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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 thatwere psychological impact, e.g., enhance the viewers' sense of pres-
aimed to investigate the effects of stereoscopic filming parameters ence [1]-[3], and provide better picture quality than conven-
andl_cilisplfaytduration on pbserver%udgemerf]_ts tOf natura;lneslstand tional 2-D images [4]-[6]. Although stereoscopic television has

uality of stereoscopic images. The paper first presents a litera- . : o -
?ure rgview of tempc’)aral fact%rs in ster%ogcopic vliosion, with refer- received cqns_lderat?le attentllon in the past, t_h? advent °f_d'9'ta'
ence to Stereoscopic di5p|aysl Several studies have indicated an efTV transmission re|nf0rces Its releVance. D|g|ta| transmission
fect of display duration on performance-oriented (criterion based) enables broadcasters to transmit two synchronized digital chan-
measures. The experiments reported here were performed to ex- nels (one for the left and one for the right eye) in bandwidths
tend the study of display duration from performance to appreci- — gmgajjer than those utilized by one analog TV channel. In addi-

ation-oriented measures. In addition, the present study aimed to ti t ic display technol h ved "
investigate the effects of manipulating camera separation, conver- 10N, SIEr€oscopic diSpiay lechnoiogy nas evolved greatly over

gence distance, and focal length on perceived quality and natural- the past decades [7]-[9], and 3DTV is considered to be the log-
ness. _ _ _ _ ical next step following HDTV. The current research is moti-
In the first experiment, using display durations of both 5 and  vated by the need to obtain a deeper understanding of the vari-

10's, 12 observers rated naturalness of depth and quality of depth o5 that may influence the user's appreciation of stereoscopic
for stereoscopic stillimages. The results showed no significant main .

effect of display duration. A small yet significant shift between nat- 'Mages O_f natural scenes, in the context of stereoscopic televi-
uralness and quality was found for both duration conditions. This Sual services.
result replicated earlier findings, indicating that this is a reliable The history of stereoscopy can be traced back to 1838, when
effect, albeit content-dependent. The second experiment was per-Sjr Charles Wheatstone presented his classic paper “On some
formed using display durations ranging from 110 15 s. The results e yarkable, and hitherto unobserved, phenomena of binocular
of this experiment showed a small yet significant effect of display . . | t th, R | Society of Lond ’ He had d | d th
duration. Whereas longer display durations do not have a negative Y'S'On o the . Oyal Sociely or London. He had developed the
impact on the appreciative scores of optimally reproduced stereo- Stereoscope,” a device that enabled the viewer to fuse two im-
scopic images, observers do give lower judgements to monoscopicages of an object or scene into one stereoscopic image, con-
images and stereoscopic images with unnatural disparity values as taining a compelling sensation of depth. Sir David Brewster fur-
display durgatlon increases. In addition, the results of bot_h experi- thar developed the stereoscope using prisms to magnify and fuse
ments provide support for the argument that stereoscopic camera the st - Viewi t i still i b
toe-in should be avoided if possible. e 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].
|. INTRODUCTION The development of motion pictures affected the popularity
A. Background of Three-Dimensional TV (3DTV) Research of the stere_oscope_:, _bUt stereoscopic cinema (early 1900°s) an_d
) ) ) ) stereoscopic television (1928) were present at the dawn of their
TEREOSCOPIC displays are increasingly being used fg{onoscopic counterparts [10], [11]. In the 1950's, stereoscopic
both professional and entertainment purposes. Anumber@iema received much attention from cinematographers. The
studies have shown that 3-D stereoscopic images have a gregé@hinal 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
Manuscript received March 15, 1999; revised September 30, 1999. This ngrl{eCtor and Stereo_ technician. Vano_us accounts of the geom-
was completed under workpackage 2 of the TAPESTRIES project, supporeify of stereoscopic camera and display systems have been

under the ACTS initiative of the Commission of European Communities. A}Bublished both for parallel and toed-in camera configurations
earlier version of this paper was presented at$&T/SPIE Conf. Human Vision ’

and Electronic Imaging IV '99This paper was recommended by Guest Edito[*13]_[1_5]- Although many good sFere_oscopic movies were pro-
K. N. Ngan. duced in the 1950’s, stereoscopic cinema got a bad reputation
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TABLE |
SUMMARY OF THE PERCEPTUAL EFFECTS OFMANIPULATING THE STEREOSCOPICFILMING PARAMETERS UNDER STUDY
(ADAPTED FROMMILGRAM AND KRUGER[25])

