
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 10, NO. 2, MARCH 2000 225

Subjective Evaluation of Stereoscopic Images: Effects
of Camera Parameters and Display Duration

W. A. IJsselsteijn, H. de Ridder, and J. Vliegen

Abstract—In this paper, two experiments are presented that were
aimed to investigate the effects of stereoscopic filming parameters
and display duration on observers' judgements of naturalness and
quality of stereoscopic images. The paper first presents a litera-
ture review of temporal factors in stereoscopic vision, with refer-
ence to stereoscopic displays. Several studies have indicated an ef-
fect of display duration on performance-oriented (criterion based)
measures. The experiments reported here were performed to ex-
tend the study of display duration from performance to appreci-
ation-oriented measures. In addition, the present study aimed to
investigate the effects of manipulating camera separation, conver-
gence distance, and focal length on perceived quality and natural-
ness.

In the first experiment, using display durations of both 5 and
10 s, 12 observers rated naturalness of depth and quality of depth
for stereoscopic still images. The results showed no significant main
effect of display duration. A small yet significant shift between nat-
uralness and quality was found for both duration conditions. This
result replicated earlier findings, indicating that this is a reliable
effect, albeit content-dependent. The second experiment was per-
formed using display durations ranging from 1 to 15 s. The results
of this experiment showed a small yet significant effect of display
duration. Whereas longer display durations do not have a negative
impact on the appreciative scores of optimally reproduced stereo-
scopic images, observers do give lower judgements to monoscopic
images and stereoscopic images with unnatural disparity values as
display duration increases. In addition, the results of both experi-
ments provide support for the argument that stereoscopic camera
toe-in should be avoided if possible.

Index Terms—Display duration, naturalness, quality, stereo-
scopic displays, stereoscopic filming.

I. INTRODUCTION

A. Background of Three-Dimensional TV (3DTV) Research

STEREOSCOPIC displays are increasingly being used for
both professional and entertainment purposes. A number of

studies have shown that 3-D stereoscopic images have a greater
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psychological impact, e.g., enhance the viewers' sense of pres-
ence [1]–[3], and provide better picture quality than conven-
tional 2-D images [4]–[6]. Although stereoscopic television has
received considerable attention in the past, the advent of digital
TV transmission reinforces its relevance. Digital transmission
enables broadcasters to transmit two synchronized digital chan-
nels (one for the left and one for the right eye) in bandwidths
smaller than those utilized by one analog TV channel. In addi-
tion, stereoscopic display technology has evolved greatly over
the past decades [7]–[9], and 3DTV is considered to be the log-
ical next step following HDTV. The current research is moti-
vated by the need to obtain a deeper understanding of the vari-
ables that may influence the user's appreciation of stereoscopic
images of natural scenes, in the context of stereoscopic televi-
sual services.

The history of stereoscopy can be traced back to 1838, when
Sir Charles Wheatstone presented his classic paper “On some
remarkable, and hitherto unobserved, phenomena of binocular
vision” to the Royal Society of London. He had developed the
“stereoscope,” a device that enabled the viewer to fuse two im-
ages of an object or scene into one stereoscopic image, con-
taining a compelling sensation of depth. Sir David Brewster fur-
ther developed the stereoscope using prisms to magnify and fuse
the stereo images. Viewing stereoscopic still images became
a popular pastime in Europe and the U.S., and from 1860 to
the 1930’s stereography flourished. Brewster's lenticular stere-
oscope became a commercial success, selling 250000 in a short
time [10].

The development of motion pictures affected the popularity
of the stereoscope, but stereoscopic cinema (early 1900’s) and
stereoscopic television (1928) were present at the dawn of their
monoscopic counterparts [10], [11]. In the 1950’s, stereoscopic
cinema received much attention from cinematographers. The
seminal paper by Spottiswoode, Spottiswoode, and Smith [12]
summarized the basic geometrical principles of the three-di-
mensional film, and introduced concepts such as the “nearness
factor,” which facilitated the communication between the film
director and stereo technician. Various accounts of the geom-
etry of stereoscopic camera and display systems have been
published, both for parallel and toed-in camera configurations
[13]–[15]. Although many good stereoscopic movies were pro-
duced in the 1950’s, stereoscopic cinema got a bad reputation
with the public because of the discomfort experienced when
viewing misaligned and overdone stereoscopic movies.

