4.07). All participants provided written informed consent and all procedures 
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were approved by the Human Research Ethics Committee of La Trobe University. Participants 

were compensated for their time with gift vouchers. 

Materials 

 Apparatus. 

The experiment was programmed in E-Prime 2.0 Professional software (Psychology Software 

Tools Inc.; Pittsburgh, PA, United States) on a laptop computer, which was connected to our 

testing apparatus. This apparatus (shown in Figure 1) consisted of the following components. 

A 4 cm ring of 24 white light emitting diodes (LEDs) with an overall luminance of 433.623 

cd/m2 served to induce the afterimages. It was mounted to the centre of a collapsible matte-

black wooden board, which was positioned 21 cm away from the participant’s eyes (subtending 

10.88° of visual angle). A backboard (matte-white with a fixation point in the centre) was used 

to manipulate distance from the observer by being slid to different positions as needed with a 

wooden dowel rod. Similar apparatuses have been used successfully in previous studies 

(Sperandio, Chouinard, & Goodale, 2012; Sperandio, Unwin, Landry, & Chouinard, 2017). 

Ten distances set at 9.3 cm apart were tested: 61, 70.3, 79.6, 88.9, 98.2, 107.5, 116.8, 126.1, 

135.4, and 144.7 cm. The order these distances were presented was randomised by E-Prime for 

each condition.  

Stimuli.  

The participant sat in a height-adjustable chair in a chinrest to align their sight with the centre 

of the LED ring on the front-board. The ring was controlled by E-Prime via a parallel port. At 

the beginning of each trial, the light would flash for 150 ms to induce an afterimage before 

collapsing out of view. Afterimage induction was always monocular and carried out in the 

participants’ dominant eye. This was done to ensure that there was no disparity information in 

the afterimages. A desk lamp was positioned near the apparatus to provide dim lighting in the 

testing area to maximise the visibility of the afterimages while still allowing for the full array 
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of depth cues to be seen. The procedures for inducing and measuring afterimages were closely 

modelled from previous studies (e.g. Sperandio, Chouinard, & Goodale, 2012; Sperandio, 

Kaderali, Chouinard, Frey, & Goodale, 2013; Sperandio et al., 2017). 

Testing conditions. 

All participants experienced the following three testing conditions: the binocular, monocular, 

and eyes-closed conditions. The order was counterbalanced with a Latin-square design. In the 

binocular condition, participants wore modified glasses (see Figure 2) which occluded their 

non-dominant eye from the afterimage inducing flash. The occlusion was made by placing a 

thin layer of black modelling clay over the lens. Participants were positioned in the chinrest 

with their left hand holding the glasses’ frame. Immediately following induction, participants 

raised the glasses so that their first view of the backboard was binocular. The glasses remained 

lifted throughout the duration of the afterimage and a matching task (described below). At the 

end of the trial, the participants returned to their original position in the chinrest and flipped 

the glasses back down to prepare for the next trial.  

 In the monocular condition, the participants were fitted with an eye patch underneath 

the glasses so that their non-dominant eye was occluded for the entirety of the testing block, 

while ensuring that the movements after induction were as similar as possible across 

conditions. Participants still raised the glasses, but their experience of the afterimage was 

monocular. The glasses remained lifted and the eye patch in place throughout the duration of 

the afterimage. The eyepatch was then quickly raised so that the matching task was also 

performed consistently across all conditions. At the end of the trial, the eye patch and glasses 

were flipped back down. 

For the eyes-closed condition, again, the participants faced forward and lifted the 

glasses immediately following the inducing flash. However, they were also instructed to close 

their eyes as they performed the lift. This allowed them to experience the afterimage without 
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the influence of any background contextual cues. Though the participants were unable to see 

what we were doing, our process of collapsing the front-board and moving the backboard to a 

variety of distances remained the same. After the afterimage had dissipated, participants kept 

their eyes closed as they turned to face the matching area on their left. Finally, they opened 

their eyes and performed the matching task. There were fewer trials for this condition. As it 

was expected that participants would see afterimages of a constant size regardless of the 

backboard’s distance, we deemed it unnecessary to expose participants to bright flashes beyond 

the minimum amount required to cover the spectrum of distances tested in the study. 