Parameter

Effect of increase

Effect of decrease

Camera separation

(values used in the experiment:

0,4,8,12, 16 and 24 cm)

Increase in disparity values
Increase in perceived depth
Constant size of objects
Constant field of view

Decrease in disparity values
Decrease in perceived depth
Constant size of objects
Constant field of view

Camera focal length
(values used: 10 and 20 mm)

Increase in disparity values
Increase in perceived depth
Increase in size of objects
Decrease in field of view

Decrease in disparity values
Decrease in perceived depth
Decrease in size of objects
Increase in field of view

Convergence distance

(values used: 1.30 and 2.60 m)

Decrease in disparity values
Shift in perceived depth
Constant size of objects
Constant field of view

Increase in disparity values
Shift in perceived depth
Constant size of objects
Constant field of view

stereoscopic television system. Requirements on viewipgriments investigating the effects of display duration on quality
conditions (e.g., display size, viewing distance) and pictuesd naturalness judgements in a more systematic way.
quality (e.g., tolerances for coding distortions, displacement

errors, etc.) have been examined [16]-[19]. In addition, tf@ Overview of the Paper

visual discomfort or eye strain that is sometimes associatedF. . . .
. L 7 . irst, a literature review relevant to the effects of display du-
with prolonged viewing of stereoscopic images has receive

: ration (or stimulus duration) on stereoscopic vision will be pre-
attention [4], [20}-{22]. 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-

In the context of stereoscopic televisual services, the expgfent 2, the same independent and dependent variables were em-
iments presented in this paper were aimed at investigating #leyed using, however, a slightly different procedure of stimulus
effects of stereoscopic filming parameters and display duratigfesentation and a wider range of display durations. After dis-

on observers' appreciation of stereoscopic images, in particlggsing the experiments separately, some general conclusions
their judgements of naturalness and quality. The stereoscogifl be drawn.

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 lie§emporal factors are known to play a role of considerable im-
in the fact that naturalness refers to what subjects perceivepastance in the ability of humans to perceive a stereoscopically
a truthful representation of reality (i.e., perceptual realisnpresented stimulus in depth. A central issue in this area is the
whereas perceived quality refers to a subjective preferenoéinimum image presentation time (stimulus duration or display
scale. Research in the color domain of image quality has shoduration) needed to achieve a depth percept. There have been
that observers are able to differentiate between the two conceggtgeral investigations focusing on this issue relating it, for in-
in an experimental situation, and has suggested an interestitance, to the complexity of the stimulus or the magnitude and
relation between image quality and naturalness. De Ridd#rection of the image disparity. The duration of the physical
and colleagues found a small but systematic deviation betwestimulus and the duration of the neural processing are two dis-
image quality and naturalness. This deviation was interpretiict elements in the literature. These elements are commonly
to reflect the subjects' preference for more colorful but, at tmeferred to asstimulus durationand stereoscopiprocessing
same time, somewhat unnatural images [23], [24]. time

Recent preliminary results in the area of stereoscopic imageJttal, Davis, and Welke [26] showed that, when using
evaluation suggested a similar relation between quality and natpreconvergence procedure to control fixation disparity at
uralness for the domain of stereoscopic depth perception. Bienulus onset, a compelling stereoscopic experience could be
results suggested that observers preferred (i.c. judged of hajicited for different random-dot stereoscopic forms with very
quality) a reproduction of stereoscopic depth they also judgbdef (<1 ms) stimulus durations. They conclude that higher
to be slightly unnatural. This effect was relatively small for &emporal threshold estimates found elsewhere in the literature
display duration of 5 s, yet more pronounced for a display dare more likely a measure of the time it takes to converge the
ration of 25 s [4]. eyes and establish correspondence between the two images,

These results and insights from a subsequent literature revieather than the minimum time a stereoscopic stimulus must be
reported on in Section Il, provided motivation for a series of eyresented before a depth percept occurs.

