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Stereoscopic (S3D) displays create conflicts between the distance to which the eyes must converge and
the distance to which the eyes must accommodate. Such conflicts require the viewer to overcome the
normal coupling between vergence and accommodation, and this effort appears to cause viewer discom-
fort. Vergence–accommodation coupling is driven by the phasic components of the underlying control
systems, and those components respond to relatively fast changes in vergence and accommodative stim-
uli. Given the relationship between phasic changes and vergence–accommodation coupling, we exam-
ined how the rate of change in the vergence–accommodation conflict affects viewer discomfort. We
used a stereoscopic display that allows independent manipulation of the stimuli to vergence and accom-
modation. We presented stimuli that simulate natural viewing (i.e., vergence and accommodative stimuli
changed together) and stimuli that simulate S3D viewing (i.e., vergence stimulus changes but accommo-
dative stimulus remains fixed). The changes occurred at 0.01, 0.05, or 0.25 Hz. The lowest rate is too slow
to stimulate the phasic components while the highest rate is well within the phasic range. The results
were consistent with our expectation: somewhat greater discomfort was experienced when stimulus dis-
tance changed rapidly, particularly in S3D viewing when the vergence stimulus changed but the accom-
modative stimulus did not. These results may help in the generation of guidelines for the creation and
viewing of stereo content with acceptable viewer comfort.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In natural viewing, changes in viewing distance lead to the
oculomotor adjustments of vergence and accommodation. Ver-
gence is the eye movement in which the two eyes rotate in oppo-
site directions to maintain binocular fixation on objects at different
distances; inaccurate vergence leads to diplopia (double images).
Accommodation is the change in focal power of the crystalline lens
in the eye; inaccurate accommodation yields blurred images. In
natural viewing, the stimuli to vergence and accommodation are
consistent with one another: Looking at a nearer object requires
convergence and an increase in lens focal power, while looking at
a farther object requires divergence and a decrease in focal power.
Because the distances to which the eyes must converge and accom-
modate are generally the same, the two responses are coupled such
that changes in vergence produce changes in accommodation, and
vice versa (Cumming & Judge, 1986; Fincham & Walton, 1957;
Krishnan, Shirachi, & Stark, 1977; Semmlow & Wetzel, 1979). The
coupling is produced by cross-links in the neural control system
that governs oculomotor adjustments for near and far viewing.

Many models have offered explanations of how vergence and
accommodation are driven by sensory input (Hung & Ciuffreda,
2002; Hung & Semmlow, 1980; Rosenfield & Gilmartin, 1988;
Schor, 1992). Schor (1992) divides vergence and accommodation
responses into three components: tonic, phasic, and cross-link.
The tonic components change slowly and help maintain vergence
and accommodation at appropriate values. The phasic components
change quickly enabling fast reactions to changes in object dis-
tance. Interestingly, the cross-links are driven by the phasic, not
tonic components. This helps vergence and accommodation
respond quickly (Cumming & Judge, 1986; Schor, 1986, 1992;
Schor & Kotulak, 1986).

To quantify vergence distance, we use diopters (D) instead of
the more conventional meter angle (MA) so that vergence and
accommodation distances can be expressed in the same units.
Fig. 1 illustrates how these three components—tonic, phasic, and
cross-links—cooperate to drive vergence in response to a step
change in object distance. The overall response should equal the
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sum of the responses from the three components. Initially the ver-
gence stimulus and response are both at 1 diopter (D). Then the
stimulus undergoes a step change to 2D. Because the vergence
and accommodative stimuli undergo the same change, the signs
of the phasic and cross-link responses are the same, so they work
together to drive vergence rapidly to the appropriate value.

Some situations stimulate different amounts of vergence and
accommodation. A well-known example is optical correction for
refractive error. The new spectacles or contact lenses change the
accommodative stimulus by a fixed amount in diopters relative
to the vergence stimulus. The resulting disagreement between
the accommodative and vergence stimuli is called the vergence–
accommodation conflict, and can induce visual discomfort and
fatigue (Percival, 1928; Sheard, 1930). Through a great deal of
experience with patients, eye doctors have established guidelines
for avoiding adverse effects. One such guideline is a description
of the conflicts that can be tolerated while maintaining single
and sharp vision; this is the zone of clear single binocular vision
(ZCSBV; Fry, 1937; Hofstetter, 1945). There is a smaller range of
vergence–accommodation conflicts (within the ZCSBV) that do
not cause discomfort; this is the zone of comfort (Percival, 1928;
Sheard, 1930).