Matching Task. 

A few seconds after each afterimage faded from view, the participants were required to report 

from memory about its size and vividness. For size judgements, two A0 (84.1 x 118.9 cm) 

posters displaying 32 reference rings ranging from 1 to 32 cm in diameter (in increments of 1 

cm) were positioned 100 cm away from the participant on their left (see Figure 1). Participants 

matched the size of the afterimage they saw with one of these rings, and verbally indicated 

which ring they had chosen in each trial to the experimenter. The range of the rings available 

to choose from exceeded the upper and lower limits that would likely be seen using calculations 

based on Emmert’s law. Accordingly, under ideal viewing conditions, an afterimage 

subtending a visual angle of 10.88° would be perceived as 11.6 cm in diameter at the nearest 

distance of 61 cm, and perceived as 27.5 cm in diameter at the furthest distance of 144.7 cm. 

Thus, if participants could accurately judge size, they would indicate they had seen ring 11 or 

12, and ring 27 or 28 at these respective distances.  

Following their selection of size, the participants also verbally indicated the vividness 

of their afterimage to the experimenter. The purpose of vividness judgements was twofold. 

First, these judgements served to check that each individual afterimage was clearly visible to 

the observer. Second, these judgements served to verify that the saliency of these stimuli did 



10 
 

not fluctuate as a result of removing depth cues in the different testing conditions. All vividness 

ratings were made using an absolute magnitude estimation procedure (Zwislocki & Goodman, 

1980), whereby the participants provided estimates using a scale of their choosing (such as 1 – 

10 or 0 – 100). No limits or anchors were imposed by the experimenter with the exception that 

higher numbers always corresponded to greater vividness. This method was chosen for four 

reasons. First, existing units of brightness and luminance (such as candela per square metre or 

lux) are not known by the average person. Second, the use of a predefined scale has been shown 

to be less valid in psychophysics experiments (Stevens, 1958). Third, providing a comparison 

or reference stimulus for brightness as we did for size would have impacted the level of lighting 

in the room and likely served as a distraction. Fourth, magnitude estimation is a frequently used 

method for measuring the perception of numerous kinds of sensations (Gescheider, 1985), 

including brightness (Stevens, 1953).  

Procedure 

We divided the experiment into two blocks of 20 trials (two trials for each of the ten 

distances under binocular and monocular testing) and a third block of five trials (one trial for 

every second distance interval under eyes-closed testing) for a total of 45 trials. Throughout 

the duration of the experiment, participants wore noise-cancelling headphones playing white 

noise so that they were not provided with any auditory distance cues from hearing the 

experimenter move the apparatus. We conducted a minimum of two practice trials before 

testing began to ensure that the participants knew what constituted an afterimage and to allow 

them to become familiar with the following procedure.  

At the commencement of each trial, the experimenter raised the collapsible front-board 

with the inducing ring in the upright position. The participants were then required to gaze 

steadily at a fixation point and wait for the ring to flash. During this time period, the 

experimenter was cued to slide the backboard to any one of the ten distances. With the front-
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board raised, the participants were unable to see or hear what position the backboard was being 

moved to. The inducing ring would then flash, prompting the experimenter to collapse the 

front-board and reveal the backboard. The participants maintained a steady gaze on the 

backboard, indicating with a mouse click when the afterimage first appeared, and then clicking 

the mouse again when it disappeared completely. Next, the participants moved their head away 

from the chinrest and performed the matching task. The front-board then folded back into the 

upright position and the participants aligned themselves with the chinrest prior to the 

commencement of the next trial.  

 Measures.  

