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Stereoscopic 3D-TV: Visual Comfort

Wa James Tam, Senior Member, IEEE, Filippo Speranza, Sumio Yano, Koichi Shimono, and Hiroshi Ono

Abstract—Among the key topics of discussion and research on
three-dimensional television (3D-TV), visual comfort is certainly
one of the most critical. This is because it is well known that some
viewers experience visual discomfort when looking at stereoscopic
displays. It is important to properly address the issue of visual com-
fort to avoid possible delays in the deployment of 3D-TV. Here
we present a concise overview of the main topics relevant to com-
fort in viewing stereoscopic television and survey the key factors
influencing visual comfort. Potential end users of 3D-TV, content
creators, program providers, broadcasters, display manufacturers
and researchers will find this overview useful.

Index Terms—Human factors, stereoscopic TV, three-dimen-
sional displays, visual comfort, visual communication.

1. INTRODUCTION

HE infrastructure for digital communication has been de-
T veloping at a very rapid pace recently. On the one hand,
this development has been positive for broadcasters since it has
created the opportunity to deliver digital television services to
multiple media platforms, which in turn permits these services
to reach larger and more targeted audiences. On the other hand,
the new and improved offering of television services has gen-
erated an ever-increasing competition for the attention and in-
terest of viewers. As a result, broadcasters are being constantly
challenged to innovate in order to meet customers’ new expec-
tations.

Two of the most promising new digital technologies are
three-dimensional television (3D-TV) and digital cinema.
In particular, the financial success of stereoscopic three-di-
mensional (S3D) movies has been clearly demonstrated.
Recognizing the opportunity afforded by this success, the
broadcasting industry has begun investigating means to deliver
stereoscopic television programs and services [1], [2]. For
example, the Advanced Television Systems Committee (ATSC)
in North America has recently set up a planning team to ex-
amine the potential benefits and drawbacks, requirements and
practical steps that are needed to deliver 3D-TV to the home.
Similar investigations are also being carried out by interna-
tional standard and private organizations, such as the European
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Broadcasting Union (EBU), the International Telecommunica-
tion Union (ITU), and the 3D @Home Consortium.

In this paper, we present a brief overview of the main topics
relevant to visual comfort of stereoscopic images. The survey
has been compiled with a standard television service in mind;
however, the key factors influencing visual comfort apply to
other services, such as internet TV and mobile TV, as well.

A. Benefits From Stereoscopic Imaging

The great interest for 3D-TV stems from the recognition that,
when compared to standard two-dimensional (2D) television,
this technology significantly enhances the entertainment value
of television programs [3]-[11]. Clearly, the main benefit of
3D-TV is that of enhanced depth perception [4], [5], [8]. The
benefits of 3D-TV, however, include more than just a greater
sense of depth. Some empirical evidence suggests that stereo-
scopic television could also enhance the perception of sharpness
[9], sense of presence [5], and naturalness [8], [10]. More impor-
tantly, surveys indicate that people would rather view S3D im-
ages than their two-dimensional counterparts [4]-[6], provided
that the stereoscopic images are free from annoying artifacts and
are comfortable to view [11].

B. Problems of Visual Comfort

The visual comfort of stereoscopic images has been a long-
standing problem in stereoscopic research. The term visual dis-
comfort is generally used to refer to the subjective sensation of
discomfort often associated with the viewing of stereoscopic im-
ages.

Now that the demand for 3D-TV services is becoming
stronger, the concerns related to the safety and health of
viewing stereoscopic images have taken on a more prominent
role. Some researchers have even raised the question of whether
intensive watching of stereoscopic imaging could bring harm
to viewers, especially to children whose visual system is still
under development and, thus, probably more susceptible to
external influences [12], [13]. Clearly these concerns cannot be
ignored since the implementation of 3D-TV could be seriously
affected if the problem of visual comfort is not satisfactorily
addressed. It is therefore important to understand the under-
lying causes of visual discomfort so that it can be minimized or
even eliminated.

The concerns are reasonable since it is well documented that
some viewers experience visual discomfort when looking at
stereoscopic images [14]-[20]. Already in the past, particu-
larly in the early 50’s, there have been attempts to popularize
three-dimensional movies. Those attempts did not succeed
because, at least in part, the limited stereoscopic technology of
the time and the inclination to have stereoscopic objects pop
far out from the screen often produced uncomfortable images.
Therefore, it is important to properly address the problem of
visual comfort so as to ensure a successful rollout of 3D-TV.

0018-9316/$26.00 © 2011 IEEE
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This manuscript will first present some fundamentals of
human stereoscopic vision and stereoscopic displays. Then it
will provide a concise overview of the main issues and the key
factors influencing visual comfort in the viewing of S3D video
material.

II. FUNDAMENTALS OF STEREOSCOPIC VISION AND DISPLAYS

A. Human Stereoscopic Vision

The ability to appreciate a third dimension using a 3D-TV dis-
play is based on the characteristics of the human visual system.
Since the eyes are positioned horizontally in the head, the visual
system receives two views of the visual scene, i.e., the left-eye
and right-eye views, which largely overlap but differ slightly be-
cause they originate from two different perspectives. The visual
system processes the information from the two images origi-
nating from the two perspectives to produce stereoscopic depth
[21]-[23]. The eyes move constantly even during fixation [24].
Nonetheless, the binocular visual system is remarkably good at
coordinating the movement of the two eyes [25]. As a result,
from a functional point of view when we fixate binocularly a
point in space, the images of that point fall, in both the left and
right eyes, on the fovea, which is the part of the back of the
eye (retina) that has the highest acuity. Thus, an object fixated
binocularly is imaged on the same relative coordinates in the
left-eye and right-eye views and it is perceived as a single per-
cept, i.e., it is seen as a single object. The fixation point falls on
the horopter [26], [27]. The horopter is a curved line or surface
which contains all points that are at the same geometrical (ge-
ometrical horopter) or perceived (empirical horopter) distance
of the fixation point (see Fig. 1). Like the fixated object, objects
located on the horopter give rise to a single fused percept.