B. Motivation of the Present Study

Il. TEMPORAL FACTORS IN STEREOSCOPICVISION
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However, it takes time to process the information in a sterdisplays, Patterson, Moe & Hewitt [33] used a brief (160 ms)
ogram after such a brief exposure. Julesz [27], [28] varied thad a long (unlimited) display duration to test whether depth
interstimulus interval between the brief presentation of a simpkeperceived as would be expected on the basis of stereoscopic
unambiguous random-dot stereogram and the presentatiorgedmetry. For the long display duration, the depth judgements
an ambiguous random-dot stereogram. While the unambigudabowed the geometrically predicted depth quite closely,
stereogram contained either crossed (i.e., depth in front of fiespecially for depth in the crossed disparity direction. For the
ation) or uncrossed (i.e., depth behind fixation) disparity infobrief display duration, depth judgements were less accurate,
mation, the ambiguous stereogram contained disparities in bd@viating especially in conditions with uncrossed disparity,
directions. With presentation times over 50 ms, it was found tharge half-image separation, and/or a long viewing distance.
the second (ambiguous) stimulus was consistently perceived aPatterson, Bowd, Becker, Monaghan, Shorter, and Gilbert
the same depth as the first (unambiguous) stimulus. When {Bd] expanded on this work, investigating disparity scaling
interstimulus interval was less than 50 ms, the unambiguowia a task involving depth discrimination. They used crossed
random-dot stereogram did not bias the interpretation of the asmd uncrossed directions of disparity combined with four
biguous stereogram. display durations (67, 167, 417, and 5000 ms). Their results

Uttal, Fitzgerald, and Eskin [29] have obtained similar resulshowed that the percentage correct discrimination averaged
as Julesz [27], [28] by using poststimulus masking with varyingcross 100 observers (25/display duration condition) increases
intervals between the stimulus and the mask. Performance wath an increase in stimulus duration, with percentage correct
degraded when the blanking field followed the test stimulus liscrimination higher for the crossed disparity direction. Thus,
less than about 50 ms, suggesting that 50 ms would be the tiwigen display duration was long, most individuals discrimi-
necessary to establish a perception of depth. nated depth correctly in both directions, but specifically in the

In general, psychophysical research in this area has been peossed direction. At brief display durations, the percentage
formed using well-trained observers that readily see depthdnrrect discrimination decreased markedly, especially for the
stereograms. However, it has been shown that large individuaicrossed direction, where at 67 ms the percentage correct
differences exist between subjects, and that many people has less than 50%. These results are in line with the earlier
difficulty seeing depth in random-dot stereograms and may mesults of Pattersoet al. [33], [35] and the results of Tam and
quire many seconds or even minutes of exposure to the stimuitelmach [31]. They indicate a build-up of the depth percept
before they see depth. Relatedly, the percentage of the popualeer time, varying across individuals.
tion judged to be stereoanomalous (i.e., have a deficit in stereThe effect that display duration may have on the subjective
opsis) is dependent on the testing method used and more spegppreciativgudgements of stereoscopic pictures depicting nat-
ically on the stimulus duration that is used for a test [30], [31]ural scenes has received very little attention to date. The current

