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Introduction 

Stereoscopic displays are used increasingly in cinema, 
television, and video-game industries, among others. A 
particularity of these displays is that they produce a mis-
match between accommodation and vergence (Akeley, 
Watt, Girshick, & Banks, 2004; Eadie, Gray, Carlin, & 
Mon-Williams, 2000; Hoffman, Girshick, Akeley, & 
Banks, 2008; Howarth, 2011; Kim, Shibata, Hoffman, & 
Banks, 2011; Peli, 1995; Rushton & Riddell, 1999; Ukai 
& Howarth, 2008; Wann, Rushton, & Mon-Williams, 
1995; Yang & Sheedy, 2011). Under natural viewing 
conditions, accommodation and vergence are coupled in 
order to maintain clarity and singleness of the fixated 
object (Fincham & Walton, 1957; Morgan, 1944a). The 
mismatch between accommodation and vergence in 
stereoscopic displays corresponds to an unnatural view-
ing condition. The impact of this mismatch on the oculo-
motor system is not well understood. The 
accommodative-vergence conflict is inherent to all 
techniques used for creating an artificial impression of 
depth in stereoscopic displays (Hoffman, et al., 2008). To 

provide depth perception with a stereoscopic device, the 
vergence demand must lie closer to, or farther than, the 
image display (depending on the location of the fixated 
object), while the accommodation demand remains fixed 
on the image display so that a clear view of the virtual 
scene can be obtained. Many studies have demonstrated 
changes in oculomotor responses after exposition to 
stereoscopic displays (Eadie, et al., 2000; Emoto, Nojiri, 
& Okano, 2004; Hoffman, et al., 2008; Sharples, Cobb, 
Moody, & Wilson, 2008; Ukai & Howarth, 2008). The 
oculomotor alteration is traditionally measured via com-
parison of oculomotor parameters measured before and 
after the stereoscopic viewing. However, these 
oculomotor alterations likely result from a continuous 
phenomenon. To our knowledge, the objective time 
course of this phenomenon has not been examined in 
detail. A previous study by Shibata et al. (2011) assessed 
the time course of the discomfort experienced by viewers 
exposed to various stereoscopic-viewing conditions. 
However, this assessment was limited to subjective 
symptoms. Some studies indicate that individual differ-
ences (interocular distance, zone of comfort…) might  
affect the comfort during stereoscopic viewing 
(Lambooij, Ijsselsteijn, & Heynderickx, 2007; Shibata, et 
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al., 2011). Nevertheless, individual abilities to manage 
the oculomotor demand during stereoscopic viewing 
remain unclear.  

The long-term goal of the present study was to de-
velop an objective measure of the time course of individ-
ual oculomotor performance in stereoscopic displays. 
Since relief perception depends on vergence, we reasoned 
that the time course of vergence could provide an objec-
tive indicator of individual oculomotor performance dur-
ing stereoscopic viewing.  

The temporal characteristics of the vergence response 
in stereoscopic viewing can be quantified objectively by 
measuring vergence during the use of a stereoscopic 
device. Exposure to a sinusoidal oscillation has been used 
for vergence stimulation (Eadie, et al., 2000; Howard, 
Fang, Allison, & Zacher, 2000; Krishnan, Phillips, & 
Stark, 1973; Mon-Williams & Wann, 1998; Rashbass & 
Westheimer, 1961). The oscillatory stimulus induces a 
periodic variation of the vergence demand, which 
continuously modulates the accommodative-vergence 
conflict during stereoscopic viewing. This type of stimu-
lus was used to investigate oculomotor performance in a 
stereoscopic task in the present study. The amplitude of 
the sinusoidal response was compared to the correspond-
ing amplitude of the sinusoidal demand. Moreover, the 
phase lag of the vergence response was measured to de-
termine the time delay of the response. These two objec-
tive parameters (amplitude and phase) were used to char-
acterize the time course of the vergence response.  

