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Oculomotor conflict induced between the accommedatind vergence components in

stereoscopic displays represents an unnatural megeendition. There is now some evidence
that stereoscopic viewing may induce discomfort elmahges in oculomotor parameters. The
present study sought to measure oculomotor perfazenduring stereoscopic viewing. Using

a 3D stereo setup and an eye-tracker, vergencenssp were measured during 20-min expo-
sure to a virtual visual target oscillating in dgptvhich participants had to track. The results
showed a significant decline in the amplitude af th-depth oscillatory vergence response
over time. We propose that eye-tracking provideseful tool to objectively assess the time-
varying alterations of the vergence system whengusiereoscopic displays.

Keywords: Eye-tracking, repetition of eye movements, ster eoscopic displays, ver gence,
visual fatigue

provide depth perception with a stereoscopic detoe

vergence demand must lie closer to, or farther,thizm
Introduction image display (depending on the location of thettix
object), while the accommodation demand remainsdfix
on the image display so that a clear view of théual

teley|S||() n-, an;:i r\]/ldeot—jgar?e |n.duitr|esr; amocr;gjg oth@rs scene can be obtained. Many studies have dematbtrat
particularity of these displays Is that they praziacmis- changes in oculomotor responses after exposition to

match between accommodation and vergence (Akele)é,[ereoSCOpiC displays (Eadie, et al., 2000; Eristiri,

Watt, Girshick, & Banks, 2004; Eadie, Gray, Carld, & Okano, 2004; Hoffman, et al., 2008; Sharples, IGob

Mon—WiIIiams-,, 2000; Hoffm?cm,_ Girshick, Akeley, & Moody, & Wilson, 2008; Ukai & Howarth, 2008). The
Banks, 2008; Howarth, 2011; Kim, Shibata, Hoffmén, oculomotor alteration is traditionally measured g@m-

Banks, 2011; Peli, 1995; Rushton & Riddell, 199%U parison of oculomotor parameters measured befode an
& Howarth, 2008; Wann, Rushton, & MOﬂ-WI||I?.m§, after the stereoscopic viewing. However, these
1995_;.Yang & Sheedy,_ 2011). Under natural VIEWING,culomotor alterations likely result from a conthus

conditions, accommodation and vergence are coupled phenomenon. To our knowledge, the objective time

0"?"” 0 .maintain clarity and sirTgIeness of theated 150 of this phenomenon has not been examined in
object (Fincham & Walton, 1957; Morgan, 1944a). The_detail. A previous study by Shibata et al. (201499essed

mismatch .betyveen accommodation  and Vergence Yhe time course of the discomfort experienced leyveirs
§tereoscgp|c d|splgys corresp(.)nds. to an unnatigal-v exposed to various stereoscopic-viewing conditions.
ing condition. The |_mpact of this mismatch on theelo- However, this assessment was limited to subjective
motor ~ system is not well  understood. Thesymptoms. Some studies indicate that individualedif

acc:mmodat|ve(;v$rgence -confllct ',?, .|n|h-erent tpf a”ences (interocular distance, zone of comfort...) migh
techniques used for creating an artificial impresso affect the comfort during stereoscopic viewing

depth in stereoscopic displays (Hoffman, et algg)0To (Lambooij, ljsselsteijn, & Heynderickx, 2007; Shiaaet

Stereoscopic displays are used increasingly imeéne
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al., 2011). Nevertheless, individual abilities tamage » Monocular visual acuity (evaluated using a decimal

the oculomotor demand during stereoscopic viewing scale chart) better than 10/10;

remain unclear.  No history of functional or organic ocular
pathology;

The long-term goal of the present study was to de-
velop an objective measure of the time course dif/id-
ual oculomotor performance in stereoscopic displays
Since relief perception depends on vergence, wsoresal
that the time course of vergence could provide lgjie®
tive indicator of individual oculomotor performander-  Apparatus
ing stereoscopic viewing.

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

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

A Wheatstone stereoscope consisting of two screens

The temporal characteristics of the vergence respon and two pairs of mirrors at 45° angle relativehie mid-
in stereoscopic viewing can be quantified objetyiM®/  sagittal plane was utilized (Figure 1). The vistsabets
measuring vergence during the use of a stereoscopjgere displayed on 22" LCD ViewSonic screens, 1680
device. Exposure to a sinusoidal oscillation hanhgsed 1050 pixels, with a pitch of 0.282 mm/pixel and204Hz
for vergence stimulation (Eadie, et al., 2000; Halva refresh rate. They were placed at 0.67 m from theer
Fang, Allison, & Zacher, 2000; Krishnan, Phillip&  of rotation of the subject's eye. This viewing diste
Stark, 1973; Mon-Williams & Wann, 1998; Rashbass &corresponded to 1.5 meter angle (MA) resulting ireg
Westheimer, 1961). The oscillatory stimulus induees gence demand of approximately 5°, depending on the
periodic variation of the vergence demand, whichnterocular distance of the observer. The sterquseoeas
continuously modulates the accommodative-vergencgdjusted so that the visual field was approximags§
conflict during stereoscopic viewing. This typestimu-  wide for all subjects. The field of view was linttéy
lus was used to investigate oculomotor performanc small central mirrors (see Figure 1). The subjebgsad
stereoscopic task in the present study. The andglitf  \as stabilized using a bite bar.
the sinusoidal response was compared to the camdsp
ing amplitude of the sinusoidal demand. Moreovke, t ,Screens
phase lag of the vergence response was measuckst to !
termine the time delay of the response. These twece
tive parameters (amplitude and phase) were usebao
acterize the time course of the vergence response.

