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Résumé (frangais) :

Les technologies de relief tridimensionnel (3D) o&temment recu un nouvel attrait. Les
raisons potentielles sont que ces technologiesgmtuournir une expérience visuelle plus
riche et plus immersive. En effet, un observateemtpextraire les disparités binoculaires
présentées entre les vues gauche et droite, pwauaver plus efficacement la profondeur de
la scene visuelle observée, et ainsi, trouver uoevelle dimension dans le contenu.
Cependant, tandis que la valeur de la profondeuplet bien appréciée, un certain nombre
de problemes qui impactent la qualité de I'expémedans les représentations 3D ont été
identifiés. L'objective de cette thése est d’étudies principaux facteurs qui affectent la
qualité de I'expérience en stéréoscopie dans ledbufiournir des méthodes qui pourraient
améliorer l'utilisation des systemes stéréoscoqueois aspects majeurs de la qualité de
I'expérience sont adressés : (1) les sources asesatle la fatigue visuelle, (2) les distorsions
perceptives et (3) 'amélioration de la qualitél'depérience en 3D au travers de I'adaptation
du contenu visuel. Pour étudier la fatigue visyeléss mouvements de vergence étaient
mesurés a la fois avec un écran 3D et avec unmsgséédouble écran qui permettaient la
présentation de stimuli avec les informations dpdiité et de flou présentés en congruence
comme en incongruence. L'effet de la stéréoscopieles mouvements de vergence a été
étudié dans le but de tester si la mesure ocupmitevait étre utilisée comme indicateur de
fatigue visuelle. Le sujet suivant étudiait la detence de la perception des formes 3D
stéréoscopiques en fonction de distances virtueliégites par la disparité et par le signal
d’accommodation. Le rble de la taille de la pupide de la profondeur de champ en
stéréoscopie étaient étudiés par la manipulatiola t&ille de la pupille avec deux conditions
d’illumination contrdlée. Finalement, 'amélioratiode la perception de la forme 3D est
guestionnée au travers de l'adaptation du contésuelken fonction de la mesure de seuils

perceptifs individuels pour des stimuli se déplaganprofondeur.

Mots clés (francais) : perception, 3D, stereoscopy, qualité d’expérience, accommodation,
convergence, mouvements oculaires, psychophysique
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Title: Understanding and improving the Quality of Experience in 3D media perception

Abstract:

Stereoscopic 3-Dimensional (S3D) technology hasntg received growing attraction,
potentially because it provides a more informatwa more immersive visual experience.
Indeed, the viewer may extract the binocular disieardisplayed between the left and the
right views, more efficiently retrieve the depthtbe observed visual scene, and thus, give
visual content another dimension. However, while #dditional value of depth is rather
appreciated, a number of problems have been rdisgdmpact the Quality of Experience
(QoE) in S3D representations. The objective of thesis is to investigate the main factors
affecting QoE in stereopsis in order to providedglines towards the improvement and
further use of stereoscopic systems. Three maiaectspf QoE in S3D are addressed: (1) the
sources and causes of visual fatigue, (2) the parakdistortions arising in S3D and, (3) the
improvement of S3D QoE through content adaptatibm. study visual fatigue in S3D,
vergence eye movements were measured both in S}iagiand in dual-screen display that
enables the presentation of matched disparity afocds stimuli. The effect of stereopsis on
vergence movements was studied so as to test whedhgence tracking can be used as
indicator of visual fatigue. The next topic invesiied the consistency in stereoscopic 3D
shape perception as a function of vergence distandeaccommodation distance. The role of
the pupil size and the depth of focus in S3D weraluated by manipulating the pupil
aperture with two controlled lighting conditionsin&lly, the improvement of 3D shape
perception is addressed through content adaptamrording to individual perception

thresholds measurement for motion-in-depth stimuli.