Considering that stereoscopic displays impose an ocu-
lomotor conflict, we hypothesized that oculomotor per-
formance would vary over time during the exposure and 
that individual differences in time course would be ob-
served. 

Methods 

Participants 

Twelve subjects (three males and nine females aged 
24-36 years; mean age = 27 ± 5 years) participated in the 
experiment. All subjects gave informed consent and were 
naïve to the goals of the study, which was conducted in 
accordance with the Declaration of Helsinki and under 
the terms of the local legislation. Inclusion criteria were 
as follows: 

• Monocular visual acuity (evaluated using a decimal 
scale chart) better than 10/10;  

• No history of functional or organic ocular 
pathology;  

• No use of medication that might interfere with 
oculomotor performance;  

• No visual complaint (such as headache, eyestrain, 
or reddening of the eyes) prior to the experiment.  

Apparatus 

A Wheatstone stereoscope consisting of two screens 
and two pairs of mirrors at 45° angle relative to the mid-
sagittal plane was utilized (Figure 1). The visual targets 
were displayed on 22'' LCD ViewSonic screens, 1680 x 
1050 pixels, with a pitch of 0.282 mm/pixel and a 120-Hz 
refresh rate. They were placed at 0.67 m from the center 
of rotation of the subject’s eye. This viewing distance 
corresponded to 1.5 meter angle (MA) resulting in a ver-
gence demand of approximately 5°, depending on the 
interocular distance of the observer. The stereoscope was 
adjusted so that the visual field was approximately 26° 
wide for all subjects. The field of view was limited by 
small central mirrors (see Figure 1). The subject’s head 
was stabilized using a bite bar.  

  

Figure 1. Schema of the stereoscope. A target was displayed on 
each of two screens. Owing to binocular fusion, the subject 
perceived a single virtual target. 

During stimulation, the vergence response was re-
corded using an eye-tracking device. Vergence tracking 
was performed using the Eyelink II eye-tracker in binocu-
lar vision. During the experiment, the head-tracking 
component was not used because, firstly, this piece 
equipment (worn on the head) was not compatible with 
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the configuration of the stereoscope and, secondly, the 
subject’s head was stabilized using a bite bar, which 
made it unnecessary to use head tracking. The two cam-
eras of the eye-tracker were placed on the stereoscope, 
close to the subject’s eyes and under the subject’s line of 
sight. Each camera contained two infrared LEDs (925 
nm) to illuminate the subject's eyes, allowing accurate 
measurements under any lighting condition. As in previ-
ous studies of vergence in a virtual environment using the 
Eyelink system (Jaschinski, Jainta, & Hoormann, 2008; 
Yang & Sheedy, 2011), a high acquisition frequency (500 
Hz) was used. The device offered a 0.5° average error, 
and a 0.01° resolution (Jainta, Hoormann, & Jaschinski, 
2007; Jaschinski, et al., 2008). 

The eye-tracking device was calibrated for each eye 
separately. The calibration procedure involved successive 
fixations of nine targets in random order. Data for which 
the pupil was not measured (due to, e.g., blinks) were 
rejected.  

Stimuli 

The visual target was a white orthogonal cross,  
10-by-10 pixels with a 2-pixel thickness and a luminance 
of 230 cd/m². It subtended a visual angle of 14.5 minutes 
of arc (0.24°) with a minimum angle of resolution (MAR) 
of 3 minutes of arc. It was displayed on a gray back-
ground with a luminance of 30 cd/m². The stimulus con-
trast, expressed in accordance with the Weber law, was 
equal to 6.6. These stimulus parameters were chosen 
specifically to induce accurate accommodation 
(Ciuffreda, 2006). To stimulate fusion, a single target was 
displayed on each screen. 