|
| Virtual
Vergencel/i\:”[arget
angle >‘"i~"‘\

7

Considering that stereoscopic displays impose an oc
lomotor conflict, we hypothesized that oculomota@r-p
formance would vary over time during the exposurd a
that individual differences in time course would dle- NI A
served. Cetitral
miryors
LE ' RE
Methods (LE) (RE)

Participants Figure 1. Schema of the stereoscope. A target veadaged on
each of two screens. Owing to binocular fusion, thbject
Twelve subjects (three males and nine females agegubrceived a single virtual target.

24-36 years; mean age = 27 + 5 years) participatéae
experiment. All subjects gave informed consent wede
naive to the goals of the study, which was condliate
accordance with the Declaration of Helsinki and emd
the terms of the local legislation. Inclusion aiigiewere
as follows:

During stimulation, the vergence response was re-
corded using an eye-tracking device. Vergence ingck
was performed using the Eyelink Il eye-tracker iimoou-
lar vision. During the experiment, the head-tragkin
component was not used because, firstly, this piece
equipment (worn on the head) was not compatiblé wit
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the configuration of the stereoscope and, secontlly, vergence demand was equal to 10°. These vergence de
subject’'s head was stabilized using a bite bar,clwhi mands fall within the range of the zone of cleargk
made it unnecessary to use head tracking. The ame ¢ binocular vision for an average observer. The ingat
eras of the eye-tracker were placed on the stespesc divergence was in the comfort zone defined by Ralsi
close to the subject’'s eyes and under the subjle#f criterion who states that the comfort zone is dsfiy
sight. Each camera contained two infrared LEDs (92%he middle third of the zone of clear single binacu
nm) to illuminate the subject's eyes, allowing aeter vision (Hofstetter, 1945).

measurements under any lighting condition. As iewvpr

ous studies of vergence in a virtual environmeigithe ~ Frocedure

Eyelink system (Jaschinski, Jainta, & Hoormann,800  After the position of the subject was adjusted,gie-
Yang & Sheedy, 2011), a high acquisition frequef®0  tracker was calibrated and the recording of eye enov
Hz) was used. The device offered a 0.5° averaga,err ments started. The subject was then exposed teoster
and a 0.01° resolution (Jainta, Hoormann, & Jas#fiin scopic viewing for 20 minutes (360 cycles of siridab
2007; Jaschinski, et al., 2008). oscillations in depth). After the completion of thgpo-

The eye-tracking device was calibrated for each eygl_Jre phase, the_ SUbj?Ct fiIIe.d-in. a visual-and-aiays
separately. The calibration procedure involved essive dlscornfor.t questionnaire, which included the follog/
fixations of nine targets in random order. Dataidrich qugstlons. , , . . .
the pupil was not measured (due to, e.g., blinkejew " Did you experience diplopia during the sessiorEs ¥

rejected. ) ] o
- If so, what percentage of time did you experiedipo-

Stimuli pia on a scale from 10 to 100% (in steps of 10).

- Di i ' ?
The visual target was a white orthogonal cross, Did you experience any discomfort? Yes /No

10-by-10 pixels with a 2-pixel thickness and a Inarice If so, which disorder did you experience (mub@n-
] . swers can be checked)? Headaches / Reddening of the
of 230 cd/m?2. It subtended a visual angle of 14iButes . -
or . . eyes / Eyes that draw / Fatigue / Blurred visiddther
of arc (0.24°) with a minimum angle of resolutidiAR) (explain)
of 3 minutes of arc. It was displayed on a graykbac b ' . . :

: . . - Please quantify your discomfort (if any) on aledeom
ground with a luminance of 30 cd/m2. The stimulaa-c 00 10. with 10 corresponding to maximum discorafor
trast, expressed in accordance with the Weber \eag, ' P 9 '
equal to 6.6. These stimulus parameters were chosgata processing
specifically to induce accurate accommodation
(Ciuffreda, 2006). To stimulate fusion, a singlegtt was

displayed on each screen. The Eyelink Il requires periodic calibration to ares

The range of the vergence demand was chosen aft%erliable measurement. However, since in the present
Eadie et al. (2000) and Wann and Mon-Williams (2002 experiment, continuous (sustained) exposure toctre