From these procedures, we obtained four dependent measures. The first measurement was an 

index of deviation from Emmert’s law. A three-step procedure was carried out to calculate this 

measure in everyone (shown in Figure 3A below). First, a linear regression line was fitted after 

plotting the subjective ratings of afterimage size A with each of the ten distances d with the 

following equation using a least-squares model: 

𝐴(𝑑) = 𝑏 (𝑑) + 𝑎 

where a (y-intercept) and b (the slope) were constants. Second, a different linear regression line 

was fitted after plotting the afterimage size that one would predict at each distance according 

to Emmert’s law using the same equation as above. Third, the absolute difference in slopes (b) 

between the two linear regression lines was calculated, which provided a measure of deviation 

from Emmert’s law.  

The second measurement was the perceived vividness of the afterimages. Each 

participant’s magnitude estimations were z-transformed to standardise the data given that 

participants used different perceptual scales. This was calculated by subtracting the mean value 

from each score and then dividing this by the standard deviation. The third measurement was 

afterimage onset. This was calculated as the time between the inducing light being turned off 
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and the first mouse click indicating when participants began to perceive the afterimage. The 

fourth measurement was afterimage duration. This was calculated as the time between the first 

and second mouse clicks, corresponding to when the participants reported first seeing and no 

longer seeing afterimages, respectively. The two latter measurements were not z-transformed 

as they were always the same scale (i.e. milliseconds). 

Data Analysis. 

All statistical analyses were carried out using the Statistical Package for the Social Sciences 

version 23 (SPSS; IBM Corporation; Armonk, NY, United States) and GraphPad Prism version 

6 (GraphPad Software, Inc.; La Jolla, CA, United States). A one-way repeated-measures 

analysis of variance (ANOVA) was conducted for each of the dependent variables at three 

levels based on testing condition (i.e. binocular, monocular, and eyes-closed). For all four 

ANOVAs conducted, Greenhouse-Geisser corrections were applied whenever the assumption 

of sphericity was not met, according to a Mauchly’s test of sphericity. Tukey’s honest 

significance difference (HSD) pair-wise comparison tests, which corrected for multiple 

comparisons, were conducted post-hoc to further examine any effects found in the ANOVAs. 

Results were assessed at an alpha level of .05. All reported p-values are based on two-tailed 

criteria and corrected for multiple comparisons. For effect sizes, the partial eta squared (
2
p ) 

values are reported for ANOVA, and Cohen’s d was calculated for pair-wise comparisons as 

the difference between the two means divided by their pooled standard deviation. 

 In addition, we performed two supplementary analyses to evaluate more nuanced 

differences between conditions. For the first analysis, the relative contribution of each depth 

cue was calculated by normalising the degree to which each testing condition deviated from 

the predictive slope of Emmert’s law [(predicted – actual) / (predicted + actual)]. From this, 

we calculated the difference between their normalised values. In other words, the relative 

contribution of binocular cues was determined by removing the normalised measure for the 
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monocular condition, and the relative contribution of monocular cues was determined by 

removing the normalised measure for the eyes-closed condition. For the second analysis, we 

used the linear regression equations calculated earlier (i.e. the index of deviation from 

Emmert’s law) to plot the mean and 95% confidence intervals as a continuous function of 

distance for each condition from the nearest (61 cm) to the furthest (144.7 cm) distance. This 

was done to determine what distance points (d) the conditions did not overlap as determined 

by the confidence intervals. This more fine-grained approach served to estimate what distances 

between those tested might show differences between conditions. 

Results 

Afterimage Size 

Figure 4A displays the deviation slope values that were obtained from each condition. ANOVA 

revealed that testing condition affected the degree to which perception of afterimage size 

deviated from the size-distance scaling of Emmert’s law (  = 149.7, p < .0001,  = .84). 

Post-hoc comparisons revealed that all three conditions differed from each other. Namely, 

mean deviations for the binocular condition were smaller than those for the monocular 

condition (p < .0001, d = 1.30). Again, mean deviations for the monocular condition were 

smaller than those for the eyes-closed condition (p < .0001, d = 2.40). In summary, perceived 

afterimage size in the binocular condition adhered more closely to the predictions made by 

Emmert’s law. Under monocular conditions, perceived afterimage size deviated more from this 

slope. As expected, the deviation was even greater when participants viewed afterimages with 

their eyes closed.  