Points located in front of or behind the horopter are imaged
at different relative positions in the left-eye and right-eye views.
These differences in relative positions are termed horizontal
retinal disparities. The magnitude of the retinal disparity of a
point increases with the distance of the object from the horopter;
points in front of the horopter are said to have a negative or
crossed disparity, whereas object points behind it are said to
have a positive or uncrossed disparity. The human visual system
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uses these disparities to extract the relative depth of objects in
the visual scene, i.e., the position in depth of one object with
respect to another object.

Objects that give rise to disparities produce disparate images
on the left and right retinas. However, objects that are located
within a small region in front of and behind the fixation plane
still give rise to a single fused percept (see Fig. 1). The region,
within which objects are fused binocularly despite having dis-
parate images in the two eyes, is called Panum’s fusional area.
Objects located outside the Panum’s area result in double vision,
i.e., diplopia, but they might still be perceived in depth [28],
[29]. The size of Panum’s area is not fixed, rather it depends on
the spatial and temporal properties of the fixation target, such
as exposure duration [30], spatial resolution [31], and temporal
frequency of disparity variation [32].

When the point of fixation is changed to look at a new ob-
ject located at a different distance, the two eyes move simul-
taneously and in opposite directions so that the new object is
imaged in the center of each fovea. It is in this region that fine
spatial details are resolved. If the new object is closer, the eyes
move inward towards each other (convergence), whereas if the
new object is farther away the eyes move outward, away from
each other (divergence). This process is called vergence and it
is closely related to accommodation. The latter refers to the
process by which the optical power of the eye is changed to
maintain clear vision, i.e., a sharp image, of a distant object.
When the eyes fixate an object, the shape of the crystalline lens
in each eye is changed by the ciliary muscles so that the image
of the fixated object is in focus on the back of the eye, the retina.
Points located closer or farther than the accommodated point are
not properly imaged on the retina and therefore subject to an in-
creasing degree of blur. However, the visual system is tolerant of
a small amount of blur, and points located within a small region
around the accommodated point are perceived to be in focus.
The size of this region, known as the depth of field (DOF), varies
inversely with pupil diameter. The depth of field has a corre-
sponding, conjugate, region straddling the retinal plane; the re-
gion is called the depth of focus.

Under normal conditions, changes in accommodation of the
two eyes and the process of vergence occur in an integrated
fashion: changes in accommodation induce changes in vergence
[33] and vice versa [34]. However, the two processes can conflict
when watching stereoscopic targets, as we shall discuss later.

B. Stereoscopic Displays

3D-TV exploits the characteristics of the human binocular
visual system by re-creating, albeit not in a veridical fashion,
the conditions that lead to the perception of the relative depth of
objects in the visual scene. Accordingly, the first requirement of
stereoscopic imaging is the capture of at least two views of the
same scene from two horizontally aligned cameras. The images
of the objects in the scene will have different relative positions
in the two views. The difference in relative position is typically
called parallax.

When the optical axes of the cameras converge to a point in
depth, the cameras are said to be in a foed-in configuration. The
point at which the camera converges will be imaged on the same
relative coordinates in the left-camera and right-camera views.
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Therefore, it will have zero parallax. When displayed stereo-
scopically, this object point will be depicted at the screen plane.
All object points located at other distances will have negative
or positive parallax which will depend on the objects’ distances
in depth and the horizontal separation of the vantage points of
the left-eye and right-eye cameras. Objects at these points will
appear in front of or behind the screen plane. Toed-in configura-
tions are easy to set up and allow an object of interest to be posi-
tioned at the screen plane but they generate keystone distortions
in the left-camera and right-camera views. Keystone distortions
transform the half-images into trapezoidal shapes such that the
vertical heights no longer match between corresponding object
points in the two images. These distortions might affect visual
comfort.

To prevent the occurrence of keystone distortions, the cam-
eras could be set in a parallel configuration. In this case, the
optical axes of the cameras do not converge but rather are par-
allel. In the parallel configuration, all object points will have
some parallax; however, images obtained with a parallel con-
figuration could be horizontally shifted to align the images of a
target object of interest to have zero parallax prior to displaying,
thereby generating a parallax distribution comparable to that
of the toed-in case, but without keystone distortions. Similar
results could also be achieved with stereoscopic cameras em-
ploying two sensors whose offset can be varied.

To re-create the sensation of depth, the left-camera and right-
camera views need to be presented separately so that the left
eye sees only the left-camera view and the right eye sees only
the right-camera view. This basic requirement of eye-view sep-
aration is common to all stereoscopic technologies, including
the two currently being considered for 3D-TV: glasses-based
active and passive systems [see invited paper by Holliman, et
al. this issue [35]. In both of these technologies, eye separation
is achieved by means of special glasses that the viewer needs
to wear while viewing the stereoscopic images. The first tech-
nology uses an active time-sequential approach, in which the left
and right views are temporally alternated on the display at a very
high frequency. Active liquid crystal shutter glasses are used to
alternatively block and unblock the visibility of the left-eye and
right-eye images in synchronization with the monitor display
rate. Thus, when the left view is being presented on the display,
the left shutter is open but the right shutter is closed, and vice
versa. As aresult, each eye sees only its respective view. Slower
refresh rates can introduce flicker. This however is generally not
visible provided that the frequency of the change is higher than
the critical flicker frequency (CFF) of the human visual system
[36].