Keywords: perception, 3D, stereopsis, quality of experience, accommodation, vergence, eye
movements,psychophysics
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Introduction

The new wave of stereoscopic movies has stimulaedovel interest regarding the
understanding of stereopsis. The most interestimgfribution of stereoscopic movies is
certainly the introduction and, somewhat trivialiaa of motion in depth in natural visual
scene rendering (e.g. the famous commercial fat grums). In stereoscopic movies, motion-
in-depth is reproduced on the basis of the cominnaif stereoscopic depth and simulated
motion. These two techniques of simulation havenbeeented independently in the middle
of the 19th century. This is only with the advao€enotion pictures that the first stereoscopic
movies are born in the beginning of the 20th centur

A second contribution of this new generation is ddgance of technology. The new buzz of
stereoscopic films in theater has strongly bengfftem the disappearance of anaglyphs
systems in spite of the persisting need to weassg& This enthusiasm had led the
entertainment industry to transfer the stereoscemema movies to formats adapted to
3DTV. Many modern TVs are now 3D compatible, evhaugh the available number of
broadcasting 3D media did not really extend.

At the beginning, this thesis work was thus para@DTV project. This explained why we
used 3DTV instead of stereoscope and why we plabsdrvers at viewing distances larger
than those of previous studies on stereoscopichdepiception. As the title suggests, the
objective of this thesis was to improve the underding of the specificities of stereoscopic
perception and systems that may impact the visysreence. From this better understanding,
it will thus possible to derive the guidelines thay improve the stereoscopic experience.

This thesis is a set of reports (sometimes of vgoitkmitted to scientific journals) preceded by
an introduction which objective is to introduce tkey concepts for the understanding of
human factors involved in stereopsis and to exphat psychology as a science may do for
improving the quality of experience in stereoscapgplays. A conclusion is proposed at the
end of this thesis to summarize the findings ararthossible use in stereoscopic imaging

systems.
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Chapter 1: Introduction

1.1 Visual information for depth perception in human
vision

How humans see and understand their visual worltl aspecially, what information is
needed to estimate the metrics used for visuakpéion is of major concern for who wants to
address the quality of experience in 3D imagingldigs. In order to understand perception, it
is worth describing the visual environment andciisistituents. This introduction part will
describe the information available within the eowment, what is monocular or binocular,

the viewing geometry and, the special case of hiloaisparity.
1.1.1 The sources of information

Information for perception is of pattern of stimiida from sensory input that is demonstrably
used by an observer (Cutting, 1991). In this, &rdison can be made between the physics of
natural situations and the pattern of stimulapense. Koffka (1935) introduced the classical
formal distinction between the energy emitted byreflected from some object in the
environment — the distal stimulus — and, the enehgy reaches the senses — the proximal
stimulus. The act of perceiving can thus be defiagdhe process of inferring the properties
of the distal stimulus on the basis of the proxistahulus (Koffka, 1935). Perception appears
thus strongly based on the information from thedtrre of the environment. In nature, this

flow of information may be considered as rich, aigad and meaningful (Gibson, 1979).

The information related to the spatial extent & surrounding world is certainly one of the
most relevant for the human visual system. Thentiateinformation that is available for the
visual system is often labeled a “cue”. This temused in literature to make mention of the
available information in the surrounding world, benplicitly assumes that the observer has
prior knowledge about the features he/she encaumtehis/her environment (Cutting and
Vishton, 1995). According to Woodworth (1938) thee¢is a stimulus which serves as a sign
or signal of something else, the connection hayireyiously been learned”. For Brunswik

(1956), a cue consists in a visual pattern or $etisual relations about which one have
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obtained experience. Each proximal depth cue icested with a particular distal
arrangement of objects whose association occuils avigiven probability (Cutting, 1998).
More specifically, Ernst and Bilthoff (2004) chaeatze the cue as “any sensory information
that gives rise to a sensory estimate” which ingplieat a cue is a part of the proximal
stimulus that has already been identified and poegssed. It is important to note this term
may be interchangeably used with others like sign&rmation, source of information and

evenclues.

Among the flow of information, the most importanayby which humans obtain knowledge
about the world is vision. As multiple cues canpb@jected onto the retina, the visual system
can also make use of non-visual information, drgm oculomotor activity; this consists in
the distinction between retinal and extra-retimbimation. A number of visual information
can be listed to account for visual perception ept in three-dimensional space. For
instance, Cutting and Vishton (1995) described isd\aources of information among others
that are obviously useful for understanding layand shape in the environment; their
efficacy in mediating distance information are foany of them distance-dependent (Cutting,
1997). However, all of these cues do not providedghme sampling unit when sensed by the
visual system and, therefore some provide ordinfdrination while other yields metric
information about the world; these values are eitktative or absolute. The redundancy of
such sources of information provides the way bycWhndividuals can efficiently interact

within the environment.