Stereoscopic 3D (S3D) displays also stimulate different levels of
vergence and accommodation. The viewer’s distance from the
screen, which is generally fixed, determines the accommodative
stimulus. The viewer’s distance and the content on the display
determine the vergence stimulus. The content can vary signifi-
cantly thereby changing the vergence stimulus. Thus, S3D viewing
generally creates time-varying vergence–accommodation con-
flicts: to maintain single, sharp vision, the viewer must converge
and diverge the eyes depending on the moment-to-moment con-
tent while holding accommodation on the screen. Doing this would
be best achieved by counter-acting the cross-links that attempt to
drive vergence to be consistent with accommodation and vice
versa. However, the attempt to counter-act the cross-links may
well cause some or all of the discomfort and fatigue reported by
viewers of S3D media (Hoffman et al., 2008; Howarth, 2011;
Lambooij et al., 2009; Shibata et al., 2011; Tam et al., 2011; Yang
& Sheedy, 2011).
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Fig. 1. Vergence response to a step stimulus in natural viewing according to the
model of Schor (1992). Response in diopters is plotted as a function of time. The
black line represents the stimulus, which is at a distance of 1D initially and then
steps to a distance of 2D. The dashed red lines represent the responses of the tonic,
phasic, and cross-link components. The green solid line represents the vergence
response itself, which is the sum of the three component responses. The initial
response is mostly supplied by the phasic and cross-link responses. The tonic
response increases slowly, but eventually maintains vergence at the appropriate
value. Accommodative responses, which are not shown here, would be very similar.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
Shibata et al. (2011) measured the zone of comfort for S3D
viewing and found that it is reasonably similar to the zones defined
for optical correction. However, the dynamics of the conflict in S3D
viewing may be an important determinant of the ensuing discom-
fort and fatigue. Speranza et al. (2006) and Jung et al. (2012) found
that faster motion in depth in S3D content induces greater
discomfort, but they did not determine whether the cause of the
discomfort was motion in depth per se, or changes in the ver-
gence–accommodation conflict. Given that rapid changes drive
the phasic components of the vergence–accommodation cross-
links, we hypothesize that rapid changes in the vergence–accom-
modation conflict cause more discomfort than slow changes do.
We tested this hypothesis by comparing discomfort in natural
and S3D viewing with rapid and slow changes in stimulus distance.

2. Methods

2.1. Apparatus

To simulate natural and S3D viewing, we used a volumetric ste-
reo display (Love et al., 2009; Fig. 2). The configuration is the same
as a conventional stereoscope except for the switchable lenses in
front of each eye and the novel display technique. The lenses chan-
ged focal power among four possible values that were separated by
0.6 D. The changes in the focal power were synchronized with the
frames of the corresponding display screen. The lenses went
through the four focal powers as images appropriate for each focal
distance were displayed in a time-multiplexed fashion. As the
lenses change focal power from plane 1 to plane 4, the displays
synchronously present images appropriate for those four distances.
The lenses switch power at 180 Hz, so the cycle through four focal
states occurs at 45 Hz. With this method, an apparent 3D volume is
created and viewer accommodation through that volume brings
different planes in and out of focus at the retina. The displays were
CRTs (Iiyama HM204DT) running at 180 Hz, resulting in a 45 Hz
refresh rate for the volumetric 3D scene.

When focal distance corresponded to one of the four possible
focal states of the lenses, we illuminated pixels during that one
focal state, but not the other three. To simulate stimuli in-between
focal planes, we used depth-weighted blending (Akeley et al.,
2004; Ravikumar, Akeley, & Banks, 2011). The left side of Fig. 3
shows how depth-weighted blending simulates a 3D surface
between two focal planes. The image locations on each plane are
determined by projecting each object point along the appropriate
line of sight. Image intensity depends on the dioptric distance from
the object to the corresponding point as illustrated on the right
side of the figure. The stimuli created in this fashion have an
appearance that is a good approximation to natural viewing
(Ravikumar, Akeley, & Banks, 2011) and can drive accurate accom-
modative responses (MacKenzie, Dickson, & Watt, 2011;
MacKenzie, Hoffman, & Watt, 2010).