The second technology is passive because view separation is
achieved by light polarization and no electronic or optical trig-
gering signals are required. In this method the display differ-
entially filters the left-eye and the right-eye images using light
polarization; these images are then seen with corresponding po-
larization filters placed in front of the left eye and the right eye.
Circularly polarized filters are generally preferred because they
allow more head movements without affecting view separation.

Ensuring that different views are correctly presented to dif-
ferent eyes has proven to be quite a challenge, however. In fact,
with both the passive and active technologies the eye separation
is far from perfect since some of the information destined for
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one eye is seen by the other eyes. This leakage of information
across eye views is known as crosstalk [37]. One of the most
important requirements of a stereoscopic system is the ability
to limit the amount of crosstalk. It is known that even a small
amount of crosstalk can have a negative effect on picture quality
[38]. However, it is less clear as to what extent crosstalk has
a detrimental effect on comfort, as we shall see in Section V
below.

III. WHAT IS VISUAL COMFORT?

In the literature, the terms visual fatigue and visual comfort
have been used interchangeably to describe the discomfort that
might accompany the use of imaging technologies. However,
Lambooij et al. [20] suggested a distinction between these two
terms, which would make it easier to distinguish between mea-
surement methodologies.

The term visual fatigue refers to a decrease in performance of
the visual system produced by a physiological change. There-
fore, visual fatigue could be assessed with physiological mea-
sures, such as changes in accommodation response [15], pupil-
lary diameter, and eye movement characteristics [12], [39]. Vi-
sual discomfort on the other hand refers to the subjective sensa-
tion of discomfort that accompanies the physiological change.
Thus, visual comfort can be measured by asking the viewer to
report his/her level of perceived visual comfort.

In this review we focus on visual comfort. Accordingly, in
the next section, we will briefly review some of the subjective
methodologies that have been used to measure visual comfort
for S3D.

IV. MEASUREMENTS OF VISUAL COMFORT

Surprisingly, there are no standard methodologies for the
measurement of visual comfort for stereoscopic images. For
example, the International Telecommunications Union (ITU)
has only one recommendation on subjective methods for
stereoscopic imaging [40]; however, that recommendation only
considers picture and depth quality.

In light of this deficiency, many researchers have used mod-
ified versions of the methods outlined in ITU-R Rec. BT. 500
[41] which are intended for the assessment of picture quality.
Some aspects of those methods, such as presentation modes
(single, double-stimulus, or continuous presentation) and se-
quence duration (from few seconds to several minutes duration),
have been generally retained. However, in absence of common
guidelines, other aspects, such as viewing conditions, criteria
for material selection, and grading scales, have been inevitably
different. In particular, most researchers have preferred using
customized comfort scales in place of those used for picture
quality assessment. For example, Tam et al. [42] used a double
stimulus methodology and the comfort scale shown in Fig. 2(a)
to evaluate the effects of reduced depth information on visual
comfort. The method used was similar to the Double Stimulus
Continuous Quality Scale (DSCQS) recommended by the ITU
[41], and involved comparative ratings of two versions of the
same stereoscopic sequence: a Test sequence whose depth in-
formation had been reduced and a Reference unprocessed ver-
sion of the same sequence. Another double stimulus method was
used by Kooi and Toet [43] in their investigation of the effects
of binocular asymmetries on visual comfort. In their method, a
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(a) ——
Very Comfortable 1-Equal Viewing Comfort
2-Slightly Reduced Viewing Comfort
Comfortable

3-Reduced Viewing Comfort

Mildly Uncomfortable
s 4-Considerably Reduced Viewing Comfort

Uncomfortable 5-Extremely Reduced Viewing Comfort.

Extremely Uncomfortable

(© — @ —_
Comfortable to watch Excellent

Somewhat Comfortable to watch 1 Good T

Neither 1 Fair 1

Somewhat Uncomfortable to watch T Poor T

Uncomfortable to watch | Bad |

Fig. 2. Examples of scales used to measure visual comfort of stereoscopic
video.

Reference target, that is, an unprocessed stimulus was always
presented first and a Test target, that is, a processed stimulus,
was always presented second. The viewers rated the level of
comfort of the Test as compared to the comfort level of the Ref-
erence using the comparative discrete scale shown in Fig. 2(b).

Visual discomfort might vary over time, presumably in-
creasing after prolonged exposure to the visual stimulus.
Accordingly, a number of researchers have suggested the use of
a continuous evaluation of visual comfort similar to the Single
Stimulus Continuous Quality Evaluation (SSCQE) method
described in ITU-R Rec. BT. 500 [41]. In continuous assess-
ment the viewers are presented with a video sequence of long
duration, e.g., 5, 15, or 60 minutes, and they are asked to rate
the characteristic of interest, in this case the level of comfort,
continuously as the image sequence is played. Therefore these
methods provide a measure of “instantaneous” comfort. Nojiri
et al. [44] and Yano et al. [15] used this approach to assess the
effect of parallax distribution and motion on visual comfort.
Their custom scale is presented in Fig. 2(c). More recently,
Lambooij et al. [45] also used continuous assessment but opted
for comfort scale similar to the ITU quality scale (see Fig. 2(d)).

The use of ad-hoc comfort scales, coupled with other
methodological differences, makes it more difficult to compare
across studies. Clearly, there is a need for international standard
methodologies for the assessment of 3D-TV technologies,
which include visual comfort measurements. International
standards should also consider the complex nature of visual
comfort. Indeed, the methods described above provide a uni-di-
mensional measure of visual comfort. However, the same level
of visual comfort might be determined by different multiple
sources. A number of researchers [18], [46], [47] have used
questionnaires to capture the complex nature of visual comfort.
These questionnaires list a series of potential symptoms or
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source of visual discomfort and ask the viewers to identify
more precisely the source of their discomfort.