It is broadly acknowledged that past experienceiclinence present perceptual experience;
l.e., perceiving is also remembering (Gibson, 1928)a matter of fact, prior knowledge or
assumptions about the environment can influenceptreeptual solution in various cases
(Mamassian, 2006), i.e., when observers have tgejuchcertain information or even when
they have to combine multiple cues available inrible environment (Hibbard et al., 2012).
Hence, the perceptual systems enable individualse&their surrounding world as stable,
although the sensory information reaching the semsmght be incomplete, uncertain and
constantly changing. This is specifically the cageen perceiving drawings and pictures, for
example drawings on a two-dimensional flat surfed has to convey information about the

three-dimensional structure (see Figure 1.1).
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OO D E

Figure 1.1Depiction of four different cubes where occlusierspecified by different mod:
of intersection of the same lisegments. From left to right: (1) Opaque surfacdec(2)
Opaque sheets of a hollow body, (3) Anomalous aiafuleading to contradictol
impression and, (4) Transparent cube leading taguobs impression due to reversibili

Figure from Gibson (1979, p290).

1.1.2Depth from monocular and binocular informa

Humans have frontally located eyes allowing thetequerception of shapes and obj
positions without requiring head or body moveme— contrary to motion parallax. Th
frontal binocular inbrmation consists in two slightly different pattemf stimulation that lea
to two overlapping points of view of the surrourgliworld. In that, information from the tw
eyes gives rise to both mismatched and matchedabptiformation. Thus, binoculity
provides both disparity and concordance of thealigiformation to the human visual syst
(Jones & Lee, 1981). In complement, even thouglart be projected onto the retina of b
eyes, there is monocular information availabledepth perceptio However, when speakir
about monocular information, one used to think atiba visual information from one ey
Indeed, there are numerous monocular sources ofnmmaftion that contribute to deg

perception.

The most basic source of depth informatio conveyed by the retinal image size t
physically changes as the distance of the objeah@bs from the observer. Using play-
cards of various sizes, Ittelson (1951) showed tkhitive size can operate as a cue
distance; any change in the assu-size can be perceived as a change of apparenhchs
As a matter of fact, the more the object becometani from the observer, the more
retinal size of the object of interest appears bnfg a consequence, retinal image ¢
becomes a relativeue to distance from the change in size of a sabjecbor when twc
identical objects project different retinal imagees. However, information from retinal si
is strongly related to information of familiar sib®cause objects of particular size n
belong to a category of common objects. Also, netatlensity is a powerful cue to depth
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the way that the projected number of similar tessuor patches per solid visual angle varies
progressively with distance (Cutting, 1997). Thasaiparticular case of texture gradients that
Gibson (1950) was the first to notice as providigyal information about surface orientation
and depth. At close viewing distances, the blus@néin the retinal image due to defocus can
play a role in judging ordinal depth relation (elgoffman & Banks, 2010; Mather, 1996) but
its efficient range of distances is very limitecchese the depth-of-field rapidly increases with
distance. Blur can however be used in photographmsctures so as to create potent illusion
of depth as for example in the tilt-shift illusiomnhere pictures of natural scenes are perceived
as miniature models. In addition, extra-retinalomfiation from the activity of the ciliary
muscles controlling the eye-lens accommodationccalgo yield ordinal information about
distance for a range of distances between 10 cengltimctum proximum) to 2 or 3 meters
(Mon-Williams & Tresilian, 2000; Fisher & Ciuffredd988) because only in this range the
changes in accommodation lens are significant emoudgqother monocular source of
information that varies with distance is the heighthe visual field (Cutting, 1997). Height in
the visual field yields information about distartmecause objects further away are generally
higher in the visual field. This refers specifigalb the relation among the bases of objects in
the environment as projected to the eye, movingfiime bottom of the visual field to the top.
The utility of such information is questionable iaglepends on the presence of a ground
plane. However it is apparently used in picturesggtion (Dunn, Gray & Thompson, 1965).
Generally at far distance, aerial perspective dan play a role because of the apparent
reduction of contrast due to solar light scattefiggatmospheric molecules or particles on the
optical path to the object. Two final strong monlacwsources of information about depth
relation are occlusion and motion parallax. Ocduas{or interposition) appears when one
object partially hides another from view and, therenly provides ordinal information but
over a wide range of distances (Chapanis & McCleh®%5). Motion parallax is the kind of
observer movement that induces a corresponding mewe of the image onto the retina.
Generally in case of horizontal translation of teserver (leftward or rightward), the retinal
motion for objects before the fixation point is ogpd to that of objects behind the fixation
point. In addition, there is a relationship betwéaa retinal motion velocity and the distance
of the object in the visual field (Gibson, 1950).