Tam and Stelmach [31] systematically varied display duratiggaper aims to extend the study of exposure duration from per-
until viewers were able to perform a depth discrimination tagkrmance (criterion-based) measures to appreciation measures,
with 75% accuracy. Their results showed that the proportion v$ing realistic stereoscopic images. In theory, one would ex-
observers unable to perform the depth discrimination task deect display duration to be relevant for subjective appreciation
clined with increasing display duration. At the shortest displag three ways. First, a minimal duration is necessary to allow
duration (20 ms) approximately half of the observeMs = proper vergence responses of the eyes (typically 100 ms). Sec-
100) were unable to perform the stereoscopic depth discrimandly, the inspection of a stereoscopic scene, or build-up of the
nation task at criterion level. However, at the maximum displastereoscopic depth structure, would presumably take more time
duration of 1000 ms, failure rate dropped to about 5%. These tkan inspecting a monoscopic image, since more information
sults clearly indicate that the prevalence of stereoanomaly cig-present in the stereoscopic case and, in general, stereovision
ically depends on the display duration with which the sterebas a long temporal integration period, relative to other visual
scopic stimuli are shown. One important implication for steredunctions [36], [37]. Thirdly, one would expect an adverse ef-
scopic televisual services of these findings is that about 95%fett of display duration on appreciative judgements when image
the population is expected to experience an enhanced senspavllaxes are excessive. These are generally found to be visu-
depth when viewing a stereoscopic program, since most scalg disturbing, potentially causing eye strain and headache [4],
durations typically exceed one second between cuts or fad@g)]-[22].
which is a sufficiently long duration for most people. In sum, the literature reviewed in the current sectiotearly

An interesting issue is the impact temporal factors may hademonstrates the impact that temporal factors have on stereo-
on thejudgemenof depth in stereoscopic media. In this conscopic vision. It has been demonstrated that the stimulus dura-
text, it is useful to distinguish betweerparformance-oriented tion necessary for disparity detection can be very brgf ns),
approach and aappreciation-orientegpproach [4], [32]. provided the right kind of stimulus is used and the experimental

Within a performance-oriented approaglhe accuracy of conditions are well controlled. The minimal processing time of
depth discrimination is the most fundamental concern, espestereoscopic stimulus is substantially longer (around 50 ms).
cially when stereoscopic displays are being used for guididglditionally, the time necessary to build up a depth percept and
high-precision manipulations, such as stereoscopic endosctpye able to discriminate, for instance, between crossed and
or remote guidance and inspection in hazardous mdustna{

A more comprehensive literature review relating to this topic is provided

Sett'ngs In a direct 'nveS“gat'on of several factors that MAewhere [38]. This document is available on request from the corresponding
affect the veridicality of depth perception using stereoscopiathor.
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uncrossed depth, is variably distributed across the populatior
In the remainder of the current paper, two experiments will be
presented that were designed to investigate the effect of displa Q
duration on the subjective appreciation of stereoscopic images

I1l. 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 stereoscopit
filming parameters and display duration, thus extending the
study of stereoscopic display duration from performance to
appreciation oriented measures. Secondly, we wanted to chegk1. Schematic drawing of the AEAT dual-monitor stereoscopic display
the reliability of the results reported elsewhere [4], in particulased in the reported experiments. It presents the right and left eye images at
the small but systematic quality-naturalness shift that Wé@ same time (i.e., time parallel), using polarization to separate both views.
observed.

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

1) Observers: Twelve observers (6 male, 6 female, average | N€ Stereoscopicimages were presented on the@beodis-
age 25, range 20—36) either volunteered or were paid to parfit2y: placed in a dimly litlaboratory. The 36 images (18 stereo-
ipate in the experiment. All observers were naive with respetqPIC parameter variationg different scenes) were presented
to the experimental hypothesis being tested. All had normal igyrandom order and subsequently in reversed randomized order
corrected to normal visual acuity (a visus ®i as tested on to compensate for potential effects of presentation order (such as
the Landolt C test) and a stereoacuity of 30 sec-arc or better fg@ptation effects or fatigue). The 5- and 10-s display duration
tested on the RANDOT® random dot stereotest, Stereo Opti&%ndnmns were presented in separate counterbalanced sessions,
Co., Inc., lllinois). separated by one day. _