Although the subjective methods used to assess visual
comfort are very similar to those used for picture quality, a
fundamental difference should be noted. The assessment of
visual comfort implies creating viewing conditions that might
be harmful to the viewer. This has two consequences. The first
is that it makes it more difficult to investigate some aspects
of visual comfort, e.g., tolerance limits and long term effects.
Secondly, the ethical requirements of such assessment are more
stringent than those typically used in image quality assessment.
In general, studies on visual comfort require more care in in-
forming the participants of the motivations of the experiment as
well as of possible negative effects resulting from exposure to
the stimuli. Furthermore, it is particularly important to ensure
that the participants understand that they can terminate the
experiment at any time if they wish to do so.

In the next section, we will outline some of the factors that
have been found to affect visual comfort and fatigue. For sim-
plicity we will be using only the term visual comfort, or dis-
comfort where appropriate, to indicate a change in comfort or
fatigue.

V. FACTORS THAT AFFECT VISUAL COMFORT/DISCOMFORT

Despite much research, there is still no solution on how to
produce stereoscopic 3D program contents that can be guaran-
teed to be free from visual discomfort. Nonetheless, research has
identified several factors that could negatively affect visual com-
fort. A short description of some of these factors is presented
next. For conciseness and clarity, we have grouped these fac-
tors into five categories: (a) accommodation-vergence conflict,
(b) parallax distribution, (c) binocular mismatches, (d) depth in-
consistencies, and (e) cognitive inconsistencies.

A. Accommodation-Convergence Conflict

It is generally agreed that excessive parallax causes visual
discomfort [14], [17]. This is not surprising since images with
larger parallaxes are more difficult to fuse.

Another possible cause of visual discomfort from excessive
parallax is likely due to the accommodation and vergence con-
flict created by the current type of stereoscopic displays. As
described in Section I, accommodation and vergence are nor-
mally yoked when viewing objects in a natural scene. However,
the normal interaction between these two processes can be dis-
rupted when viewing stereoscopic images [48]-[50]. Accom-
modation is directed at images of objects at the screen distance
whereas vergence is directed at the perceived distances of ob-
jects.

The possible conflict between accommodation and vergence
in television viewing was already investigated in the 90’s by
NHK (Nippon Hoso Kyokai, i.e., Japan Broadcasting Corpo-
ration). In the last two decades, this conflict has been the object
of significant interest and many researchers have provided em-
pirical evidence regarding its mechanisms [12], [15], [16], [39],
[46], [48]-[53].

Under normal conditions, the distance at which the eyes ac-
commodate and the distance at which they converge (or diverge)
coincide. When we watch images on a 3D display, the viewing
situation is different. The eyes accommodate to the plane of
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the screen so that the objects there depicted appear sharp, but
they converge (or diverge) to the “perceived” location in depth
of the depicted objects; an object that has negative or positive
disparity will evoke a vergence response that is aimed at re-
ducing the disparity and regain singleness of vision for that ob-
ject. The larger is the disparity, the larger is the vergence re-
sponse. The change in vergence in turn will elicit an accommo-
dation response, which might cause accommodation to move
away from the screen towards the point of convergence [49].
However, if accommodation moves away from the screen by an
excessive amount, then the object, which is actually depicted on
the screen, becomes blurred. To prevent such blurring, a correc-
tive adjustment in accommodation becomes necessary. There-
fore under stereoscopic viewing, accommodation is subject to
conflicting demands whose severity depends upon the associ-
ated vergence response. These conflicting demands are often
mentioned as a significant source of visual fatigue and discom-
fort, for the current type of stereoscopic displays.

It is generally assumed that, to minimize the accommoda-
tion-vergence conflict, the disparities in a stereoscopic image
should be small enough so that the perceived depths of objects
fall within a “comfort zone”.

According to one approach, the accommodation-vergence
conflict is reduced if the perceived depths of objects are
bounded within the limits of the depth of field of the eye so that
accommodation responses are minimized. Results consistent
with the above analysis have been presented by Yano et al.
[15], [16], suggesting that the depth of field can be used to
define a zone of comfortable viewing. The main determinant
of the depth of field of the human eye is the diameter of the
pupil, which in turn varies with the level of available light. Thus
the depth of field can vary substantially [53]. For the viewing
conditions typical of television broadcast, researchers have
assumed a depth of field, expressed in diopters (D), between
+0.2D and +0.3D [15], [49], [55]. To illustrate, consider a
viewer focusing on a TV screen located 3 meters (m) away:
for a £0.2D depth of field, the range of depth distances within
which objects will appear to be in focus varies from 1.87 m to
7.5 m; for a £0.3D depth of field, the range varies from 1.57 m
to 30 m. The depth of field varies with distance: for the same
£0.2D depth of field, decreasing the viewing distance to 1.5 m
will result in the range varying from 1.15 m to 2.14 m, whereas
increasing it to 4.5 m will result in a range varying from 2.36
m to 45 m.

There are other approaches to characterize the limits of the
zone of comfortable viewing. In one approach, these limits have
been expressed in terms of maximum (positive-uncrossed and
negative-crossed) retinal disparities allowed for comfortable
viewing. A value of about £1° (arc degree of visual angle) has
been indicated as a possible limit by several authors [15], [18],
[20], [56], in most cases on the basis of the results of empirical
measurements.