As it can be seen from this nhon comprehensive didgt of monocular cues for perceiving
depth are available in the flow of information. dlbthese monocular cues must be added two
types of potential binocular information, vergeracel disparities. The former consists in the

extra-retinal signal provided by the counter-rataéil activity of the two eyes in bringing the
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gaze axes to the same fixation point. The measturemence is done through the an
between th visual axes of the two eyes; this angle increémesmall viewing distance ar
decreases toward infinity. Contribution of vergerase extr-retinal cue was shown earli
(e.g., Tresilian, MoWilliams and Kelly, 1999; Gogel, 1961) and its ilw@ment ould be
rather precise for distances up to 2 meters (Gd§€1). The second class of binocular ¢
refers to binocular disparities. They are the sligtrizontal and vertical differences that ai
through the projection of the perspective of twiferent points of view. Figure 1.2 gives
example of two pictures taken from two slightlyfeient points of view. When presentec
the visual system, the two inputs provide both simand dissimilar information. In additio
it can be seen that a lot oues are present to render the natural scendr.dépe use o
binocular disparity in depth perception has beetelyi confirmed (e.g., Julesz, 1971) and
understanding of how the human visual system etetthe depth relations from two differe
morocular inputs has fascinated many researchers flan@ time (Howard, 2002). Tt
geometry of horizontal disparity is thus discussethe following subsectio

Figure 1.2: How two pictures from slightly differtepoints of view (upper left and rig

views) give binocular disparity. Upper left and tigictures were taken with a cami
baseline of 64 mm, they are here arranged for dusssn (i.e. left image for right eye a
right image for left eye). The lower image is aresggntation of the twciews by interlacing

them line-byline; this method can be used to display 3D comerda polarized display su:
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as the one used in this thesis. Acknowledgmeniean-Jacques Sacré for the photographs of
Chateaugiron (Brittany, France).

1.1.3 Binocular vision & correspondence: geomefrgarceived depth

When we look at a particular place in the environtnboth eyes receive optical information
through the pupil reaching the retinas. This optictormation is formed of photons, which

before arriving on the retina will cross a thicktiopl system, namely a “thick dual lens
system” formed by the cornea and the crystallims:le=or that reason, the imaging lens
system produces an anterior nodal point and a pastedal point on the optical axis. The

nodal point is the location through which passésha straight lines that join points in the
object plane to their corresponding points in theage plane on the retina (Howard and
Rogers, 1995). These lines are labeled visual kigsn intersecting the center of the fovea
(central region of the retina where visual acustyhe highest) or optical lines when meeting
the optical centre of the eye. This implies that ¥isual axis in focus and the optical axis do
not coincide (see Figure 1.2 below).

TEMPORAL

Optical axis ———>
Visual axis —>

Nodal point "

NASAL

Figure 1.2: Schematic representation of the prmpaif the optical axis and the visual axis in
the human eye. The angle between the visual axishemoptical axis is about 5° on average.
The red dashed line represents the optical axigrenbdiue line represents the visual line
projecting in the center of the fovea. The foveslightly shifted as compared to the

projection of the optical center of the eye onrétena.

When an observer converges forward to a fixatiomtp®, the vergence angle depends on
both the fixation distance and the inter-ocularasafion — on average across observers about

64 mm. When the convergence angle is equal to zeeaning that the lines of sight are
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parallel, both eyes supposedly receive the samieabphformation; the retinal images are
similar. Now, increasing the vergence angle bytingan object located nearer than infinity
will increase the differences between the two edtimages. Differences between the retinal
images of the left and the right eyes are calleddilar disparities. Binocular disparities are
described in three types: horizontal disparitytieal disparity and cyclo-disparity. For each
point in the retina of one eye, there is a corradpgy point in the retina of the other eye.
Specifically, corresponding points in the two eges pairs of points located in the binocular
visual field that are seen in the same directioifligH& Banks, 2001). Hence, images in both
eyes falling on corresponding points have zero difar disparity. There is a combination of
points in the binocular visual field that give rigecorresponding points in both eyes and has
no disparity. This zone is the Vieth-Mdller circlealso called the theoretical horopter —
passing through the fixation point and the nodahisoof the eyes (see Figure 1.3 just below).
Any points located out of this zone will producsgirity on the retinas and the object will be
seen either at a different depth or seen doublecéted away from this zone — objects

perceived as double refer to the term “diplopia”.