Examining the relative contribution of each depth cue revealed that the binocular cues 

accounted for 24% of the size-distance scaling effect while the monocular cues accounted for 

78% (both do not add up to 100% due to rounding). Further, Figure 3B shows the mean and 

95% confidence intervals for the three different testing conditions. The distance point at which 

)58,2(F 2
p
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the confidence intervals from the binocular and monocular conditions ceased to overlap was 

132.6 cm, which indicates that size judgements showed a greater increase at the further 

distances tested when binocular cues were present. The confidence intervals from the binocular 

and monocular conditions did not overlap with those from the eyes-closed condition at any 

distance, which indicates participants perceived smaller afterimages for the latter between the 

nearest and furthest distances examined. 

Afterimage Vividness 

Figure 4B displays the vividness scores obtained from each condition. ANOVA revealed that 

testing condition did not influence subjective ratings of afterimage vividness ( )44,2(F  = 1.22, p 

= .29) (Greenhouse-Geiser corrected).  

Afterimage Onset (ms) 

Figure 4C displays the reported afterimage onset times obtained from each condition. ANOVA 

revealed that testing condition influenced the time it took for an afterimage to appear ( )33,1(F  = 

10.24, p = .002, 
2
p  = .26) (Greenhouse-Geisser corrected). Post-hoc comparisons indicated 

that the mean onset times in milliseconds for the eyes-closed condition were longer than both 

the binocular testing condition (p = .003, d = .81) and monocular testing condition (p = .01, d 

= .73). However, the binocular and monocular conditions did not differ from each other (p 

=.76, d = .07). In summary, afterimages took a longer time to appear in participants’ vision 

when they closed their eyes following exposure to the inducing flash, as compared to having 

one or both eyes open.  

Afterimage Duration (ms) 

Figure 4D displays the reported duration times obtained from each condition. ANOVA 

revealed that testing condition influenced the persistence of an afterimage ( )36,1(F  = 11.53, p = 

.0009, 
2
p  = .28) (Greenhouse-Geisser corrected). Post-hoc comparisons indicated that the 
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mean duration times in milliseconds for the eyes-closed condition were longer than both the 

binocular (p = .008, d = .59) and monocular (p = .002, d =.60) conditions. However, the 

binocular and monocular conditions did not differ from each other (p = .85, d = .05). In 

summary, afterimages lasted for a longer duration in participants’ vision when they closed their 

eyes following exposure to the inducing flash, as compared to having one or both eyes open. 

Additionally, Pearson’s correlations showed there was a trend between duration and vividness 

when the eyes were closed, with longer afterimages tending to be perceived as more vivid (r = 

.35, p = .06).  

Discussion 

We hypothesised that the size-distance scaling of afterimages would adhere less to 

Emmert’s law under conditions where distance information was reduced. Specifically, it was 

predicted that the change in perceived afterimage size with distance would diminish as 

stereopsis was removed and decrease further as other depth cues were eliminated. These 

hypotheses were supported. During binocular testing, when all depth cues were available, the 

perceived size of afterimages closely reflected Emmert’s law. Comparatively, when fewer 

depth cues were available under monocular testing, the perceived size of afterimages began to 

reflect a departure from Emmert’s law. Finally, when there were no depth cues available to 

gauge distance in the eyes-closed condition, the perceived size of afterimages reflected a 

substantial departure from Emmert’s law. 