Because the apparatus has multiple focal planes, image quality
is very dependent on viewer position; the images on different focal
planes only align on the retina when viewed from a specific loca-
tion. To achieve accurate alignment, we positioned the subject
with a custom bite bar. A hardware and software calibration proce-
dure conducted for each subject assures accurate alignment
(Akeley et al., 2004; Hillis & Banks, 2001). The subject remained
on the bite bar throughout the experiment. If the subject normally
wears an optical correction (i.e., spectacles or contact lenses), they
wore it during the calibration procedure and during the experi-
ment itself.

The apertures of the lens assemblies occluded the frames of the
CRTs. Because the apertures were very close to the eyes, their
edges were very blurred. Therefore, there was no useful cue to
fusion from either the CRT frames or the apertures.
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Fig. 3. Depth-weighted blending. Left: A slanted plane is simulated between two adjacent focal planes. Pixel intensities are determined on the two focal planes by depth-
weighted blending. Each object point on the simulated object is projected onto the two focal planes along a line of sight. The intensity of the image point depends on the
dioptric distance from the focal plane to the corresponding object point. Right: The intensity weighting function for the blending. An object at X is on the far plane and hence
the full intensity is applied on the far plane. Similarly, an object at X + 0.6 has full intensity applied on the near plane. For focal distances between the two planes, the intensity
weighting value changes linearly with the change in dioptric distance from the target to each plane.
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2.2. Subjects

Thirty-four subjects, aged 22–31 years, participated. All had
normal or corrected-to-normal visual acuity and stereoacuity. As
we said, if they normally wear an optical correction, they wore it
during the experiment. None of the subjects were aware of the
experimental hypothesis. Appropriate consent and debriefing were
done according to the Declarations of Helsinki.

2.3. Stimuli and procedure

The stimulus was a random-dot stereogram simulating a sinu-
soidal corrugation in depth. The stereogram appeared in a circular
patch with a diameter of 4.2�. Dot density was 43 dots/deg2, corru-
gation frequencies were 1, 1.6, and 2.4 cpd, corrugation orientation
was �10� or +10� from horizontal, and peak-to-trough disparity
amplitude was 4–4.4 arcmin.

Subjects performed a two-alternative, forced-choice psycho-
physical procedure. Stimuli were presented for 1.4 s and subjects
indicated whether the corrugation orientation was �10� or +10�.
Each stimulus presentation was followed immediately by another.
To perform the psychophysical task correctly, one must converge
and accommodate reasonably accurately (Banks, Gepshtein, &
Landy, 2004), so we used task performance as a check that the
subject had indeed converged and accommodated accurately.
Three of the 34 participants failed to exceed the criterion of 70%



Table 1
Experimental conditions.

Condition Description Modulation frequency
(Hz)

Vergence distance
(D)

Vergence distance
(m)

Accommodative
distance (D)

Accommodative
distance (m)

1 Low frequency, natural
viewing

0.01 0.1 and 1.3 10 and 0.77 0.1 and 1.3 10 and 0.77

2 Low frequency, S3D viewing 0.01 0.1 and 1.3 10 and 0.77 0.1 10
3 Medium frequency, natural

viewing
0.05 0.1 and 1.3 10 and 0.77 0.1 and 1.3 10 and 0.77

4 Medium frequency, S3D
viewing

0.05 0.1 and 1.3 10 and 0.77 0.1 10

5 High frequency, natural
viewing

0.25 0.1 and 1.3 10 and 0.77 0.1 and 1.3 10 and 0.77

6 High frequency, S3D viewing 0.25 0.1 and 1.3 10 and 0.77 0.1 10

Symptom Questionnaire 

Initials __________  Date ___________   Day / Session #  _________________ 
Age ____  Optical correction glasses / contacts / none  Prescription: __________ 

For each of the following symptoms, select a description that best represents the 
severity of that symptom at this moment.   

 none mild modest bad severe 

Please rate each of the following symptoms similar to the example above. Rate 
the severity of each symptom at this moment. 