The Vieth-Miller circle symbolizes the theoretidabropter that can be computed as a
function of the geometry of the eyes and a givewing distance. The empirical horopter can
be measured according to different methods in ktoy. For instance, Hering (1879)

estimated empirical horopters using a techniquéedalhe apparent fronto-parallel plane
horopter method. The procedure is as follows: th&eoser has to keep fixating on the same
point and align a number of stimuli on either sidehe fixation point so that they all are in a
plane parallel to the subject’s face, i.e. a frgpaoallel plane. Other methods have been
developed since then (e.g., the diplopia basedptero stereoacuity horopter and nonius
horopter). The most accurate method is the nonarspter that is based on the Vernier
technique through dichoptic vision (e.g., usingaeoscope). Here the upper half part of the
line is seen by one eye while the other sees therldalf part. While keeping the same

fixation point, the task is to align the two lineghout fusion (Ogle, 1964).

An object located nearer to an observer than thephter (see example in Figure 1.3, point
P4) creates crossed disparities in the two eyesusecthe visual lines intersect in front of the
horopter. An object located farther than the hagoptoduces uncrossed disparities in the two
eyes because the visual lines cross this time lieyba horopter. The angular disparity
produced by a point P when converging at a fixagmint F can be calculated by the

difference between the convergent angle at F ama@dhvergent angle at P where ar - ap
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(see Figure 1.4). By convention, in this docum#ém, angular binocular disparity is negative
for crossed disparity and positive for uncrossexpatiity.

’’’’’
-

Theoretical horopter — 5
(Vieth-Muller Circle)

Nodal point

Figure 1.3: Schematic representation of the hotadroropter. Here the two eyes converge

on P! that is “fovealized”. Fixation point8', P? andP® have zero retinal disparity as visual
lines fall on corresponding areas in both retitiasse three points have identical convergence

angles equal ta. P* being not on the horopter generates disparitiiéntwo eyes; the angle

of convergence is larger than the on@jP? andP>.

Retinal disparity can also be derived from therhateular differencel], the depth difference

between point P and the fixation pointAd) and the viewing distance between the observer
and point PID) such as:

_IAd
"~ D2+D.Ad

(1.1)

in radians (Howard & Rogers, 1995), assuming thah® F are on the sagittal plane and thus
have no eccentricity.

One can also derive the following equations sooasetiprocally determine the theoretical
depth distance (Adams, 1955):

D, = % for Ds<D (crossed disparity) and), = % for Ds>D (uncrossed disparity) (1.2);

sbeing the unsigned shift size (lateral displaceinent an imaged fronto-parallel plane
situated at viewing distand® (see section about stereoscopy).
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The slight difference produced in the retinal immgéboth eyes when converging can also be
characterized in terms of disparity gradients. #pdrity gradient G between two points in the
binocular visual field is the difference in themgular disparities divided by their separation
in visual angle unit. This concept of disparity djemts is particularly interesting because
fusion can fail when this gradient exceeds a @aliti@lue of about 1 (Trivedi & Lloyd, 1985).
Furthermore, the range of disparities that gives tb object perception with singleness is
called Panum’s fusional area (Panum 1858). In otherds, objects with small enough
disparity that can be fused and seen as singlenfdlanum’s fusional area. Conversely, the
points falling outside this area are seen as douklech is referred to as diplopia. The
angular extent of Panum’s fusional area dependssewreral factors, including retinal
eccentricity, stimulus characteristics and surraogétimuli (Howard & Rogers, 1995). For
example, the limits of fusion have been shown tanflaenced by the spatial frequencies of
the stimulus; low spatial frequencies providingagee fusion capacities (Schor et al., 1984).
Different images falling in Panum’s zone fail toopide fusion but instead exhibit binocular
rivalry, that is, the alternate perception of tiwe images.