Importantly, our study highlights an important role of stereopsis. The difference in 

perceived afterimage size between the binocular and monocular conditions was due to no 

longer being able to make use of binocular disparity to gauge distance. It is important to note 

that stereopsis is thought to no longer provide valuable distance information beyond ~6 m from 

the observer (Gregory, 1966). The observed differences in this paper are specific to a maximum 

distance of 144.7 cm. This study also revealed a difference in size judgements between 
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monocular and eyes-closed conditions. Namely, estimations of size made with monocular 

testing were still somewhat in line with Emmert’s law while estimations of size made under 

the eyes-closed condition were not. This is perhaps not surprising. The visual system combines 

information from multiple depth cues to estimate distance (Morgan, 1992). Thus, there is 

greater opportunity to be more accurate with more information. In effect, monocular testing 

still provided participants with numerous sources of distance information while all depth cues 

were removed in the eyes-closed condition. 

Vergence and accommodation are oculomotor cues that typically operate in unison to 

bring an object into sharp focus on the retina (Howard, 2002). A change in one typically results 

in a change in the other (Fincham & Walton, 1957; Morgan, 1968). Though traditionally 

considered as a binocular phenomenon, we speculate that vergence still provided distance 

information during monocular testing. Others have demonstrated that vergence movements can 

still be made in the appropriate direction (e.g. Enright, 1987(a), 1987(b); Ringach, Hawken, & 

Shapley, 1996) and that accommodative responses can still remain fairly accurate (e.g. Ball, 

1952; Safra & Otto, 1976) under monocular viewing. It is possible that vergence movements 

may still have occurred in our monocular testing condition to enable the backboard of the 

apparatus to be focused on the retina via feedback mechanisms driven by accommodation 

signals. Future work could repeat our experiments with eye-tracking to verify whether the eyes 

still converged at closer distances under monocular viewing conditions. Interestingly, vergence 

has also been shown to impact size-distance scaling under other reduced viewing conditions 

(Foley, 1980; Hermans, 1937; Leibowitz & Moore, 1966; Mon-Williams & Tresilian, 1999). 

For example, Sperandio et al. (2013) demonstrated that vergence was the primary driver of 

changes in the perceived size of afterimages when both eyes were open in a dark room during 

the Taylor illusion (Taylor, 1941), which consists of projecting an afterimage on the hand and 

seeing it change in size as the hand moves in space. In that study, the eyes converged as the 
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hand moved closer towards the participant’s face. Variability for the former explained far more 

variance in afterimage size than the latter. 

Distance information also arises from pictorial depth cues, which were present in this 

study under both the binocular and monocular testing conditions. These cues are used by artists 

to create convincing illusions of depth on two-dimensional surfaces (Sperandio & Chouinard, 

2015) and have been shown previously to influence the perceived size of afterimages in a study 

by Qian, Liu, & Lei (2016). The authors of that study demonstrated how the converging 

contextual lines in the Ponzo illusion, which tricks the brain into thinking that the upper portion 

of the image is further away, causes afterimages projected onto this background to change in 

size. Specifically, afterimages projected on the upper and lower portions of the background 

appeared larger and smaller, respectively.  

Conversely, there were no distance cues available for the participants in our study to 

focus their gaze on the backboard during the eyes-closed testing condition. As expected, our 

participants under this testing condition reported that their afterimages appeared to be the same 

size regardless of their distance. However, the perceived size did not reflect the retinal image 

size of the inducing light in most participants. There was a high degree of variability in size 

judgements between individuals in this testing condition (see Figure 5A). Size estimates ranged 

considerably among participants from one participant reporting afterimages as small as 3 cm 

to a different participant reporting afterimages as large as 29 cm. We offer the following 

explanation to account for this variability.  

In the absence of any visual stimulation, such as the complete darkness afforded by 

closing both eyes, vergence and accommodative cues are thought to revert to an intermediate 

position, causing the visual system to combine retinal image sizes with information about some 

specific distance (Gogel, 1965; Gogel & Tietz, 1977; Owens, 1984). This effect, known as the 

specific distance tendency, has previously been reported to be between 120 cm to 360 cm from 
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the observer (Gogel, 1969). Based on our calculations, our data shows a smaller range. Namely, 

afterimages were perceived as being 15.75 cm to 122.86 cm from the observer (M = 51.07 cm, 