The range of the vergence demand was chosen after 
Eadie et al. (2000) and Wann and Mon-Williams (2002). 
In these studies, the vergence demand ranged either from 
0 to 3 MA, or from 0 to 6 MA, and it followed a sinusoi-
dal 0.3-Hz motion. To limit the divergence constraint and 
in relation with the divergence/convergence asymmetry 
of the human zone of clear and single binocular vision 
(Morgan, 1944b), the target, in the present study, was 
moved in virtual depth symmetrically from the screens. 
With respect to the two screens placed at 1.5 MA from 
the observer (667 mm), the target moved from 1 MA 
(1000 mm) to 3 MA (333 mm). Thus, the amplitude of 
the displacement in depth was 333 mm. For the virtual 
target located at 1000 mm, the required vergence demand 
was 3.4°, while for the target located at 333 mm, the 

vergence demand was equal to 10°. These vergence de-
mands fall within the range of the zone of clear single 
binocular vision for an average observer. The relative 
divergence was in the comfort zone defined by Percival’s 
criterion who states that the comfort zone is defined by 
the middle third of the zone of clear single binocular 
vision (Hofstetter, 1945).  

Procedure 

After the position of the subject was adjusted, the eye- 
tracker was calibrated and the recording of eye move-
ments started. The subject was then exposed to stereo-
scopic viewing for 20 minutes (360 cycles of sinusoidal 
oscillations in depth). After the completion of the expo-
sure phase, the subject filled-in a visual-and-physical- 
discomfort questionnaire, which included the following 
questions:  
- Did you experience diplopia during the session? Yes / 
No 
- If so, what percentage of time did you experience diplo-
pia on a scale from 10 to 100% (in steps of 10). 
- Did you experience any discomfort? Yes / No 
- If so, which disorder did you experience (multiple an-
swers can be checked)? Headaches / Reddening of the 
eyes / Eyes that draw / Fatigue / Blurred vision / Other 
(explain). 
- Please quantify your discomfort (if any) on a scale from 
0 to 10, with 10 corresponding to maximum discomfort. 

Data processing 

All data processing was performed offline.  

The Eyelink II requires periodic calibration to ensure 
reliable measurement. However, since in the present 
experiment, continuous (sustained) exposure to the con-
straint was mandatory, it was not possible to calibrate the 
device during the exposure phase. Therefore, the re-
sponse signals was realigned relative to the stimulus to 
compensate for the drift in the eye-tracker signal over 
time. This was achieved by dividing the response signal 
into 60 slots (20 s each), such that each slot contained  
6 sinusoidal cycles.  

Oculomotor data corresponding to saccades were re-
moved from further analysis. 

The intersection of the two eye directions measured 
by the Eyelink was determined using the INRA-Matlab 
toolbox (geom3d). The intersection point obtained corre-
sponded to the location where the vergence occurred 
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instantaneously. Because all stimuli were at eye level, 
only horizontal data were used. For reconstruction in 
virtual space, occasional outliers (defined as points fal-
ling below 0.05 m or above 5 m) were removed. Elimi-
nated data points were approximated using linear interpo-
lation.  

The stimulation signal was sinusoidal with a fre-
quency of 0.3-Hz, we reasoned that the response signal 
should exhibit the same profile. Standard signal-
processing tools to evaluate the amplitude and the phase 
lag of the response signal were used. The amplitude of 
the sinusoidal response signal was determined using a 
fast Fourier transform (FFT). The instantaneous phases of 
the stimulation and response signals were determined 
using a Hilbert transform (Le Van Quyen et al., 2001). 
The phase lag between the stimulus and response signals 
was computed to determine the time delay of the re-
sponse. The amplitude and phase lag of the vergence 
response were computed for each slot.  

Statistical analysis 

The statistical analysis of the eye-tracker data in-
volved the computation of nonparametric (Spearman) 
correlation coefficients between the vergence response 
and the slot number. A nonparametric analysis was cho-
sen because no linear relationship between vergence 
response and time was specifically expected. The critical 
p value was set at 0.05. Due to a dysfunction of the eye-
tracker during the experiment, the data of one subject 
could not be analysed.  

Results 

Figure 2 shows a typical vergence response measured 
during exposure for one of the participants. 