Figure 1.4: Schematic representation of

Mlm

D o .
° convergence on fixation point F and the

Fixation paint point P at disparity (difference between

convergence angke- and angleP). D
represents the distance from the cornea of

the eye to the fixation point F, DS
represents the distance to the point P, IOD

is the inter-ocular distance and, s is the

lateral displacement on the fronto-parallel

plane at distance D.

Re
o Py

retinal disparity retinal disparity
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1.1.4 Ambiguity of disparity information & the neéar scaling

Considering space perception as Euclidean and ftner¢hat veridicality is possible, the
perception of depth from stereopsis depends onirngwyeometry and, for that reason is
ambiguous when this information is considered aldémaéeed, the horizontal retinal disparity
between two points depends on the distance bettheenbserver and the points (Glennerster,
Rogers & Bradshaw, 1996). Specifically, the magtetuof horizontal retinal disparity
between any pair of points varies approximatelyersely with the square of the viewing
distance (Kaufman, 1974). Hence, knowing vergemggeaand |, one can retrieve depth in
3D space only if the viewing distance that separ#ite observer from the pair of points is
known. In order to see an object in stereopsis, tlewer thus has to determine an
observation distance acting as a parameter in whigggsambiguation for depth perception.

According to the pinhole model — simple projectggometry in paraxial approximation —, the
depth of a point relative to another one can beutaled using the following formula:

_ n.D?
~ I+n.D

(1.3)

wheren is the relative disparity between the pair of p&iD is the viewing distance (i.e.,
accommodation-vergence distance) and | is the -odalar distance. Note that we
purposefully use the + sign in the denominatorrpleasize the dependence of the value of

depth on the location of the simulated point reato the fixation plane.

For a depth difference of two points located on shene z axis, disparity is given by the
following formula:

_1d
n= D(D+d)

(1.4)

assuming that depth difference d is the differdmet&veen two symmetric vergence angles.

Since d is usually small by comparison to D we get

_1Ld
~E

(1.5)

From equation 1.5, one can see the approximateseveguared relationship between the

disparity of an object and its distance from theesler. Rearranging the equation 1.5 gives:

7.D?
I

d ~

(1.6)

There it can be seen that in order to estimatelémeh differencel, the visual system needs
information about the viewing distanBe The information about the viewing distance can be
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perceived on the basis of visual cues under sonmelibtons described in the following

subsection.
1.1.5 Cues for scaling horizontal binocular disgyari

It has been shown that observers can dramaticafigarceive depth when judging 3D shape
from binocular disparities (e.g., Johnston, 19&Ccording to the results of Johnston (1991),
a disparity-defined hemi-cylinder is perceived clec at intermediate distance (107 cm) but
its depth becomes overestimated (elongated) agi¢heng distance decreases (53.5 cm) and
underestimated (compressed) as the viewing distanaceases (214 cm). This observation
has been interpreted as the consequence of arrant@stimate of scaling distance by the
observer (Johnston, Cumming & Landy, 1994; Johnsi®®1). When asked to match the
depth-to-height or depth-to-width ratio of a hemlitder, participants had to compare the
horizontal or vertical dimension (height or width)th the depth information, and both of

these dimensions need estimate of the viewingruistéo be properly used (Johnston, 1991).
There is experimental evidence supporting the flaat retinal size and disparities can be

scaled according to the same viewing distance Damme & Brenner, 1997).

The information from the state of extra-ocular mesaan theoretically provide an estimate
of the vergence angle to the visual system so agetermine the distance separating the
observer from the fixation point. There is some eskpental evidence that supported this
idea, for example when observers were required utilgg distance in impoverished
environment (Tresilian, Mon-Williams & Kelly, 1999Rogers & Bradshaw, 1995; Foley,
1980) but, other authors found poor performancesrwhergence was the unique cue to
distance (Brenner & van Damme, 1998; Gogel, 1989me authors thus concluded that
vergence information, if involved in perceptualimsttion, could only play a minor role
(Brenner & van Damme, 1998). However, additionakstigators have shown that vergence
could contribute to distance perception in the abseof other cues for rather small fixation
distances (Tresilian, Mon-Williams & Kelly, 1999; avi-Williams & Tresilian, 1998). The
study by Tresilian et al. (1999) also showed angtroontraction bias that had already been
observed earlier (e.g., Gogel & Tietz, 1973). Wpecific distance tendency corresponded to
distance overestimation for near target and digtamderestimation for far target in reduced-
cue environment (Foley, 1980; Gogel & Tietz, 1973),, in the dark (Gogel, 1969). The
specific distance tendency could be related toréiséing tonic state of vergence (Owens &