Another approach uses a measure of the screen parallax,
expressed as a percentage of the horizontal screen size, to
specify the limits of comfortable viewing. For cinema appli-
cations, values of 1% for negative/crossed disparities and 2%
for positive/uncrossed disparities (for a total value of about
3%) have been suggested [57]. Recently, some broadcasters
have advocated the use of similar limits for the broadcasting

339

1.32 (4.33)

0.99 (3.24)
0.66 (2.16) -

0.33 (1.08)

0(0)

meters (feet)

-0.33 (-1.08)

-0.66 (-2.16) -

Screen Horizontal Size

20,99 (-3.24) rrrrrrrsnnns s

4,32 (-4.33) e

2.00 (6.58)
2.39 (7.85)
2.77 (9.11)

3.16 (10.38) -

3.55 (11.65)

3.93(12.91) 4

Viewing Distance
meters (feet)

Fig. 3. Optimal viewing distance for small (32"" and 42'), medium (62"" and
72'"), and large screen size (92"" and 102'") television sets.

environment [58] as well. However, it has been noted that these
limits might be too small for television considering that the
latter is typically characterized by smaller screen sizes than
cinema; on that basis larger values, possibly as high as £3%,
have been considered [59].

For practical purposes, it is useful to compare all of these pro-
posed limits for comfortable viewing on a common scale. For
example, expressing the various limits as maximum comfortable
parallax in pixels would simplify the analysis and monitoring
of stereoscopic video material prior to transmission. However,
identifying these comfort limits for broadcasting is not an easy
task since televisions come in different sizes, are seen from dif-
ferent distances, and can carry different signals for image for-
mats. Accordingly, we selected viewing conditions that sim-
plified the measurements and allowed for easy comparison of
the different approaches. For simplicity, we considered only the
case of HDTV images with spatial resolutions of 1920 x 1080
pixels. In addition, we assumed that these images were viewed
by an average observer from a distance that equally optimized
picture quality independently of screen’s size.

According to the specifications of standard organizations
[60], the optimal viewing distance for the 1920 x 1080 HDTV
signal is 3.1 times the picture height (3.1H). Thus, the optimal
viewing distance varies with the size of the screen. It is easy to
verify that for a given screen size, at the recommended viewing
distance the separation between adjacent pixels (pixel pitch)
subtends 1 minute of arc at the viewer’s eye. The average (i.e.,
20/20) visual acuity of the human eye is also approximately 1
minute of arc. Thus, at the recommended viewing distance the
separation between adjacent pixels is equal to the acuity limit
of the average viewer. As a result, at the recommended viewing
distance the normal viewer will optimize picture quality.

We calculated the comfort limits for screens of different
sizes using the optimal viewing distance as a guideline. Fig. 3
shows, in schematic form, the relation between optimal viewing
distance and screen size considered here. Specifically, for each
screen size we first measured the optimal viewing distance for
picture quality, and then we computed for that distance the
comfort limits according to the five approaches outlined above:
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40.2D depth of field; +0.3D depth of field, +1° of visual
angle, —1% + 2% screen parallax and +3% screen parallax.

The comfort limits were computed as screen parallax, in pixel
and mm, and disparity (visual angle subtended by the screen
parallax) assuming an inter-pupillary distance of 63 mm.

Fig. 4(a) shows the limits for visual comfort in pixel values
for a representative set of television screen sizes at the recom-
mended viewing distance of 3.1H and assuming a 1920 x 1080
spatial resolution signal. Note that negative values refer to points
that would appear in front of the screen plane (negative/crossed
disparities) and positive values refer to points that would appear
behind the screen plane (positive/uncrossed disparities). In the
Figure, the solid lines represent the data for the +0.2D depth of
field; the long-dash lines represent the data for the £0.3D depth
of field; the dash-dot-dot lines represent the data for the £1° of
visual angle; the long-short dash lines represent the data for the
£3% screen parallax; and finally the short-short-short dash rep-
resent the data for the —1% + 2% screen parallax.

The plots in Fig. 4(a) show that the three approaches: £0.3D
depth of field, +1° of visual angle, and +3% screen parallax,
actually express nearly identical limits for visual comfort. For
example, when expressed in pixel values, all three approaches
correspond to approximately 60 pixels for both negative/crossed
and positive/uncrossed disparities. The £0.2D depth of field de-
fines a medium range; when expressed in pixels this approach
corresponds to about 40 pixels for both negative/crossed and
positive/uncrossed disparities. Finally, the asymmetric —1% +
2% screen parallax approach defines a much narrower range.
For the negative/crossed disparities, this range corresponds to
about 20 pixels, whereas for the positive/uncrossed disparities
the range corresponds to about 40 pixels.

The same relationships between approaches are seen in
Fig. 4(b) and (c), which present the same limits in different
units. Fig. 4(b) shows the limits in terms of the screen parallax
measured in mm. Note that the parallax is not constant, rather
it increases with increasing screen size and viewing distance.
Recall that we are considering only displays having a 1920
x 1080 spatial resolution. Therefore, given a fixed number of
pixels, e.g., 60, the larger the display the larger the width in
mm. Fig. 4(c) shows the limits in terms of disparity (visual
angle subtended by the screen parallax). Note that the visual
angle is constant for different screen sizes; this is because the
larger displays were assumed to be at proportionally farther
distances.