In these studies, the vergence demand ranged &itmer straint was mandatory, it was not possible to catdbthe
0to 3 MA. or from 0 to 6 MA. and it followed a $isoi- device during the exposure phase. Therefore, the re

dal 0.3-Hz motion. To limit the divergence consitand sponse signals was regligned relative to the gjmub

in relation with the divergence/convergence asymynet COmPensate for the drift in the eye-tracker sigmaer

of the human zone of clear and single binoculaiomis Flme. This was achieved by dividing the respongmaﬂ
(Morgan, 1944b), the target, in the present studgs mtq 60 §Iots (20 s each), such that each slotaboed
moved in virtual depth symmetrically from the seree 6 sinusoidal cycles.

With respect to the two screens placed at 1.5 Mnfr Oculomotor data corresponding to saccades were re-
the observer (667 mm), the target moved from 1 MAmoved from further analysis.

(1000 mm) to 3 MA (333 mm). Thus, the amplitude of
the displacement in depth was 333 mm. For the alirtu
target located at 1000 mm, the required vergenosadd
was 3.4°, while for the target located at 333 mhg t

All data processing was performed offline.

The intersection of the two eye directions measured
by the Eyelink was determined using the INRA-Matlab
toolbox (geom3d). The intersection point obtainede-
sponded to the location where the vergence occurred
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instantaneously. Because all stimuli were at eyelle
only horizontal data were used. For reconstruction

virtual space, occasional outliers (defined as tsofal- E/ 1333!

ling below 0.05 m or above 5 m) were removed. Elimi g

nated data points were approximated using lindarpn- _§

lation. £ 1000¢ '

c /

The stimulation signal was sinusoidal with a fre- % b

guency of 0.3-Hz, we reasoned that the responsalsig <=3 667 b

should exhibit the same profile. Standard signal—g

processing tools to evaluate the amplitude andotiase =

lag of the response signal were used. The ampliaide :JO: 333}

the sinusoidal response signal was determined using S

fast Fourier transform (FFT). The instantaneousphaf ?;1

the stimulation and response signals were detetmine< O 5 10 15 20

using a Hilbert transform (Le Van Quyen et al., 200 Time (s)

The phase lag between the stimulus and responselsig

was computed to determine the time delay of the reFigure 2. Example of processed vergence responsea as
sponse. The amplitude and phase lag of the vergenﬁe"‘Ction of timg (over one slot) for one subjectar@e line:
response were computed for each slot. stimulus. Blue line: response.

Statistical analysis

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

f(x) = -1.17x + 225

Mean amplitude in depth (mm)

0 30 60

Results Slots

Figure 2 shows a typical vergence response measured

during exposure for one of the participants. Figure 3. Mean amplitude of the vergence resporsae(

Fi 3 sh th litude of th squares) as a function of the slot number. Blue: Iregression
Igure 5 shows the mean amplitude of the vVergencg,, through the vergence amplitude data. Oranganind:

response across subjects as a function of expdsuee amplitude of the vergence demand as a functionhef dlot
expressed as the slot number. The mean amplitutteeof number. The error bars around the blue squares shimsy

first six slots (10% of the exposure) is 255.89 wersus  Standard error of the mean vergence response.

167.42 mm for the last six slots which represegaia of No correlation was found between the mean phase lag
0.77 and 0.50. A negative correlation between thpla ¢ the vergence response and the slot nunberd,09, p
tude of the vergence response and the slot number w_ 0.48) (see Figure 4). The phase data indicatettiea

opserved { = -0.55,p < 0.01), indicating a general de- cjar response was delayed relative to the stisalhis
cline of oculomotor performance over time. On agera jngicates that, on average, the participants’ eyeem

across the 60 slots, the response declined ateaofat ments followed the stimulus and that subjects did n
1.17 mm/slot. anticipate the target.
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(p < 0.05). The analysis of the questionnaires showed
very few complaints: only one subject reported hgvi
experiencing a headache. However, all subjectsrtegho
diplopia. Depending on the individual, diplopia was
perienced for 10% to 80% of the exposure duration.