Leibowitz, 1976) and could have influenced distagsttmates in the previous experiments.
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The horizontal gradient of vertical disparity coalldo help observers to establish an estit
of viewing distance Nlayhew & Longue-Higgins, 1982) this is the variation of vertici
disparity with eccentricityVertical disparity exists because points that rawe lying in the
median planedr sagittal plan) will be closer to one eye than the other, resulimdifferent
vertical retinal projections in both eyes (HowardR&gers, 1995). The horizontal size r:
(HSR) and the vertical size ratio (VSR) are repnése: for a surface patch in Figure 1.5.°
HSR changes with the tilt of the surface but is @wbus wherconsidered alone because
the horizontal alignment of the eyes. Considerlmg\YSR, from Figure 1.5 it can be seen-
the vertical angular extent projected in the cl@sey is larger than that projected in the far
eye. There is empirical evider that showed that differential perspec (i.e. the pattern of
vertical disparityis the consequence of perspective viey) could be used to scale binocu
disparities (e.g., Bradshaw, Glennerster & RogE996; Rogers & Bradshaw, 199Vertical
dispaity varies approximately linearly with eccentriciand its horizontal gradient decrea
with observation distance, thereby explaining hawhsinformation may disambiguate 1
estimate of viewing distance (Gillam & Lawergrer98B8). However, this inforration
becomes significant in situations using large fieldriew and, therefore requires sufficien

large display (Bradshaw, Glennerster & Rogers, 1

HSR = a;/ag VSR = [./Pr

Figure 1.5: This figure represents the horizonizd satio (HSR) and vertical size ra

(VSR). Anglesa. andag are the horizontal angles subtended by the patcihédeft and righ
eyes. The horizontal size ratio (HSR) is defineo,/ar. Anglesp. andpr are the vertical
angles subtended by the surface patch. The vesimalratio (VSR) is defined 5 /fr. If the

left eye is closer to the surface than the rigle, élyers >fr.

The ability to estimate the viewing distance wotllds be dependent on actual vergence
and on the size ratios of horizontal and vertiaaparities but, other factors such as st
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cognitive pictorial cues (familiar size or perspeet O'Leary & Wallach, 1980) and the actual
state of accommodation (Watt et al., 2005) cousy jal role. It is also possible that horizontal
disparities become disambiguated by the presenothef cues, i.e., by combining disparities
with other depth cues such as texture or motioraljaer that scale differently with the
viewing distance (Frisby, Buckley, Wishart, Porribarding, & Mayhew, 1995; Johnston,
Cumming, & Landy, 1994; Johnston, Cumming, & Park&93; Richards, 1985).

1.1.6 Interactions between depth cues: brief oeervi

As we have seen in the preceding paragraphs, tualwvorld includes multiple sources of
information and, therefore one question that wasedawas: how do perceptual systems deal
with this multiplicity? Generally, studies invesaigng how the visual system combines two or
more sources of information present the studied bw¢h in isolation and in combination. For
example, Kunnapas (1968) showed that distance jadtgnwere more consistent and
accurate when several sources were present as mnfmareduced cues situations. There
have been several proposed schemes of integratidrse@ection to account for the use of
multiple cues in perceiving depth (Howard & Roget895; Massaro & Friedman, 1990;
Bulthoff and Mallot, 1988). For instance, in Howa&l Rogers (1995), five types of
interaction are described: cue averaging and suramatue dominance, cue dissociation, cue
reinterpretation and cue disambiguation. Cue sumomatefers to the combination that
provides an improvement in depth sensitivity; therencues are present the better observers
are able to perceive depth. Cue averaging refkbetpropensity to cancel one depth effect
(e.g., binocular disparity) by another opposite tdepffect (e.g., motion parallax). Cue
dominance is present when two cues are opposeaabiitict) and when one effect of the two
is suppressed. Cue dissociation is an interactibara&vtwo cues are interpreted as coming
from different objects. Cue reinterpretation mayserto resolve contradictory cues by
reinterpreting the stimulus context. Finally, cusathbiguation is the case of interaction
where one cue comes to disambiguate anotherwoith noting that most empirical studies

approached depth cue combination on the basiseodeeraging and summation.