Figure 3 shows the mean amplitude of the vergence 
response across subjects as a function of exposure time 
expressed as the slot number. The mean amplitude of the 
first six slots (10% of the exposure) is 255.89 mm versus 
167.42 mm for the last six slots which represent a gain of 
0.77 and 0.50. A negative correlation between the ampli-
tude of the vergence response and the slot number was 
observed (ρ = -0.55, p < 0.01), indicating a general de-
cline of oculomotor performance over time. On average 
across the 60 slots, the response declined at a rate of  
1.17 mm/slot. 
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Figure 2. Example of processed vergence response as a 
function of time (over one slot) for one subject. Orange line: 
stimulus. Blue line: response.  
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Figure 3. Mean amplitude of the vergence response (blue 
squares) as a function of the slot number. Blue line: regression 
line through the vergence amplitude data. Orange diamond: 
amplitude of the vergence demand as a function of the slot 
number. The error bars around the blue squares show the 
standard error of the mean vergence response. 

No correlation was found between the mean phase lag 
of the vergence response and the slot number (ρ = 0.09, p 
= 0.48) (see Figure 4). The phase data indicate that the 
ocular response was delayed relative to the stimulus. This 
indicates that, on average, the participants’ eye move-
ments followed the stimulus and that subjects did not 
anticipate the target.  
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 Figure 4. Mean phase lag between the vergence response and 
the stimulus as a function of the slot number. The error bars 
around the yellow triangles represent the standard error of the 
phase lag. Positive phase shifts indicate a delay; whereas 
negative shifts indicate an anticipation of the vergence 
response. 

 The relationship between the vergence response and 
the slot number was variable across subjects (see  
Table 1). 

Subject ρ p M. A. 
(mm) 

S. E. 
(mm) 

Complaints 
(quantification) 

1 -0.54 < 0.01* 211.07 14.22 0 
2 

-0.51 < 0.01* 62.05 8.43 
headache 

(3/10) 
3 -0.02 0.88 96.40 38.94 0 
4 -0.05 0.73 206.04 31.41 0 
5 +0.16 0.21 137.22 10.90 0 
6 -0.45 < 0.01* 133.45 30.60 0 
7 -0.25 0.06 256.59 36.96 0 
8 -0.34 0.01* 269.96 52.22 0 
9 -0.37 0.01* 275.76 21.92 0 
10 -0.36 0.01* 219.18 10.16 0 
11 -0.41 < 0.01* 213.79 13.36 0 

Table 1. Individual results: Spearman correlation coefficients; 
p values; mean amplitude of the vergence response (M. A.); 
standard error of the response (S. E.); complaints. A negative 
correlation coefficient indicates a decrease of vergence 
amplitude during the exposure, and conversely for a positive 
correlation coefficient. Statistically significant correlation 
coefficients are indicated by an asterisk. 

For seven out of the eleven subjects, vergence de-
creased significantly as a function of the slot number  

(p < 0.05). The analysis of the questionnaires showed 
very few complaints: only one subject reported having 
experiencing a headache. However, all subjects reported 
diplopia. Depending on the individual, diplopia was ex-
perienced for 10% to 80% of the exposure duration.  

Discussion 

The oculomotor alteration has traditionally been 
measured, either via comparison of oculomotor parame-
ters measured before and after the optical constraint, or 
using subjective data from questionnaires. In this study, 
the time course of oculomotor performance was assessed 
by measuring the vergence response during exposure to a 
sinusoidally stimulus. Using this approach, we could 
directly quantify how far the observer was able to cope 
with the stereoscopic viewing constraint over time. The 
results showed a decline of the amplitude of the in-depth 
oscillatory vergence response during the exposure  
(Figure 3). This decline provides an objective index of 
the vergence load due to stereoscopic viewing.  