How tired are your eyes?  

 very fresh OK mildly tired moderately tired very tired

How clear is your vision?  

 very clear OK mild blur moderate blur much blur 

How tired and sore are your neck and back?  

 very fresh OK mild ache moderate ache severe ache 

How do your eyes feel? 

 very fresh OK mild strain moderate strain severe strain 

How does your head feel? 

very fresh OK mild ache moderate ache severe ache 

Comments: 

Session Comparison Questionnaire 

Initials __________ Date ___________   Day # ______________________ 
Age ____  Optical correction glasses/contacts/none   Presciption: ________ 

For each of the following questions, select a tab along the line (by drawing a 
circle) that best represents your final impression of both sessions of the 
experiment.   

 Session 1  No Difference  Session 2 

Please respond to each question similar to the example above.  Rate your 
opinions based on how you felt at the conclusion of each session. 

Which session was most fatiguing?  

 Session 1 much worse  No difference  Session 2 much worse 
 than Session 2    than Session 1 

Which session irritated your eyes the most?  

 Session 1 much more irritating  No difference  Session 2 much more irritating 
 than Session 2    than Session 1 

Which session gave you more headache? 

 Session 1  No difference  Session 2 
 much worse    much worse 

Which session did you prefer?  

Strong Preference No Preference Strong Preference
 for Session 1   for Session 2 

Comments:

Fig. 4. Questionnaires for measuring discomfort. Left: The symptom questionnaire. Subjects answered these five questions after each session. Scores of 1–9 were assigned to
the tick marks on the scale. Right: The session-comparison questionnaire. Subjects answered these four questions after every two sessions at a given temporal frequency.
Scores of 1–9 were again assigned to the tick marks.
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correct in every condition, so their data were excluded from fur-
ther analysis.

We modulated the vergence and accommodative distances of
the stimuli sinusoidally; the modulation frequencies and ampli-
tudes are provided in Table 1. In the natural-viewing conditions,
the vergence and accommodative distances were always the same,
so they were modulated together. In the S3D-viewing conditions,
the vergence distance was modulated while the accommodative
distance remained constant. The sinusoidal change in the vergence
stimulus was accomplished in the conventional fashion by displac-
ing the images in opposite directions on the two CRTs (thereby
changing binocular disparity). The sinusoidal changes in the
accommodative stimulus were accomplished by using the multiple
focal planes of the apparatus along with depth-weighted blending.
Subjects reported that the changes looked smooth and natural. The
modulations occurred throughout the experimental session
thereby bridging individual stimulus presentations. The modula-
tion frequencies were 0.01, 0.05, and 0.25 Hz, which correspond
to modulation periods of 100, 20, and 4 s, respectively. We chose
those frequencies because, according to Schor (1986, 1992), the
lowest should not stimulate the phasic components, and therefore
should not stimulate the vergence–accommodation cross-links,
and the highest should stimulate the phasic components and the
cross-links.
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On each testing day, we presented two conditions—natural
viewing and S3D viewing—at one temporal frequency. Subjects
experienced these two conditions in random order from day to
day. Neither the subject nor the experimenter knew which condi-
tion was being run in a given session. Thus, the experimental pro-
cedure was ‘‘double blind’’.

The order of temporal frequencies was randomized across sub-
jects and days. Each condition was 20 min long. Subjects took a
break of 30 min after the first condition before starting the second
condition on a given day; they did so to recover from whatever dis-
comfort they may have experienced in the first condition. We
encouraged subjects to take a longer break if they wanted, but
most did not.