The inter-pupillary distance range varies from 45 to 80 mm
in adults and can be a small as 40 mm in children down to five
years old [61]. For clarity, we considered here only the average
inter-pupillary distance, which as noted is about 63 mm. From
Fig. 4(b), we can see that for the three approaches: +0.3D depth
of field, +1° of visual angle, and +3% screen parallax, the
parallax can exceed the average inter-pupillary distance with
larger screens, i.e., > 92”. Thus, these approaches might not
be suitable for larger screens because parallax larger than the
inter-pupillary distance, for the viewing distances considered,
would cause the eyes to diverge thereby decreasing visual com-
fort. In this respect, the 0.2D depth of field and the asymmetric
—1% + 2% screen parallax approaches would be more benefi-
cial since in neither case the parallax would exceed the average
inter-pupillary distance even with screens as large as the ones
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considered here. This is because the two approaches have virtu-
ally the same comfort limits for positive/uncrossed disparities.
In fact, these two approaches differ mainly with respect to the
limits for negative/crossed disparities, although the difference
is relatively small. Therefore, for programming directed to the
general public, both approaches could be considered.

From Fig. 4(c), we can see that the disparities produced by
the —1% + 2% screen parallax proposal are rather small, par-
ticularly for negative/crossed ones, i.e., only about 0.3 degrees
(20 minutes of arc). Indeed, one of the concerns with this ap-
proach that the resulting perceived depths will not be large and
hence they will decrease the appeal of 3D for some viewers.
Clearly, the +0.2D depth of field approach would provide a
more entertaining stereoscopic experience. However, until fur-
ther research is carried out to understand the long term effects, if
any, of extended exposure to stereoscopic images, the approach
based on a range of —1% + 2% screen parallax might be prefer-
able. With this range the quality of the stereoscopic experience
should be sufficient; indeed some researchers have already ad-
vocated the use of smaller disparities, “microstereopsis” [62],
for entertainment applications. Furthermore, in a realistic sce-
nario the values of —1% + 2% screen parallax would represent a
target limit and larger disparities would be introduced where sto-
rytelling requires it. Of course, the introduction of these larger
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disparities should also take into consideration the boundaries
identified by experimental work, e.g., 1° of visual angle.
The data in Fig. 4(a)—(c) show the parallax limits for visual
comfort assuming an average viewer positioned at a viewing
distance proportional to the screen’s size. The actual viewing
conditions will vary across home environments leading to dif-
ferences in picture quality, visual comfort and even perceived
depth [63], [64]. Since these variations cannot be predicted a
priori, the broadcaster cannot adjust the stereoscopic signal to
improve the quality of the service for a specific set of viewing
conditions. This might be done only at the receiving end. There-
fore, the limits discussed above are meant to be applied prior to
transmission assuming an average home environment.

B. Parallax Distribution

Not only disparity magnitude but also the type and distribu-
tion, over space and time, of disparities seem to affect visual
comfort [65].

Nojiri et al. [55] analysed the relationship between the par-
allax contained in stereoscopic still image and visual comfort.
The results showed that visual comfort was highly correlated
to the overall range and distribution of the parallax. These re-
sults were corroborated in a later study [44] which examined
the effect of parallax distribution on visual comfort of stereo-
scopic HD video sequences. The results indicated that stereo-
scopic scenes were more comfortable to watch when the par-
allax distribution was such that the bottom portion of the image
appeared closer and the top portion of the image appeared far-
ther away. Furthermore, images that appeared to be mostly at
the back provided greater comfort, suggesting that uncrossed
disparities might more comfortable than crossed disparities. Fi-
nally, the results also indicated a decrease of visual comfort for
scenes having a large parallax and large variations over time of
parallax.

These latter results were consistent with the findings by Yano
et al. [15] who examined the visual comfort of HD sequences
using both subjective and objective methodologies. Viewers
rated visual comfort continuously as the sequences were being
played. The accommodation response was measured objec-
tively before and after the viewing; the response decreased
substantially after the viewing, although the amount of change
differed across viewers. A detailed examination of the subjec-
tive rating data revealed a more significant decrease in visual
comfort for scenes with large amount of parallax and large
variations in the motion of objects. These results suggested
that changes in disparity magnitude over time might be a major
source of discomfort [16].

The negative effect of time-varying disparities on visual
comfort was also observed by Speranza et al. [56]. These
authors measured the visual comfort of stereoscopic sequences
that had objects moving back and forth in depth passing through
the screen plane. The objects moved at different velocities and
for different ranges of magnitude of negative/crossed and posi-
tive/uncrossed disparities. The results indicated that the rate of
change in disparity magnitude over time was more detrimental
to visual comfort than the absolute magnitude of the crossed
and uncrossed disparities.
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In sum, the distribution of disparities in stereoscopic images
and their change in time appear to have a significant impact on
visual comfort.

C. Binocular Mismatches

With current 3D technologies there are several potential
sources of binocular image mismatches. For example, the
left-camera and right-camera images might be vertically offset
relative to one another as a result of an improperly aligned
stereoscopic camera rig; optical differences between camera
lens could generate rotation and magnification errors; improper
capture conditions or editing errors could create differences in
luminance, color, or sharpness; capture with toed-in camera
configurations would introduce trapezoidal “keystone” dis-
tortions [63]. There is much interest as to what extent these
misalignment errors are potential contributors to visual dis-
comfort when viewing stereoscopic images.

Kooi and Toet [43] examined visual comfort for several
binocular image imperfections including differences in rotation,
magnification, vertical offset, blur, and keystone distortions.
The results indicated that distortions affecting the edges of the
images, such as rotation, magnification, and keystone distor-
tions had little effect on visual comfort, provided that the level
of distortion was not high. Conversely, distortions such as blur
and vertical offset reduced visual comfort even at lower levels.

Trapezoidal “keystone” distortions have received much at-
tention. Since these distortions become larger with increased
convergence, Stelmach and his collaborators [66], [67] exam-
ined the effect of convergence distance on visual comfort. They
found that camera convergence distance had little effect on vi-
sual comfort except for the shortest distance examined (60 cm),
which had the highest degree of keystone distortions.