Various explanations may be offered for the decline 
in oculomotor performance over time: 

A first explanation is as follow. Although stimulus 
was a vergence stimulus aligned on the mid-sagittal plane 
and required a pure vergence response, saccades sporadi-
cally occurred during the task. A set of studies suggest 
that saccades can influence the vergence response, in-
creasing the velocity of vergence response during the 
intersaccadic period (Semmlow, Chen, Granger-Donetti, 
& Alvarez, 2008, 2009; Zee, Fitzgibbon, & Optican, 
1992). Thus, the interfering saccades may have changed 
the peak of velocity and potentially the amplitude of the 
vergence response during the exposure. However, it is 
important to note that the studies mentioned above in-
volved vergence step stimuli. To our knowledge, the 
influence of saccades on vergence responses to sinusoidal 
oscillations in depth is not established. Thus, while this 
explanation cannot be excluded, it deserves further inves-
tigation, especially because Yuan and Semmlow (2000) 
showed a major difference in peak velocity of vergence 
response due to repetitive step vergence eye movements 
against slow sinusoidal vergence tracking. 

Emoto et al. (2005) and Lambooij et al (2009) suggest 
that visual fatigue can be described as a phenomenon 
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leading to the transient decline of various visual func-
tions.  

The decrease in the amplitude of the response during 
exposure may be a result of visual fatigue. On average, 
the gain of vergence measured at the beginning of the 
exposure phase in the present study was similar to that 
measured in previous studies (Erkelens & Collewijn, 
1985; Krishnan, et al., 1973). With one exception, earlier 
studies did not record the vergence response over as 
prolonged a time period as the present study. Therefore, a 
decline in oculomotor performance was not usually 
observed in these studies. One exception is the study of 
Yuan and Semmlow (2000), who analyzed vergence 
responses measured during a protracted, repetitive task 
involving 100 cycles of sinusoidal vergence stimulation. 
Their results showed no signs of visual fatigue. However, 
it is important to note that the stimuli and methods used 
in this earlier study differ from those of the present study. 
Consistent with visual fatigue explanation, previous re-
sults have found an increase in subjective signs of visual 
discomfort over time during stereoscopic viewing 
(Shibata, et al., 2011).  

Several studies suggest that high-level functions, no-
tably mental fatigue and inattention, can modify the 
lower level of the motor control signal (Epelboim et al., 
1997; Fuchs & Binder, 1983; Yuan & Semmlow, 2000). 
During our experiment, subjects were frequently re-
minded that they had to stay alert, and avoid inattention. 
Moreover, the results indicate that the phase lag of the 
vergence response did not change significantly over time. 
Thus, the time between stimulus and response remained 
the same (Figure 4). Inattention should have resulted in a 
longer response delays, i.e., an increase of the phase lag. 

While, on average the oculomotor response was found 
to decline over time, interindividual differences were 
observed in the amplitude of the vergence response as 
well as in the discomfort.  

Interestingly, very few complaints were reported by 
the participants. This discrepancy between an objectively 
measured change in oculomotor performance and subjec-
tive complaints is in accordance with Lambooij et al. 
(2009) and Saito et al. (1992), who suggested a distinc-
tion between physiological fatigue and subjective dis-
comfort. Our results suggest that a decrease in visual 
performance is reflected in (and can be detected using) 

objective measures of the vergence response, before it is 
manifested in subjective measures.  

Four of the eleven subjects showed no significant 
correlation between the vergence response and the slot 
number. Such interindividual differences in the vergence 
response as a function of time may reflect interindividual 
differences in the ability to respond to vergence demands. 
By assessing the vergence response during stereoscopic 
exposure at the individual level, it may be possible to 
determine when visual function starts to decline, and 
when stereoscopic viewing should be stopped to avoid 
subjective symptoms. This limit on the use of  
stereoscopic viewing can be defined at the group level (as 
an average across subjects), or at the individual level. In 
this context, objective, and individual assessments of 
oculomotor performance using the eye-tracking appear as 
a useful tool for characterizing more precisely the 
conditions under which streoscopic displays can be used 
effectively by different individuals. 
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