More recently, with the growing interest in stereoscopic
broadcast television services, a number of laboratories, most
notably in Japan, Germany, France, and Canada, have in-
vestigated the human factors requirements for a high-quality
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TABLE I
SUMMARY OF THE PERCEPTUAL EFFECTS OFMANIPULATING THE STEREOSCOPICFILMING PARAMETERS UNDER STUDY

(ADAPTED FROMMILGRAM AND KRÜGER[25])

stereoscopic television system. Requirements on viewing
conditions (e.g., display size, viewing distance) and picture
quality (e.g., tolerances for coding distortions, displacement
errors, etc.) have been examined [16]–[19]. In addition, the
visual discomfort or eye strain that is sometimes associated
with prolonged viewing of stereoscopic images has received
attention [4], [20]–[22].

B. Motivation of the Present Study

In the context of stereoscopic televisual services, the exper-
iments presented in this paper were aimed at investigating the
effects of stereoscopic filming parameters and display duration
on observers' appreciation of stereoscopic images, in particular
their judgements of naturalness and quality. The stereoscopic
filming parameters under study are summarized in Table I, along
with their predicted perceptual effects.

In the context of our research, the main difference between
naturalness and quality as subjective evaluation concepts lies
in the fact that naturalness refers to what subjects perceive as
a truthful representation of reality (i.e., perceptual realism),
whereas perceived quality refers to a subjective preference
scale. Research in the color domain of image quality has shown
that observers are able to differentiate between the two concepts
in an experimental situation, and has suggested an interesting
relation between image quality and naturalness. De Ridder
and colleagues found a small but systematic deviation between
image quality and naturalness. This deviation was interpreted
to reflect the subjects' preference for more colorful but, at the
same time, somewhat unnatural images [23], [24].

Recent preliminary results in the area of stereoscopic image
evaluation suggested a similar relation between quality and nat-
uralness for the domain of stereoscopic depth perception. The
results suggested that observers preferred (i.c. judged of high
quality) a reproduction of stereoscopic depth they also judged
to be slightly unnatural. This effect was relatively small for a
display duration of 5 s, yet more pronounced for a display du-
ration of 25 s [4].

These results and insights from a subsequent literature review,
reported on in Section II, provided motivation for a series of ex-

periments investigating the effects of display duration on quality
and naturalness judgements in a more systematic way.

C. Overview of the Paper

First, a literature review relevant to the effects of display du-
ration (or stimulus duration) on stereoscopic vision will be pre-
sented. Next, two experiments will be presented. Experiment 1
was aimed to investigate the effect of camera separation, focal
length, and convergence distance, as well as display duration on
the subjective judgements of quality and naturalness. In Experi-
ment 2, the same independent and dependent variables were em-
ployed using, however, a slightly different procedure of stimulus
presentation and a wider range of display durations. After dis-
cussing the experiments separately, some general conclusions
will be drawn.

II. TEMPORAL FACTORS IN STEREOSCOPICVISION

Temporal factors are known to play a role of considerable im-
portance in the ability of humans to perceive a stereoscopically
presented stimulus in depth. A central issue in this area is the
minimum image presentation time (stimulus duration or display
duration) needed to achieve a depth percept. There have been
several investigations focusing on this issue relating it, for in-
stance, to the complexity of the stimulus or the magnitude and
direction of the image disparity. The duration of the physical
stimulus and the duration of the neural processing are two dis-
tinct elements in the literature. These elements are commonly
referred to asstimulus durationand stereoscopicprocessing
time.

Uttal, Davis, and Welke [26] showed that, when using
a preconvergence procedure to control fixation disparity at
stimulus onset, a compelling stereoscopic experience could be
elicited for different random-dot stereoscopic forms with very
brief ( ms) stimulus durations. They conclude that higher
temporal threshold estimates found elsewhere in the literature
are more likely a measure of the time it takes to converge the
eyes and establish correspondence between the two images,
rather than the minimum time a stereoscopic stimulus must be
presented before a depth percept occurs.
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However, it takes time to process the information in a stere-
ogram after such a brief exposure. Julesz [27], [28] varied the
interstimulus interval between the brief presentation of a simple
unambiguous random-dot stereogram and the presentation of
an ambiguous random-dot stereogram. While the unambiguous
stereogram contained either crossed (i.e., depth in front of fix-
ation) or uncrossed (i.e., depth behind fixation) disparity infor-
mation, the ambiguous stereogram contained disparities in both
directions. With presentation times over 50 ms, it was found that
the second (ambiguous) stimulus was consistently perceived at
the same depth as the first (unambiguous) stimulus. When the
interstimulus interval was less than 50 ms, the unambiguous
random-dot stereogram did not bias the interpretation of the am-
biguous stereogram.