The effect of absolute vertical offsets was investigated by
Speranza and Wilcox [68]. In this study, viewers rated their com-
fort level while viewing a 3D feature film whose left and right
images were vertically misaligned on a scene-by-scene basis.
The feature film was presented on a large theater type screen. It
was found that vertical disparities produced a marginal increase
in discomfort that became only slightly more pronounced with
time. These results, which suggest that the human visual system
has a relatively high tolerance for vertical parallax, differ from
those reported in [43]; it should be noted, however, that the latter
study used a small display (home viewing conditions), whereas
Speranza and Wilcox used a large display, (theater type viewing
conditions). According to Allison [69], “larger displays increase
the vertical vergence response and the vertical fusion range” al-
lowing vertical disparities to “be better tolerated in large dis-
plays”.

As noted, crosstalk refers to the leakage of information in the
channel for one eye into the other [36]. Perceptually, crosstalk
results in the so-called “ghosting” because shadows or double
images are perceived near object boundaries. It is generally
agreed that crosstalk is an undesirable artifact which can neg-
atively affect the picture quality stereoscopic images [37]. It
has been argued that crosstalk can also decrease visual comfort
[70]. However, the available empirical evidence suggests that
visual comfort is affected only when the level is crosstalk is
high. Yeh and Silverstein [71] found that viewers reported
moderate levels of eyestrain after conducting a stereoscopic
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discrimination task with a display containing crosstalk at a
level of 6%—9%. Nojiri et al. [17] reported the results of inves-
tigations performed by NHK showing that crosstalk becomes
perceptible at rather low levels (e.g., 1%) but becomes uncom-
fortable only at higher levels (e.g., 5%—10%). Kooi and Toet
[43] examined visual comfort for still images which contained
artificially introduced crosstalk levels of 5%, 15% and 25%.
Comfort level decreased marginally at 5% and more substantial
thereafter. More recently, Seuntiéns et al. [72] measured visual
comfort of natural images with different crosstalk levels: 0, 5,
10, and 15%. In this case, no effect of crosstalk was found.
Taken overall, these studies suggest that, at low levels, crosstalk
can have a negative effect on picture quality, but it is probably
not a significant contributor to visual discomfort.

D. Depth Inconsistencies

Depth inconsistencies refer to conflicting depth information
resulting from errors in disparity. These errors in the depth in-
formation of the stereoscopic image might affect visual comfort.

Typically, the depth information for a stereoscopic image is
embedded in the horizontal disparities between the left-eye and
right-eye images. An alternative method of conveying depth in-
formation is through depth maps. A depth map is generally asso-
ciated with a picture or video frame. The depth map is a matrix
containing the depth of the pixels in the associated picture or
video frame. The use of depth maps is based on a technique
called depth-image-based rendering (DIBR) that can be used
to generate new virtual camera viewpoints of a scene, given a
two-dimensional (2D) image of the scene and its corresponding
depth map [72]-[75]. Depth maps are a possible source of errors
in depth information.

Errors in the depth map might be introduced as result of
compression and/or transmission artifacts. One of the proposed
methods for delivering a stereoscopic signal to the home
involves a format consisting of a two-dimensional stream of
images plus their corresponding depth maps [72]-[75]. This
format would be very efficient for transmission and thus could
make the delivery of 3D-TV signals more cost effective. Of
course, the 2D-+depth signal would be subject to compression
and/or transmission artifacts which could introduce depth
inconsistencies. However, it is not known how much such
inconsistencies would affect visual comfort.

More is known about a second source of depth inconsistencies
arising from depth maps: 2D-to-3D conversion. This technique
computes a depth map from a standard 2D signal and uses that
map to generate a 3D version of that signal. The depth maps ob-
tained from a 2D signal inevitably contain erroneous informa-
tion [77]. These errors might also result in depth inconsistencies
and a decrease in comfort. Findings consistent with this expec-
tation were recently reported by Tam et al. [78] in a study aimed
atinvestigating surrogate depth maps which might contain some
amount of conflicting depth information.

Temporal manipulation of depth maps might also generate
depth inconsistencies. Tam ez al. [79] conducted a study in
which the depth information was updated only every n frames.
It was found that dropping every other frame of depth informa-
tion was well tolerated in terms of visual comfort. However,
further reductions resulted in a loss of visual comfort.
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E. Perceptual and Cognitive Inconsistencies

Perceptual and cognitive inconsistencies refer to conflicting
information between the disparity information contained in the
stereoscopic image and the depth cues that are normally expe-
rienced in the real world. These inconsistencies, even though
they have no direct link to the physical and technical aspects
of the stereoscopic image, might result in discomfort because
they produce a cognitive inconsistency between our knowledge
of the physical reality and our immediate perception [80]. To
our knowledge, there has been no formal investigation that has
attempted to measure the effect, if any, of these factors on visual
comfort.

Edge (or window) violation is one example of such factors.
Edge violation occurs when a portion of a stereoscopic object
which is supposed to be in front of the screen is imaged at the
edge of the screen. Since the portion of the object that is cut off
by the edge of the screen may be interpreted as being occluded,
this situation creates a depth conflict between the disparity cue
and the occlusion cue. This conflict is assumed to lead to visual
discomfort [57]. A proposed solution to the problem of edge
violation is the use of a floating window, which consists of a
virtual border perceptually located closer to the viewer than the
object. The resulting perceptual outcome is consistent with the
view that the virtual border is occluding the object. This method
is described in [81].

The depth distortion that can occur from an off-center
viewing angle might also affect visual comfort. However, it is
not surprising that such distortion can create visual discomfort
because even when viewing two-dimensional images, such as
in a movie theatre, viewers often report headaches and visual
discomfort if the viewing angle is too extreme. The degree of
distortion due to off-center viewing is larger for stereoscopic
images [82]. Therefore, the relevant question is whether the
negative effect on comfort is also larger for 3D-TV viewing.