To measure visual discomfort, we used questionnaires devel-
oped by Hoffman and colleagues (Hoffman et al., 2008; Shibata
et al., 2011). Subjects answered the symptom questionnaire
(Fig. 4, left) after each 20-min session, and the session-comparison
questionnaire (Fig. 4, right) after the two sessions of the day. All
but one question in the symptom questionnaire (question #3 ask-
ing about neck and back) were related to reported symptoms of
visual discomfort caused by vergence–accommodation conflicts
(Sheedy, Hayes, & Engle, 2003). We did not give subjects a ques-
tionnaire before testing because we were interested in comparing
discomfort with natural as opposed to S3D viewing and were not
interested in determining how much discomfort was caused sim-
ply by being in the experiment.
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3. Results

3.1. Performance

Fig. 5 shows the performance scores from the orientation-
discrimination task, averaged across the 31 subjects, for the
various conditions of the experiment. The scores were always
higher in natural viewing than in S3D viewing, but the only
statistically significant difference between the two conditions
occurred at 0.25 Hz (p = 0.022, t-test, two-tailed). Thus, vergence–
accommodation conflicts caused more difficulty for visual perfor-
mance when the conflicts changed rapidly. However, ceiling effects
may have obscured performance differences between natural and
S3D viewing at slower rates because performance at those rates
was close to 100%.

3.2. Visual discomfort

Figs. 6 and 7 show the results from the symptom questionnaire,
averaged across subjects. Each panel in Fig. 6 shows the results
from one question. Fig. 7 shows the same results when the
vision-related questions were combined (left panel) and when
the vision- and head-related questions were combined (right
panel). We used those particular combinations because these
symptoms have been most associated with visual discomfort
(Sheedy, Hayes, & Engle, 2003).

We conducted a repeated-measures ANOVA on all of the symp-
tom-questionnaire data. The main effect of modulation frequency
was statistically significant for every vision-related symptom
(p < 0.01) and headache (ANOVA, p = 0.018). Specifically, more
severe symptoms were reported at higher modulation frequencies
in both the natural- and S3D-viewing conditions. The main effect of
viewing condition (S3D vs natural) was significant for eye tiredness
(p = 0.048) and marginally significant for eyestrain (p = 0.089). The
interaction between modulation frequency and viewing condition
was significant for vision clarity (p = 0.0097), meaning that more
severe symptoms were reported in the S3D condition than in the
natural-viewing condition. At modulation frequencies of 0.01 and
0.05 Hz, the symptom ratings for all questions were not signifi-
cantly different between the natural- and S3D-viewing conditions.
At 0.25 Hz, however, symptoms in S3D viewing were significantly
worse than in natural viewing for vision clarity (p = 0.0012, Wilco-
xon signed-rank test). As expected, there was no difference in neck
and back symptoms as a function of modulation frequency nor
between natural and S3D viewing.

When we examined the results for the combined vision-related
questions (1, 2, and 4; Fig. 4), we found no significant differences in
those symptoms between the natural and S3D viewing conditions
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when the modulation frequency was 0.01 or 0.05 Hz. However, at
0.25 Hz, the vision-related symptoms were significantly more
severe in S3D viewing than in natural viewing (p = 0.0073, Wilco-
xon signed-rank test, two-tailed). When we added the head-
related question (#5; Fig. 4) to the vision-related questions, we
found that symptoms were significantly more severe in S3D view-
ing than in natural viewing (p = 0.0081) at the highest modulation
frequency, but not at the lower frequencies. The expected differ-
ences were generally statistically reliable, but they were also small
numerically. The small differences were probably due in part to
subjects’ tendency to not use extreme values on the questionnaire
scales.

Fig. 8 shows the results from the session-comparison
questionnaire in which subjects reported differences between the
natural-viewing and S3D-viewing sessions. A score of 5 indicates
no difference, while scores greater than 5 mean the symptoms
were more severe in S3D viewing and scores less than 5 mean
the opposite. The main effect of frequency was not significant for
any of the symptoms (one-way, repeated-measures ANOVA). At a
modulation frequency of 0.01 Hz and 0.05 Hz, none of the symp-
toms were significantly different from 5 (Wilcoxon signed-rank
test, two-tailed). However, at 0.25 Hz, the scores for general fatigue
and eye irritation were significantly greater than 5 (p < 0.05) and
the score for headache was marginally significantly greater than
5 (p = 0.098). Thus, there was again a small, but clear tendency
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4. Discussion

4.1. Summary of findings

There are two main findings: (1) Vision-related symptoms were
more severe when object distance changed relatively rapidly,
whether vergence and accommodative distance changed in unison
(i.e., natural viewing) or only vergence distance changed (S3D
viewing). (2) At high frequencies, vision-related symptoms were
somewhat more severe with S3D viewing than with natural
viewing.