Uttal, Fitzgerald, and Eskin [29] have obtained similar results
as Julesz [27], [28] by using poststimulus masking with varying
intervals between the stimulus and the mask. Performance was
degraded when the blanking field followed the test stimulus by
less than about 50 ms, suggesting that 50 ms would be the time
necessary to establish a perception of depth.

In general, psychophysical research in this area has been per-
formed using well-trained observers that readily see depth in
stereograms. However, it has been shown that large individual
differences exist between subjects, and that many people have
difficulty seeing depth in random-dot stereograms and may re-
quire many seconds or even minutes of exposure to the stimulus
before they see depth. Relatedly, the percentage of the popula-
tion judged to be stereoanomalous (i.e., have a deficit in stere-
opsis) is dependent on the testing method used and more specif-
ically on the stimulus duration that is used for a test [30], [31].

Tam and Stelmach [31] systematically varied display duration
until viewers were able to perform a depth discrimination task
with 75% accuracy. Their results showed that the proportion of
observers unable to perform the depth discrimination task de-
clined with increasing display duration. At the shortest display
duration (20 ms) approximately half of the observers

were unable to perform the stereoscopic depth discrimi-
nation task at criterion level. However, at the maximum display
duration of 1000 ms, failure rate dropped to about 5%. These re-
sults clearly indicate that the prevalence of stereoanomaly crit-
ically depends on the display duration with which the stereo-
scopic stimuli are shown. One important implication for stereo-
scopic televisual services of these findings is that about 95% of
the population is expected to experience an enhanced sense of
depth when viewing a stereoscopic program, since most scene
durations typically exceed one second between cuts or fades,
which is a sufficiently long duration for most people.

An interesting issue is the impact temporal factors may have
on thejudgementof depth in stereoscopic media. In this con-
text, it is useful to distinguish between aperformance-oriented
approach and anappreciation-orientedapproach [4], [32].

Within a performance-oriented approach, the accuracy of
depth discrimination is the most fundamental concern, espe-
cially when stereoscopic displays are being used for guiding
high-precision manipulations, such as stereoscopic endoscopy
or remote guidance and inspection in hazardous industrial
settings. In a direct investigation of several factors that may
affect the veridicality of depth perception using stereoscopic

displays, Patterson, Moe & Hewitt [33] used a brief (160 ms)
and a long (unlimited) display duration to test whether depth
is perceived as would be expected on the basis of stereoscopic
geometry. For the long display duration, the depth judgements
followed the geometrically predicted depth quite closely,
especially for depth in the crossed disparity direction. For the
brief display duration, depth judgements were less accurate,
deviating especially in conditions with uncrossed disparity,
large half-image separation, and/or a long viewing distance.

Patterson, Bowd, Becker, Monaghan, Shorter, and Gilbert
[34] expanded on this work, investigating disparity scaling
via a task involving depth discrimination. They used crossed
and uncrossed directions of disparity combined with four
display durations (67, 167, 417, and 5000 ms). Their results
showed that the percentage correct discrimination averaged
across 100 observers (25/display duration condition) increases
with an increase in stimulus duration, with percentage correct
discrimination higher for the crossed disparity direction. Thus,
when display duration was long, most individuals discrimi-
nated depth correctly in both directions, but specifically in the
crossed direction. At brief display durations, the percentage
correct discrimination decreased markedly, especially for the
uncrossed direction, where at 67 ms the percentage correct
was less than 50%. These results are in line with the earlier
results of Pattersonet al. [33], [35] and the results of Tam and
Stelmach [31]. They indicate a build-up of the depth percept
over time, varying across individuals.