Patterson and Silzars [80] addressed the possible effect on
visual comfort of high-level depth cue conflict. They hypoth-
esized that “it is important that the various depth cues convey
the same magnitude of depth, and thus be in registration. If they
do not, then severe discomfort is the likely result.” As an ex-
ample, they considered a viewer watching a football game that
is being broadcast on a stereoscopic display. According to the
authors, the high-level cue conflict between the depth conveyed
by the disparity and the distance depicted by (linear) perspec-
tive of the length of the football field “would prevent a viewer
from observing the display over time without serious discom-
fort.” Other authors have also argued that conflicting depth cues
are a problem and in so much as to state that “Conflicting cues
are one of the leading causes for discomfort and fatigue when
viewing 3D displays” [83]. We were unable to find any empirical
evidence in support of this hypothesis. Nonetheless it is plau-
sible to expect some discomfort in presence of conflicting depth
cues.

VI. DISCUSSION AND CONCLUSION

The rapid development of a wide spectrum of digital infra-
structures for visual communication has provided an opportu-
nity for content providers and broadcasters to carry stereoscopic
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3D program material to viewers in the home. Despite the sub-
stantial progress of the last few years there are still several unre-
solved challenges, such as the efficient use of bandwidth to carry
the 3D signals, backward compatibility with existing infrastruc-
ture, and health concerns related to the comfort of stereoscopic
imaging, which could hinder the success of 3D-TV television
broadcasting.

In this review, we considered one of these challenges: visual
comfort. We reviewed several factors which might be at the
origin of the discomfort produced by stereoscopic images, in-
cluding those related to the accommodation-vergence conflict,
parallax distribution, binocular mismatches, depth, and cogni-
tive inconsistencies. We have seen that much knowledge has
been accumulated over the years.

The first obvious impact of that knowledge has been in the
improvement of production guidelines, e.g., [17], [57], whose
key elements had been outlined in the past [84], [85]. The em-
phasis on production is understandable because the first step in
making comfortable 3D programs is to capture them in the right
way. Thus far, the movie industry has been the most active in
exploring the entertainment potential of stereoscopic imaging
and for that it has been rewarded with financial success by con-
sumers. This success has renewed the interest in 3D-TV. How-
ever, the cinema and home environments differ in many as-
pects. Perhaps the most compelling difference is in terms of
viewing conditions. The viewing conditions in movie theaters
are reasonably consistent, whereas they can vary substantially
across home environments: televisions come in different sizes,
are watched from different distances and can display different
video formats. This variety makes it difficult to control visual
comfort. In other words, the same 3D program material might
result in different levels of comfort in different home viewing
environments.

The matter is further complicated by the fact that individual
differences can result in substantially different experiences with
respect to visual comfort. Some studies have found differences
in terms of individual’s tolerance of visual discomfort and
fatigue [15], [86]—[88]. It is unclear whether these differences
simply reflect normal differences in visual processes or are
linked to some form of stereo-anomaly [89]-[91]. Interest-
ingly, manufacturers are attempting to address the needs of
stereo-anomalous individuals, e.g., by providing products that
allow these individuals to see 2D images on 3D displays even
when the latter are in stereoscopic mode.

In addition to individual differences, it is necessary to con-
sider differences among age groups. In children, most visual
functions reach adult-like levels by 6-8 years of age [92], [93],
although full development might require a longer period till the
teen years [94]. Similarly, visual abilities are known to decrease
in older adults [95], particularly the relationship between ac-
commodation and vergence which we have seen is very impor-
tant for 3D-TV [96], [97]. Only recently researchers have begun
investigating the impact of age-related differences on the visual
comfort of stereoscopic video images [47].

VII. FUTURE DIRECTION

The dependency of visual comfort on viewing conditions, as
well as the large individual and group differences suggest the
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need to adaptively control the depth information in stereoscopic
images [98], [99].

The first step towards this control is the ability to measure
objectively (i.e., using a mathematical model, the degree of per-
ceived visual comfort in a stereoscopic stream). There has been
progress made in this direction in the form of prediction systems
[100] capable of measuring the presence and magnitude of spa-
tial distortions which are known to be linked to visual comfort.
This information will be necessary to devise objective tools ca-
pable of predicting visual comfort as perceived by the viewer.
Some researchers have begun developing these tools [45], [101].

The capacity to measure visual comfort will create the oppor-
tunity to actually control and modify the depth information to
improve comfort. In order to improve visual comfort for home
viewing, it is reasonable to envision different, but complemen-
tary, options for adjusting depth information. The broadcasters
might decide to edit, if required, the stereoscopic depth prior
to transmission following internal or industry-wide guidelines,
e.g., on the basis of the information provided in Section V above.
This approach will not allow accounting for varying viewing
conditions across home environments. Nonetheless, it will en-
sure that comfort limits are not exceeded in most common con-
ditions.

Stereoscopic depth might be also edited at the receiver site.
Depth rendering might be adapted to a specific home environ-
ment using information obtained in the environment itself by the
3D hardware, e.g., using a camera or other sensors embedded
into the display, or provided by the users. Depth map estima-
tion and depth image-based rendering (DIBR) techniques could
play a significant role in this adaptation [98], [102]. These tech-
niques could allow adapting stereoscopic movies to a specific set
of viewing conditions using depth-preserving and artifact-free
novel view synthesis techniques [103], [104]. Thus, the capacity
to adapt depth information will eventually be part of the display
system and be partially or completely under the control of the
user.
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