2) Apparatus: The stereoscopic image pairs were displayed FOr €ach of the durations, observers were asked tojztity
on an AEA Technolog0” stereoscopic display consisting ofof depth andnaturalnessof depth in subsequent counterbal-
two BARCO CPM 2053FS color monitors (50-Hz PAL) withdnced sessions using a scale from one to ten, where one repre-
polarized filters in front of each (see Fig. 1). Observers viewsgts the lowest level and ten represents the highest level of the

the display wearing polarized spectacles to separate right mled attripute (magnitude e_stimation). They could enter thgir
left eye view. The video input to the display was provided b ttribute rating on the numerical part of a keyboard placed in
a SUN ISP system running custom software to control displ nt of them. Before the experiment started the observers were

duration and synchronize the output of the 2 codecs transferrifigPWn @ small set of practice stimuli displaying the range of
the images. camera parameter variations over which they had to provide a

3) Stimuli: The image material consisted of stereoscopl@ting. Duringthe experiment, agrey adaptation field was shown
image pairs varying in camera separation, focal length and cdigfween two successive stimuli, to allow the eyes to return to a
vergence distance. Two levels of focal length were employd§Sting state. The adaptation time was determined by the time
10 and 20 mm, as well as two levels of convergence distangé"?‘t observers took to input their response, but with a minimum

1.30 and 2.60 m. The following combinations between foc8f ° S-

length and convergence distance were usBd:: 10 mm

C:1.30m, F:20mm,C:1.30m, andF : 20mm¢ : 2.60 C- Results

m. Within each of these three combinations, six levels of Fig. 2 shows the quality and naturalness ratings for each of
camera separation were used, based on the distance betvikerstereoscopic filming parameters. A separate graph is pre-
the right and left camera: 0, 4, 8, 12, 16, and 24 cm. Thiented for each combination of focal length and convergence
resulted in a total of 18 unique stimuli per scene, varying idistance used. The top and bottom panel show the results for
stereoscopic filming parameters. The images used depicted tive 5- and 10-s display duration conditions respectively. These
different scenes. The scene, called “Playmobiles,” consistghphs show the average over 12 observers, two scenes, and two
of a colorful toy landscape with mountains and numeroysesentation orders (i.e., the original and the reversed random-
Playmobiles. The other scene, called “Bureau,” consisted iaéd sequence), with the error bars reflecting the standard error
a tailor's dummy sitting behind a desk on which some officef the mean of each data point. Camera-base distance is plotted
equipment is located. The stereoscopic images were kindiy thez-axis in centimeters, the attribute scores are plotted on
provided to us by CCETT, France. the y-axis.

4) Procedure: Observers were seated at a viewing distance Fig. 2 reveals a clear effect of camera-base distance and of
of 0.80 m (approximately 2.5 picture heights) from the sterethe focal lengths and convergence distances used. A repeated
scopic display. They were given written instructions detailingneasures analysis of variance was performed which showed a
the task they had to perform, and the attribute they were askggnificant main effect of camera base distalié&2,22) =
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Fig. 2. Results of Experiment 1—quality and naturalness scores plotte). 3. Results of Experiment 1—quality and naturalness scores plotted
against camera base distance (in cm). The graphs in the top panel showaig@nst 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 pamesults for the scene “Playmobiles,” the graphs in the bottom panel show the
show the results for the 10-s condition. results for the scene “Bureau.”