The effect that display duration may have on the subjective
appreciativejudgements of stereoscopic pictures depicting nat-
ural scenes has received very little attention to date. The current
paper aims to extend the study of exposure duration from per-
formance (criterion-based) measures to appreciation measures,
using realistic stereoscopic images. In theory, one would ex-
pect display duration to be relevant for subjective appreciation
in three ways. First, a minimal duration is necessary to allow
proper vergence responses of the eyes (typically 100 ms). Sec-
ondly, the inspection of a stereoscopic scene, or build-up of the
stereoscopic depth structure, would presumably take more time
than inspecting a monoscopic image, since more information
is present in the stereoscopic case and, in general, stereovision
has a long temporal integration period, relative to other visual
functions [36], [37]. Thirdly, one would expect an adverse ef-
fect of display duration on appreciative judgements when image
parallaxes are excessive. These are generally found to be visu-
ally disturbing, potentially causing eye strain and headache [4],
[20]–[22].

In sum, the literature reviewed in the current section1 clearly
demonstrates the impact that temporal factors have on stereo-
scopic vision. It has been demonstrated that the stimulus dura-
tion necessary for disparity detection can be very brief (ms),
provided the right kind of stimulus is used and the experimental
conditions are well controlled. The minimal processing time of
a stereoscopic stimulus is substantially longer (around 50 ms).
Additionally, the time necessary to build up a depth percept and
to be able to discriminate, for instance, between crossed and

1A more comprehensive literature review relating to this topic is provided
elsewhere [38]. This document is available on request from the corresponding
author.
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uncrossed depth, is variably distributed across the population.
In the remainder of the current paper, two experiments will be
presented that were designed to investigate the effect of display
duration on the subjective appreciation of stereoscopic images.

III. EXPERIMENT 1

A. Introduction

This experiment was performed for two reasons mainly. First,
we wanted to investigate if and how quality and naturalness
judgements would be affected by manipulating stereoscopic
filming parameters and display duration, thus extending the
study of stereoscopic display duration from performance to
appreciation oriented measures. Secondly, we wanted to check
the reliability of the results reported elsewhere [4], in particular
the small but systematic quality-naturalness shift that was
observed.

B. Method

1) Observers:Twelve observers (6 male, 6 female, average
age 25, range 20–36) either volunteered or were paid to partic-
ipate in the experiment. All observers were naïve with respect
to the experimental hypothesis being tested. All had normal or
corrected to normal visual acuity (a visus of as tested on
the Landolt C test) and a stereoacuity of 30 sec-arc or better (as
tested on the RANDOT© random dot stereotest, Stereo Optical
Co., Inc., Illinois).

2) Apparatus: The stereoscopic image pairs were displayed
on an AEA Technology stereoscopic display consisting of
two BARCO CPM 2053FS color monitors (50-Hz PAL), with
polarized filters in front of each (see Fig. 1). Observers viewed
the display wearing polarized spectacles to separate right and
left eye view. The video input to the display was provided by
a SUN ISP system running custom software to control display
duration and synchronize the output of the 2 codecs transferring
the images.

3) Stimuli: The image material consisted of stereoscopic
image pairs varying in camera separation, focal length and con-
vergence distance. Two levels of focal length were employed,
10 and 20 mm, as well as two levels of convergence distance,
1.30 and 2.60 m. The following combinations between focal
length and convergence distance were used: mm

m, mm, m, and mm
m. Within each of these three combinations, six levels of
camera separation were used, based on the distance between
the right and left camera: 0, 4, 8, 12, 16, and 24 cm. This
resulted in a total of 18 unique stimuli per scene, varying in
stereoscopic filming parameters. The images used depicted two
different scenes. The scene, called “Playmobiles,” consisted
of a colorful toy landscape with mountains and numerous
Playmobiles. The other scene, called “Bureau,” consisted of
a tailor's dummy sitting behind a desk on which some office
equipment is located. The stereoscopic images were kindly
provided to us by CCETT, France.

4) Procedure: Observers were seated at a viewing distance
of 0.80 m (approximately 2.5 picture heights) from the stereo-
scopic display. They were given written instructions detailing
the task they had to perform, and the attribute they were asked

Fig. 1. Schematic drawing of the AEAT dual-monitor stereoscopic display
used in the reported experiments. It presents the right and left eye images at
the same time (i.e., time parallel), using polarization to separate both views.

to rate. These instructions were then reiterated by the experi-
menter as to ensure the observer understood the task at hand.

The stereoscopic images were presented on the 20stereodis-
play, placed in a dimly lit laboratory. The 36 images (18 stereo-
scopic parameter variations2 different scenes) were presented
in random order and subsequently in reversed randomized order
to compensate for potential effects of presentation order (such as
adaptation effects or fatigue). The 5- and 10-s display duration
conditions were presented in separate counterbalanced sessions,
separated by one day.