=
o

=

R e e e e
o Iy el P e e

Mean of the phase lag (rad)

Discussion
-0.5
f(x) = Ox+ 0.2 The oculomotor alteration has traditionally been
-1 measured, either via comparison of oculomotor param
ters measured before and after the optical constrar
1'50 2 o using subjective data from questionnaires. In shisly,

the time course of oculomotor performance was asses

Slots by measuring the vergence response during exptsuare
sinusoidally stimulus. Using this approach, we doul

Figure 4. Mean phase lag between the vergence nsepand  directly quantify how far the observer was ablecape

the stimulus as a function of the slot number. &trer bars  with the stereoscopic viewing constraint over timae

aLOU“d Ithe yellow ”ia”g'es re?}f‘f*tser_‘t;he Sta”dgrd';;‘)f the  results showed a decline of the amplitude of theepth

phase lag. Positive phase snitts In icate a de ereas . .

negative shifts indicate an anticipation of the gesrce OS_CIHatory ve_rgence. resDonse du”ng_ th_e gxposure

response. (Figure 3). This decline provides an objective as

the vergence load due to stereoscopic viewing.
The relationship between the vergence response and

the slot number was variable across subjects (see Various explanations may be offered for the decline

Table 1). in oculomotor performance over time:
Subject p p M.A. |S.E| Complaints A first explanation is as follow. Although stimulus
(mm) |(mm)|(quantification) Was a vergence stimulus aligned on the mid-sagittale
1 |-054 <0.01*| 211.07 | 14.2p 0 and required a pure vergence response, saccadeslispo
2 headache cally occurred during the task. A set of studieggast
-0.51| <0.01*| 62.05 | 8.43 (3/10) that saccades can influence the vergence response,
-0.02 0.8 06.40 | 380 0 creasing the velocity of vergence response durhey t

005 073 206.04 | 31.4 intersaccadic period (Semmlow, Chen, Granger-Dipnett

1016 021 137.22 | 109 & Alvarez, 2008, 2009; Zee, Fitzgibbon, & Optican,

1992). Thus, the interfering saccades may haveggthn

025 006 55659 | 364 the peak of velocity and potentially the amplituafethe

034 001 | 269.95 | 522 vergence response during the exposure. Howeves, it

3
4
5
6 -0.45 < 0.01*| 133.45 | 30.6
7
8
9

037 00 | 27576 | 21.9 important to note that the studies mentioned akiave

10 2038 ool | 21918 | 10.1 volved vergence step stimuli. To our knowledge, the

SIS NI R IS ES
ellelleolleolieollieolieolNe)

influence of saccades on vergence responses teosital

_ *
11 |-0.44<001%] 213.79 | 133 oscillations in depth is not established. Thus,levthis

. . - explanation cannot be excluded, it deserves fuithers-
Table 1. Individual results: Spearman correlatiopefficients;

p values; mean amplitude of the vergence respoliseA(): tigation, espe(_:|ally_ because. Yuan and ngmlow (rooO
standard error of the response (S. E.); complaidtsiegative  Showed a major difference in peak velocity of vexge
correlation coefficient indicates a decrease of ges;ce response due to repetitive step vergence eye maiteme

amplitude during the exposure, and conversely fgroaitive against slow sinusoidal vergence tracking.
correlation coefficient. Statistically significant orcelation

coefficients are indicated by an asterisk. Emoto et al. (2005) and Lambooij et al (2009) sstjge

For seven out of the eleven subjects, vergence OIthat visual fatigue can be described as a phenomeno

creased significantly as a function of the slot bem
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leading to the transient decline of various visfuaic-  objective measures of the vergence response, bitfisre
tions. manifested in subjective measures.

The decrease in the amplitude of the response@lurin  Four of the eleven subjects showed no significant
exposure may be a result of visual fatigue. Onayer correlation between the vergence response andlthe s
the gain of vergence measured at the beginningh@f t number. Such interindividual differences in thegesrce
exposure phase in the present study was simildhab response as a function of time may reflect intéviddal
measured in previous studies (Erkelens & Collewijndifferences in the ability to respond to vergenemdnds.
1985; Krishnan, et al., 1973). With one exceptiearlier By assessing the vergence response during steposco
studies did not record the vergence response oser axposure at the individual level, it may be possitd
prolonged a time period as the present study. Ttierea determine when visual function starts to declined a
decline in oculomotor performance was not usuallywhen stereoscopic viewing should be stopped todavoi
observed in these studies. One exception is thay siti  subjective symptoms. This Ilimit on the use of
Yuan and Semmlow (2000), who analyzed vergencstereoscopic viewing can be defined at the grovel I@s
responses measured during a protracted, repetdske an average across subjects), or at the individall In
involving 100 cycles of sinusoidal vergence stintiola  this context, objective, and individual assessmeofts
Their results showed no signs of visual fatiguewieleer, oculomotor performance using the eye-tracking appsa
it is important to note that the stimuli and methaged a useful tool for characterizing more precisely the
in this earlier study differ from those of the grasstudy. conditions under which streoscopic displays camuded
Consistent with visual fatigue explanation, pregiae- effectively by different individuals.
sults have found an increase in subjective signssofal
discomfort over time during stereoscopic viewing
(Shibata, et al., 2011). Acknowledgements
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