32.43,p < 0.01) and of camera condition, i.e., the three combi-

nations of focal length and convergence distafé&p, 55) =

19.37,p < 0.01). Not surprisingly, a significant interaction

(F(10,110) = 21.52,p < 0.01) 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 sqgng, 11) =

6,03,p < 0'05.)' A pa|rW|s¢ Compa”.sor_] _per scene revealed thaFg. 4. A schematic representation of the trapezoid projections using a toed-in
the effect of display duration was significapt < 0.05) for the  camera configuration.
“Playmobiles” scene, but not for the “Bureau” scene. In partic-

ular, for the “Playmobiles” scene, people tended to give some- . . . . .
y peop 9 d in focal length of the lens result in an increase in disparity

what lower ratings at longer durations. This suggestsadurat@ilues whereas with an increase in converaence distance
effect that is content dependent. . N . 9
. . . disparity values decrease. Both quality and naturalness of depth
Fig. 2 also illustrates that although quality and naturalness : . )
. . increase with the transition from monoscopic (0-cm camera
judgements are highly correlated (Pearseri$ 0.89), a small . . : :

. . . ase distance) to stereoscopic mode of presentation, suggesting
but systematic shift can be seen between the quality and NeSbservers prefer stereoscopic presentation of images, provided
ralness scores for the camera conditiéghs 10 mm, C' : 1.30 . p pIC P ges, p
the disparities are kept within natural bounds, as evidenced

F:2 1 2. . - . . .
m and 0 mm, ¢’ : 2.60 m. For low values of camera sep bx the drop in quality and naturalness scores at high camera

aration (4 and 8 cm), naturalness is rated slightly higher thgeparation values. This drop is especially noticeable for the

lity, wher with increasin mer ration lityash . . .
quality, whereas with increasing camera separation, qua tycgndmon with the long focal length and short convergence

rated higher. This effect is reflected in the significant two-way;. ; . . :
interaction between task (i.e., rating of quality or naturalnes ?)tsa;ngjrzrﬁe%’ ¢ : 1.30), in which the disparity values are

and the camera separatiofi(5, 55) = 6.76,p < 0.01), as well ) . :
S . o ' One might expect there to be little difference between the
as the significant three-way interaction between task, cam(ina: 10, C : 1.30 condition and theF” : 20, C : 2.60 condi-

ration, an mer nditioR'(10,110) = 2.35 . X X : . . )
separation, and camera conditiofi(10, 110) 350 < tion, since the increase in horizontal disparity values caused by

0.02). a longer focal length is compensated by the decrease in disparity

However, this effect is only clearly found for one scene (i.e. .
y Y ( values caused by the longer convergence distance. However, the

"Bureau’), as is illustrated in Fig. 3. The relevant interactionsua”t and naturalness scores are higher for camera separations
are approaching significance: a three-way interaction betweI Ry 9 P

arger than 8 cm. when comparing the 20 C' : 2.60 condition
n k,an mer rafiB(b, 55) = 2.17,p = 0. o
scene, task, a o_Ica erasepa (6, 55) 7,p = 0.07) tothe ' : 10 C : 1.30 condition. This is likely due to the fact
and a four-way interaction between scene, task, camera sep rgt- with a toed-in or converging camera configuration keystone
tion, and camera conditiof#'(10, 110) = 1.87,p = 0.056). ging 9 y

distortion may occur. Keystone distortion is an image distortion

. . caused by vertical parallax in the stereoscopic image due to the

D. Discussion fact that the imaging sensors of the cameras are directed toward
Both the quality and naturalness judgements (see Figssightly different planes [14], resulting in two slightly trapezoid

and 3) clearly reflect the effect of changes in disparity valuegtojections (when projected parallel) oriented in opposite direc-

As summarized in Table |, an increase in camera separatitons for each of the cameras (see Fig. 4).
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The amount of vertical disparity is greatest in the corners g F.1omc:1.30m F20mm C:1.30m F20mm C2.60m
the image and increases with increased camera separation,
creased convergence distance and decreased focal length | £ . Y
Perceptually, this may result in a depth plane curvature, whiz |§ ]
may have had a negative impact on the observer's apprecia% 4 A\
judgements. Our results thus provide a subjective basis for1 2 a
argument that camera toe-in should be avoided in stereoscc © > 5sec.
X . . . . . . F:10mm C:1.30m F:20mm C:1.30m F:20mm C:2.60m *
filming. This argument is also in line with the results presente , 3
by Yamanoue [39], who showed that a toed-in camera config g 8 _ ) ‘
ration may lead to a size distortion known as the puppet thea g ¢
effect, whereas parallel camera configurations do not prodL § 4
such size distortions. 2