For each of the durations, observers were asked to ratequality
of depth andnaturalnessof depth in subsequent counterbal-
anced sessions using a scale from one to ten, where one repre-
sents the lowest level and ten represents the highest level of the
scaled attribute (magnitude estimation). They could enter their
attribute rating on the numerical part of a keyboard placed in
front of them. Before the experiment started the observers were
shown a small set of practice stimuli displaying the range of
camera parameter variations over which they had to provide a
rating. During the experiment, a grey adaptation field was shown
between two successive stimuli, to allow the eyes to return to a
resting state. The adaptation time was determined by the time
that observers took to input their response, but with a minimum
of 5 s.

C. Results

Fig. 2 shows the quality and naturalness ratings for each of
the stereoscopic filming parameters. A separate graph is pre-
sented for each combination of focal length and convergence
distance used. The top and bottom panel show the results for
the 5- and 10-s display duration conditions respectively. These
graphs show the average over 12 observers, two scenes, and two
presentation orders (i.e., the original and the reversed random-
ized sequence), with the error bars reflecting the standard error
of the mean of each data point. Camera-base distance is plotted
on the -axis in centimeters, the attribute scores are plotted on
the -axis.

Fig. 2 reveals a clear effect of camera-base distance and of
the focal lengths and convergence distances used. A repeated
measures analysis of variance was performed which showed a
significant main effect of camera base distance
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Fig. 2. Results of Experiment 1—quality and naturalness scores plotted
against camera base distance (in cm). The graphs in the top panel show the
results of the 5-s display duration condition, the graphs in the bottom panel
show the results for the 10-s condition.

and of camera condition, i.e., the three combi-
nations of focal length and convergence distance,

. Not surprisingly, a significant interaction
between camera separation

and camera condition was also found. No significant main effect
was found of display duration. However, a significant interac-
tion was found between display duration and scene

. A pairwise comparison per scene revealed that
the effect of display duration was significant for the
‘”Playmobiles” scene, but not for the “Bureau” scene. In partic-
ular, for the “Playmobiles” scene, people tended to give some-
what lower ratings at longer durations. This suggests a duration
effect that is content dependent.

Fig. 2 also illustrates that although quality and naturalness
judgements are highly correlated (Pearson'sof 0.89), a small
but systematic shift can be seen between the quality and natu-
ralness scores for the camera conditions mm,
m and mm, m. For low values of camera sep-
aration (4 and 8 cm), naturalness is rated slightly higher than
quality, whereas with increasing camera separation, quality is
rated higher. This effect is reflected in the significant two-way
interaction between task (i.e., rating of quality or naturalness)
and the camera separation , as well
as the significant three-way interaction between task, camera
separation, and camera condition

.
However, this effect is only clearly found for one scene (i.e.,

“Bureau”), as is illustrated in Fig. 3. The relevant interactions
are approaching significance: a three-way interaction between
scene, task, and camera separation
and a four-way interaction between scene, task, camera separa-
tion, and camera condition .

D. Discussion

Both the quality and naturalness judgements (see Figs. 2
and 3) clearly reflect the effect of changes in disparity values.
As summarized in Table I, an increase in camera separation

Fig. 3. Results of Experiment 1—quality and naturalness scores plotted
against camera base distance (in cm). The graphs in the top panel show the
results for the scene “Playmobiles,” the graphs in the bottom panel show the
results for the scene “Bureau.”

Fig. 4. A schematic representation of the trapezoid projections using a toed-in
camera configuration.

and in focal length of the lens result in an increase in disparity
values, whereas with an increase in convergence distance
disparity values decrease. Both quality and naturalness of depth
increase with the transition from monoscopic (0-cm camera
base distance) to stereoscopic mode of presentation, suggesting
observers prefer stereoscopic presentation of images, provided
the disparities are kept within natural bounds, as evidenced
by the drop in quality and naturalness scores at high camera
separation values. This drop is especially noticeable for the
condition with the long focal length and short convergence
distance , in which the disparity values are
most extreme.