SD = 24.88 cm). Several factors may account for the discrepancy. First, the default position of 

vergence, a primary driver of specific distance tendency, is known to vary considerably among 

individuals (e.g. Jaschinski, Jainta, Hoormann, & Walper, 2007; Owens & Leibowitz, 1976; 

Owens & Liebowitz, 1980). In other words, the default position is calibrated to focus at 

different distances in different people, so some variability between individuals, as was the case 

in this study, can be expected. It could be the case that our sample had smaller specific distance 

tendencies than previous studies. This is a possibility if you consider that most earlier studies 

were carried out before the widespread use of personal computers and smart phones, which 

have conceivably caused people to maintain fixation at closer distances for prolonged periods 

of time more frequently.  

Second, it has been demonstrated that a participant’s specific distance tendency can 

change with their knowledge about their environment, such as configuration testing spaces 

(Gogel, 1969). In line with this explanation, the specific distance tendency range reported in 

our study closely aligns with the dimensions of the testing station participants were working 

with (i.e. the inducing light was 21 cm away and the furthest distance was 144.7 cm away). 

From this, it seems that knowledge of the approximate dimensions of our testing apparatus may 

have capped the default distances that participants reverted to.  

Other possible factors also warrant mention. It may be that the act of closing one’s eyes 

causes distance to be differently calibrated to when one is in complete darkness with their eyes 

open. Similarly, afterimages that arise from the retina as opposed to retinal images cast by real 

objects in the visual field may be registered differently by the cues that drive the specific 

distance tendency. Further research is needed to better understand the role that each of these 

factors might play.   
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Variables pertaining to afterimage strength, namely, vividness, time of onset, and 

duration, were also examined. Importantly, the relationship between conditions and these 

measurements did not follow the same pattern of results as the relationship between conditions 

and afterimage size. Therefore, we can infer that any differences in perception of size were a 

result of the manipulation of depth cue availability and not afterimage strength. Vividness was 

vital to consider in this study, as it provided an indication of how clearly the afterimages were 

perceived. As it is easier to trust our judgements of an object when we can see it with clarity, 

it is possible that the validity of the other measures depended on vividness. Interestingly, 

though vividness was not different across conditions as a group, this aspect of afterimage 

strength showed considerable intra-individual fluctuations. That is to say, the same participant 

tended to experience variations in how bright their afterimages appeared throughout the 

experiment, particularly in the eyes-closed condition (as shown in Figure 5B). This may relate 

to the subjective nature of this measurement and should be interpreted with caution. Further 

research could examine the more qualitative nature of vividness. 

Afterimages took a substantially longer time to appear and dissipate in the eyes-closed 

condition compared to both the binocular and monocular testing conditions. It is possible that 

the delayed onset was due to the quality of the afterimages degrading from the lack of available 

depth cues. Distance information provides a substantial amount of background context for the 

viewer. So, it is conceivable that the brain needed to spend additional time attending to the 

construction of the afterimage in the eyes-closed condition given the lack of available distance 

cues to create a point of reference. Further to this, we instructed participants to respond to 

negative afterimages only. This type of afterimage appears after a slight delay even under full 

viewing conditions (Sperandio, Chouinard, & Goodale 2012) and this postponement may 

become more pronounced when there is insufficient context to assist in placing the afterimage 

in the visual field. Another possible explanation is that a number of participants reported lower 
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vividness in the eyes-closed condition, so they may have taken additional time to be certain 

they could see the afterimage.  

With regards to afterimage duration, there has been some debate as to whether or not 

attention has an effect. Van Boxtel, Tsuchiya, and Koch (2010) designed an experiment to 

dissociate the effects of awareness versus attention on afterimage duration. The authors 

demonstrated that the former increased the length of time afterimages were visible while the 

latter decreased. However, using a different design, Travis, Dux, and Mattingley (2017) 

reported that both awareness and attention increased afterimage duration. Our data converges 

with the latter study in that attention seems to increase duration if one assumes that attentional 

focus decreases with distractors (Lavie, 2005). That is to say, upon closing their eyes, one sees 

darkness without any visual information that the environment has to offer. It is conceivable 

that when an afterimage appears, the system is left to process this stimulus untaxed without the 

vast amount of contextual information that would ordinarily be present when the eyes are open. 