The quality-naturalness shift reported earlier [4] was repl
cated in the current experiment and reflected in the significa
two and three-way interactions reported. At closer inspection
of the data per scene, we find that the overall shift is mainkig. 5. Results of Experiment 2. Quality (top) and naturalness (bottom) scores
attributable to one of the two scenes (‘bureau’). This would ir#s a function of camera separation.
dicate that although the quality-naturalness shift is a reliable ef-
fect, it also seems to be content-dependent. Speculatively, sinoerected to normal visual acuity (a visus ®i as tested on
the monocular depth cues (e.g., texture, occlusion, contour, pxe Landolt C test) and a stereoacuity of 30 sec-arc or better (as
spective, shading) that are available in each of the two scetested on the RANDOT® random dot stereotest, Stereo Optical
differ considerably, this may have had an effect on the relati@o., Inc., lllinois).

‘added value’ or weighting of the stereoscopic depth cue in the2) Apparatus: The apparatus was identical to the equipment
total percept and the subsequent appreciation of the scene. Tisigd in Experiment 1.

explanation would be in line with current depth cue integration 3) Stimuli: The image material used as stimulus set was
theory suggesting that our depth percept is a weighted sum of ithentical to the stimuli used in Experiment 1 in terms of the
different available depth cues [40], [41]. However, to properlgtereoscopic parameters. However, only one scene (‘Play-
investigate such a potential explanation in the context of reatobiles”) was used, mainly to limit the duration of the total
istic stereoscopic images, an experiment would be requiredeixperiment.

which a substantial number of content variations are introduced4) Procedure: The procedure was largely identical to the

in a systematic and well-controlled manner. Such an experimgmocedure in Experiment 1, however with a few important differ-
was beyond the scope of the present paper. ences. First, the range of display durations used was extended

Importantly, the results did not show a significant main effe¢o 1, 3, 5, 10, and 15 seconds of display duration. Secondly,
of display duration, indicating that averaged over the two distimuli presented at these different durations were rated within
ferent scenes observers did not differentiate in their appreciativge session, instead of in separate sessions as was the case in the
judgements of the stereoscopic scenes between the 5- and fiGssexperiment. The stimuli were fully randomized over both
display duration conditions. The reason for not finding a sigtereoscopic parameters and all display durations and, as with
nificant main effect of display duration might be that the rangéxperiment 1, this random order was subsequently presented
of display durations was either too small or too one-sided; bath reverse order as well. Observers were asked toqaddity
5 and 10 s can be regarded as fairly long display durations. bdepth anchaturalnesof depth in different counterbalanced
investigate this possibility, a second experiment using a widegssions separated by at least one day.
range of display durations was performed.

=
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C. Results

IV. EXPERIMENT 2 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
The rationale for carrying out Experiment 2 was to further insompination of focal length and convergence distance. Each

vestigate the potential effect of display duration on appreciatijge represents the results for a different display duration. These
judgements of stereoscopic images that varied in stereoscogignns show the average over 12 observers and 2 presentation
filming parameters using a wider range of display durations thgfyers (i.e., the original and reversed randomized sequence),
the two conditions used in Experiment 1. In this experiment, digjit the error bars reflecting the standard error of the mean of
play durations of 1, 3, 5, 10, and 15 s were employed. each data point. Camera-base distance is plotted on-thes
in centimeters, the attribute scores are plotted onythgis.