One might expect there to be little difference between the
condition and the condi-

tion, since the increase in horizontal disparity values caused by
a longer focal length is compensated by the decrease in disparity
values caused by the longer convergence distance. However, the
quality and naturalness scores are higher for camera separations
larger than 8 cm. when comparing the condition
to the condition. This is likely due to the fact
that with a toed-in or converging camera configuration keystone
distortion may occur. Keystone distortion is an image distortion
caused by vertical parallax in the stereoscopic image due to the
fact that the imaging sensors of the cameras are directed toward
slightly different planes [14], resulting in two slightly trapezoid
projections (when projected parallel) oriented in opposite direc-
tions for each of the cameras (see Fig. 4).



230 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 10, NO. 2, MARCH 2000

The amount of vertical disparity is greatest in the corners of
the image and increases with increased camera separation, de-
creased convergence distance and decreased focal length [14].
Perceptually, this may result in a depth plane curvature, which
may have had a negative impact on the observer's appreciative
judgements. Our results thus provide a subjective basis for the
argument that camera toe-in should be avoided in stereoscopic
filming. This argument is also in line with the results presented
by Yamanoue [39], who showed that a toed-in camera configu-
ration may lead to a size distortion known as the puppet theater
effect, whereas parallel camera configurations do not produce
such size distortions.

The quality-naturalness shift reported earlier [4] was repli-
cated in the current experiment and reflected in the significant
two and three-way interactions reported. At closer inspection
of the data per scene, we find that the overall shift is mainly
attributable to one of the two scenes (‘bureau’). This would in-
dicate that although the quality-naturalness shift is a reliable ef-
fect, it also seems to be content-dependent. Speculatively, since
the monocular depth cues (e.g., texture, occlusion, contour, per-
spective, shading) that are available in each of the two scenes
differ considerably, this may have had an effect on the relative
‘added value’ or weighting of the stereoscopic depth cue in the
total percept and the subsequent appreciation of the scene. This
explanation would be in line with current depth cue integration
theory suggesting that our depth percept is a weighted sum of the
different available depth cues [40], [41]. However, to properly
investigate such a potential explanation in the context of real-
istic stereoscopic images, an experiment would be required in
which a substantial number of content variations are introduced
in a systematic and well-controlled manner. Such an experiment
was beyond the scope of the present paper.

Importantly, the results did not show a significant main effect
of display duration, indicating that averaged over the two dif-
ferent scenes observers did not differentiate in their appreciative
judgements of the stereoscopic scenes between the 5- and 10-s
display duration conditions. The reason for not finding a sig-
nificant main effect of display duration might be that the range
of display durations was either too small or too one-sided; both
5 and 10 s can be regarded as fairly long display durations. To
investigate this possibility, a second experiment using a wider
range of display durations was performed.

IV. EXPERIMENT 2

A. Introduction

The rationale for carrying out Experiment 2 was to further in-
vestigate the potential effect of display duration on appreciative
judgements of stereoscopic images that varied in stereoscopic
filming parameters using a wider range of display durations than
the two conditions used in Experiment 1. In this experiment, dis-
play durations of 1, 3, 5, 10, and 15 s were employed.

B. Method

1) Observers:Twelve observers (10 male, 2 female, average
age 26.3, range 21–39) either volunteered or were paid to par-
ticipate in the experiment. All observers were naïve with respect
to the experimental hypothesis being tested. All had normal or

Fig. 5. Results of Experiment 2. Quality (top) and naturalness (bottom) scores
as a function of camera separation.

corrected to normal visual acuity (a visus of as tested on
the Landolt C test) and a stereoacuity of 30 sec-arc or better (as
tested on the RANDOT© random dot stereotest, Stereo Optical
Co., Inc., Illinois).

2) Apparatus: The apparatus was identical to the equipment
used in Experiment 1.

3) Stimuli: The image material used as stimulus set was
identical to the stimuli used in Experiment 1 in terms of the
stereoscopic parameters. However, only one scene (“Play-
mobiles”) was used, mainly to limit the duration of the total
experiment.

4) Procedure: The procedure was largely identical to the
procedure in Experiment 1, however with a few important differ-
ences. First, the range of display durations used was extended
to 1, 3, 5, 10, and 15 seconds of display duration. Secondly,
stimuli presented at these different durations were rated within
one session, instead of in separate sessions as was the case in the
first experiment. The stimuli were fully randomized over both
stereoscopic parameters and all display durations and, as with
Experiment 1, this random order was subsequently presented
in reverse order as well. Observers were asked to ratequality
of depth andnaturalnessof depth in different counterbalanced
sessions separated by at least one day.