Afterimages seen with the eyes closed may have been more salient to the viewer as they were 

the only stimulus that was available to attend to. This may have resulted in the participants 

attending to them more than they did in the other testing conditions. It seems reasonable to 

suggest that the longer afterimage durations in the eyes-closed condition may be indicative of 

how selective attention could serve to increase afterimage strength. Indeed, a correlation test 

performed between afterimage duration and vividness in the eyes-closed condition revealed a 

trend that approached significance. Furthermore, salient afterimages are known to be less 

susceptible to factors that can make them dissipate more rapidly, such as saccadic eye 

movements  (Powell, Sumner, & Bompas, 2015). 

To summarise, we used an afterimage paradigm to examine the impact of removing 

depth cues on size-distance scaling when the retinal image size of the stimuli remains constant. 

Our findings highlight the potential role of stereopsis as a driver of perceived size under ideal 
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viewing conditions and reveal insights about the range of the specific distance tendency. New 

research should be undertaken to further explore this mechanism as well as the more qualitative 

aspects of afterimages. 
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Figure 1.  Photograph of the experimental set up. (a) The reference rings for the size-matching 

task. (b) Chinrest used to ensure participants were fixating from a consistent distance. (c) The 

collapsible front-board with the inducing light centrally mounted. (d) The moveable backboard. 

(e) And (f) show alternative views of the collapsible front-board.  

 

  



28 
 

 

Figure 2.  Photograph of the glasses and eyepatch used during testing to alter the availability 

of depth cues. Occlusion lenses were made with a thin slab of black modelling clay. Across all 

conditions, only the retina of the dominant eye was ‘bleached’, even though viewing could be 

monocular or binocular. (a) Glasses frame used for right-eye dominant participants during the 

binocular and eyes-closed conditions (left eye was occluded to shield it from the afterimage 

inducing light so only the dominant right eye was bleached). (b) Glasses frame used for left-

eye dominant participants during the binocular and eyes-closed conditions (identical to the 

right-eye dominant frames except the right eye was occluded instead). (c) Eyepatch used during 

monocular testing (worn over the non-dominant eye to occlude it before commencing the trials 

for this condition). 
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Figure 3. (A) For illustrative purposes, we provide an example of a single participant’s data 

showing the slope predicted by Emmert’s law (solid line) and how the participant’s size 

estimations made during each of the 45 trials across the binocular, monocular, and eyes-closed 

conditions deviated from this slope. (B) Mean and 95% confidence intervals for the three 

different testing conditions from all participants. From the regression lines calculated in 

everyone, we plotted the mean and 95% confidence intervals from the shortest (61 cm) to the 

furthest (144.7 cm) distance for each condition. From these plots, we determined that that the 

eyes-closed condition did not overlap at any distance point with either the binocular or 

monocular conditions. There was also no overlap between the binocular and monocular 

conditions at distances beyond 132.6 cm. 
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Figure 4.  Means and standard errors (SEM) for each condition for each of the following 

dependent variables (the x-axis corresponds to the testing condition in all graphs): (A) 

afterimage size (deviation from the theoretical slope calculated from Emmert’s law); (B) 

afterimage vividness (z-score); (C) afterimage onset (ms); (D) afterimage duration (ms). N = 

30. All asterisks (*) denote significant differences after corrections were applied for multiple 

comparisons (p < .05).   
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Figure 5.  Individual data from each participant, note that in both A and B, each colour 

corresponds to the same individual. (A) Individual variability amongst participants in 

estimations of size during the eyes-closed condition. (B) Individual variability amongst 

participants in perceived vividness of afterimages across all viewing conditions. Each colour 

pertains to one individual.  

 