No symptom was significantly smaller in S3D viewing than in
natural viewing. Thus, relatively rapid changes in object distance
produce visual discomfort; when the changes are in vergence dis-
tance only—as they are in S3D viewing—they produce somewhat
more visual discomfort. Again we emphasize that the effect is con-
sistent but fairly small. Schor and Kotulak (1986) found with a
modulation amplitude of 1D that the phasic component is active
at 0.25 Hz, but not 0.05 Hz. Thus, visual discomfort (and perhaps
headache) may be associated with the phasic component in the
vergence–accommodation control system and the cross-links
may be additionally associated with discomfort. The latter finding
makes sense because the vergence–accommodation control sys-
tem must counter-act the action of the cross-links to make sure
that the viewer can converge to one distance while accommodat-
ing to another.

There is some evidence that the crosslinks can also be driven by
the tonic components (Ebenholtz & Fisher, 1982; Rosenfield &
Gilmartin, 1988). But we observed no significant differences at
0.01 Hz, a frequency at which everyone agrees that the tonic com-
ponents dominate the responses. Thus, even if the crosslink can be
driven by the tonic components, the visual system can handle the
vergence–accommodation conflict as long as the conflict changes
slowly.

4.2. Dynamics and the zone of comfort

The zone of comfort is normally expressed in a static sense
(Percival, 1928; Sheard, 1930; Shibata et al., 2011). Our results
show that the zone also depends to some degree on stimulus
dynamics. Specifically, somewhat more visual discomfort is experi-
enced when object distance changes rapidly, particularly when the
changes require altering vergence while holding accommodation
fixed. Why then is discomfort experienced with static changes in
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the vergence–accommodation conflict such as occurs with optical
correction for refractive error?

The stimulation of the vergence–accommodation control sys-
tem is very different with optical correction compared to S3D
viewing. A new optical correction introduces a constant offset
between vergence and accommodative stimuli, while S3D viewing
causes dynamic changes in the offset. The discomfort experienced
with optical correction is temporary: We know from clinical expe-
rience that the patient will adjust in time to the offset and restore
visual comfort (Henson & North, 1980; North & Henson, 1985). We
speculate that the discomfort is due to stimulation of the phasic
component when the step change occurs, and that the dissipation
of discomfort is due to adaptation in the control system, which is
presumably mediated by the tonic components. In S3D viewing,
no simple adaptation can occur—such as adjusting the offset in
the tonic component of the vergence or accommodation—because
the offset between the vergence and accommodation stimuli is
constantly changing. We hypothesize, therefore, that viewers will
be less able to adapt to changes in the vergence and accommoda-
tive stimuli in S3D viewing in comparison to the adaptation they
can achieve with optical correction.

4.3. Guidelines for S3D viewing

Our findings suggest that the zone of comfort will become
somewhat narrower when object distance changes rapidly and less
so when distance changes slowly. Thus, we suggest a guideline for
minimizing visual discomfort in S3D viewing. In addition to the
standard guideline of minimizing the magnitude of the ver-
gence–accommodation conflict by keeping objects of interest near
the screen (Mendiburu, 2009; Shibata et al., 2011), one should also
minimize the rate of change in distance, particularly with objects
that the viewer might be fixating. By minimizing the rate of
change, the phasic components of the vergence–accommodation
control system will not be stimulated and discomfort can be min-
imized. If one wishes to use large differences in object distance rel-
ative to the screen, it would be best to introduce those differences
slowly, so the vergence–accommodation control system can adapt
to the change.

Interestingly, this guideline differs at least one recommendation
in the cinematography literature. When a content creator wishes to
show large disparities, Mendiburu (2009) advises him or her to
interleave the segments with large disparities with segments con-
taining small disparities (pp. 83 and 88). Our results imply that it
would be better to introduce large disparities slowly, not intermit-
tently, so the vergence and accommodation control system can
adjust to the resulting conflicts and allow the viewer to remain rea-
sonably comfortable.
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