C. Results

Fig. 5 shows the averaged quality rating (top panel) and
naturalness ratings (bottom panel) for each of the stereoscopic
filming parameters. A separate graph is presented for each
combination of focal length and convergence distance. Each
line represents the results for a different display duration. These
graphs show the average over 12 observers and 2 presentation
orders (i.e., the original and reversed randomized sequence),
with the error bars reflecting the standard error of the mean of
each data point. Camera-base distance is plotted on the-axis
in centimeters, the attribute scores are plotted on the-axis.

A repeated measures analysis of variance was performed
with the quality/naturalness scores as a dependent variable
and stimulus duration, task (i.e. rating of quality or natural-
ness), camera condition (i.e., the combination of focal length
and convergence distance) and camera separation as factors.
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Fig. 6. Pooled quality/naturalness scores as a function of stimulus duration for each camera condition and camera separation.

Again, and not surprisingly, camera condition and separation
had a significant main effect (
and respectively), as well as a
significant interaction . The
results showed no clear quality-naturalness shift, nor was this
suggested by an interaction between task, camera separation,
and/or camera condition.

We found a significant main effect of stimulus duration
as well as a significant in-

teraction between stimulus duration and camera separation
. The trends of these effects are

illustrated in Fig. 6, which shows the pooled quality and
naturalness scores plotted against stimulus duration, with each
line representing a different camera separation.

D. Discussion

As with Experiment 1 and earlier experiments, changes in
disparity values highly affect the quality and naturalness judge-
ments, and determine to a large extent the shape of the curve.
Again, observers preferred stereoscopic images with natural dis-
parities over monoscopic images and images projected with ex-
treme disparity values. This proves to be a reliable and robust
finding. The small but systematic quality-naturalness shift that
we found in our earlier experiments wasn't replicated in Ex-
periment 2. However, the results of Experiment 1 showed that
this shift may be content-dependent, and indeed was not clearly
present in the results for the scene that we used for Experiment
2 (i.e., “playmobiles”).

The effect of display duration was found to be small yet sig-
nificant. It is best illustrated by Fig. 6, which shows a slight
divergence of the results for the different camera separations
as display duration increases. In particular, the averaged scores
for the 0- and 24-cm camera separation tend to decrease with
increasing display duration, whereas a slight increase can be
observed for some of the other camera separations. This diver-
gence is most salient for the condition with a long focal length
and a short convergence distance. So, whereas longer display
durations do not have a negative impact on the appreciative
scores of optimally reproduced stereoscopic images, observers

do give lower judgements to monoscopic images and stereo-
scopic images with unnatural disparity values as display dura-
tion increases.

Although the effect of exposure duration was small, it is pos-
sible that a more pronounced duration effect would be observed
for durations under 1 s. However, for the present purpose of
stereoscopic television, most scenes (between cuts or fades) will
have a length of more than 1 s. Our results have shown that ob-
servers are equally able to appreciate the depth in stereoscopic
scenes presented for only 1 s, as they are able to judge scenes of
a longer duration.

V. GENERAL CONCLUSIONS

Several studies have indicated a critical effect of display
duration on performance-oriented (criterion based) measures.
The experiments reported in this paper were performed to
extend the study of display duration from performance to
appreciation-oriented measures. In addition, the present study
aimed to investigate the effects of manipulating camera sep-
aration, convergence distance and focal length on perceived
quality and naturalness, and the relation between these two
dependent variables.

The results of the presented experiments support a number
of conclusions. First of all, the effect that display duration
has on the subjective evaluation of stereoscopic images is
relatively small. Secondly, the quality-naturalness shift that
was found in an earlier experiment [4] was replicated in
Experiment 1, although mainly in connection with one par-
ticular scene. Thus, this effect seems to be reliable yet con-
tent-dependent. This indicates, however, that optimal natu-
ralness need not necessarily coincide with optimal quality, a
result that is in line with the computational theory of image
quality, put forward by Janssen and Blommaert [42], that
suggests that for image quality judgements both naturalness
and usefulness are weighted in. Thirdly, the results of both
experiments provide support for the argument that stereo-
scopic camera toe-in should be avoided if possible. Finally,
and not surprisingly, our results seem to indicate a preference
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of observers for stereoscopically presented images, provided
the disparity values are kept within natural bounds.
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