B. Method A repeated measures analysis of variance was performed

1) Observers: Twelve observers (10 male, 2 female, averagegith the quality/naturalness scores as a dependent variable
age 26.3, range 21-39) either volunteered or were paid to pand stimulus duration, task (i.e. rating of quality or natural-
ticipate in the experiment. All observers were naive with respewntss), camera condition (i.e., the combination of focal length
to the experimental hypothesis being tested. All had normal @and convergence distance) and camera separation as factors.

A. Introduction
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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 separatido give lower judgements to monoscopic images and stereo-

had a significant main effect/{{(2,22) = 13.68,p < 0.01 scopic images with unnatural disparity values as display dura-

and F'(5,55) = 4.78,p < 0.01, respectively), as well as ation increases.

significant interaction( #(10,110) = 16.38,p < 0.01). The Although the effect of exposure duration was small, it is pos-

results showed no clear quality-naturalness shift, nor was tkible that a more pronounced duration effect would be observed

suggested by an interaction between task, camera separafiondurations under 1 s. However, for the present purpose of

and/or camera condition. stereoscopic television, most scenes (between cuts or fades) will
We found a significant main effect of stimulus duratiorhave a length of more than 1 s. Our results have shown that ob-

(F(4,44) = 2.65,p < 0.05), as well as a significant in- servers are equally able to appreciate the depth in stereoscopic

teraction between stimulus duration and camera separatsmenes presented for only 1 s, as they are able to judge scenes of

(F'(20,220),p < 0.01). The trends of these effects area longer duration.

illustrated in Fig. 6, which shows the pooled quality and

naturalness scores plotted against stimulus duration, with each

line representing a different camera separation. V. GENERAL CONCLUSIONS

D. Discussion Seyeral studies have ind_icated a f:riti_cal effect of display
duration on performance-oriented (criterion based) measures.
As with Experiment 1 and earlier experiments, changes Tthe experiments reported in this paper were performed to
disparity values highly affect the quality and naturalness judgextend the study of display duration from performance to
ments, and determine to a large extent the shape of the curgpreciation-oriented measures. In addition, the present study
Again, observers preferred stereoscopic images with natural disned to investigate the effects of manipulating camera sep-
parities over monoscopic images and images projected with @xation, convergence distance and focal length on perceived
treme disparity values. This proves to be a reliable and robugtality and naturalness, and the relation between these two
finding. The small but systematic quality-naturalness shift theependent variables.
we found in our earlier experiments wasn't replicated in Ex- The results of the presented experiments support a number
periment 2. However, the results of Experiment 1 showed thaft conclusions. First of all, the effect that display duration
this shift may be content-dependent, and indeed was not cledrfs on the subjective evaluation of stereoscopic images is
present in the results for the scene that we used for Experimegiaitively small. Secondly, the quality-naturalness shift that
2 (i.e., “playmobiles”). was found in an earlier experiment [4] was replicated in
The effect of display duration was found to be small yet sid=xperiment 1, although mainly in connection with one par-
nificant. It is best illustrated by Fig. 6, which shows a slighticular scene. Thus, this effect seems to be reliable yet con-
divergence of the results for the different camera separatidest-dependent. This indicates, however, that optimal natu-
as display duration increases. In particular, the averaged scasdsess need not necessarily coincide with optimal quality, a
for the 0- and 24-cm camera separation tend to decrease wihult that is in line with the computational theory of image
increasing display duration, whereas a slight increase canduality, put forward by Janssen and Blommaert [42], that
observed for some of the other camera separations. This divarggests that for image quality judgements both naturalness
gence is most salient for the condition with a long focal lengtéind usefulness are weighted in. Thirdly, the results of both
and a short convergence distance. So, whereas longer disgayeriments provide support for the argument that stereo-
durations do not have a negative impact on the appreciats@pic camera toe-in should be avoided if possible. Finally,
scores of optimally reproduced stereoscopic images, obsenamd not surprisingly, our results seem to indicate a preference
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of observers for stereoscopically presented images, providgeb] T.inoue and H. Ohzu, “Accomodation and convergence when looking at
the disparity values are kept within natural bounds.
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