The model described hereunder is a cue combinai@mple, perhaps the most general
model of weighted combination (Landy, Maloney, Jibn & Young, 1995). The

combination process is also called fusion, andlmmodeled as “weak” or “strong” fusion
(Clark & Yuille, 1990). Weak fusion is defined asn@odular combination based on the

computation of separate estimates of depth for depkh cue in isolation, and then averaging
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the separate depth estimates so as to obtain aallodepth percept. The first major problem
with weak fusion is that each depth cue is quahedy distinct in nature and that all depth
cues do not share the same unit. The second igdlchtdepth cue does not confer the same
reliability across the visual scene; the weak fasstould change the weights assigned to
different cues to reflect their own reliability.r&hg fusion refers to combination models in
which depth cues estimates are not modular; tharebe multiple non-linear interaction
between depth cues and these interactions may bt any rule. Strong fusion models
become thus difficult to test because the essedisinction between cues necessary for

experimental testing is rather tricky.

Considering the problems of both classes of fusnadlel, Landy et al. (1995) proposed the
modified weak fusion model. In this model, the wéasion is more flexible in the sense that
additional interactions are now possible, suchhasuse of ancillary cues and the interaction
type of “promotion” and “calibration”. Cue promotias the way by which the conversion to
common units is possible; this is the reaction t®eeond cue used to support the first cue.
Cue calibration is described slightly differently the way that the visual system would
“learn” before providing the estimate. The lineambination is now performed on the basis
of the weights of each involved cue, based on tiaiability (Landy, Maloney, Johnston &
Young 1995). This model of weighted average is thase the assumption that each single-
cue estimate is unbiased but subject to indeper@@aussian noise. The reliability of one cue
Is equal to the inverse of its estimated variamo® the sum of the weights of each involved
cue is equal to one (Landy, Maloney, Johnston &n¢pi995). The reliability of a cue is thus
lower with large variance and therefore such cugrdmutes less to the final estimate (Hillis,
Watt, Landy & Banks, 2004, Landy, Maloney, Johnsto¥ioung 1995). Cue weight depends
on stimulus conditions and varies across observdns. model also integrates assumptions
about prior knowledge to derive the rules appliedite weighted average (i.e., the depth
maps) and cue promotion. Indeed, most sourcedahmation cannot yield alone an accurate
measure about depth information because they #reraincertain or ambiguous and, even
though they may be disambiguated when considergether, experience that forms a priori
knowledge can help explain how in some conditions.,(cue conflict) the percept can
converge in a specific direction. In this model,yBsian approaches thus permit the
integration of prior knowledge into the estimatimocess (Mamassian, 2006). The Bayesian
approach makes somewhat general predictions abwoeit pattern of cue interaction
encountered in case of novelty and, these preditisometimes account for stimulus

conditions (discrepant or contradictory sourcesinddérmation) that may never occur in

24



Vienne Cyril - Thése de doctorat - 2013

natural viewing conditions (Howard & Rogers, 199bhe Bayesian framework is however
recognized by the scientific community as being“alegant method” for explaining cue

combination in intra- and extra-modality interaatio
1.1.7 Summary: from multiple cues to one percept

The visual perception of depth is the result obmplex process that can find its input among
a vast flow of information called cues. Hence, euonis visual cues can contribute to
depth perception. They can participate as indepersteirces of information or rather just to
promote another cue. An example of promotion cafobed in the combination of binocular
disparity and motion information (Richards, 198Bepth from disparity and depth from
motion information scale differently with distanbat can be combined together in order to
recover correct 3D structure of the visual objeks. a matter of fact, stereo cues are
insufficient to provide an estimate of depth as tegnal projections can refer to various
angular disparities that can be appreciated onlgeom fixation distance is estimated. In
addition, structure-from-motion information canmmvide enough information for shape
perception since each pattern of motion containeast two possible interpretations due to
stimulus reversibility. However, disparity can pide the sign to suppress reversibility and
motion can yield the relation between the pointbieak the scaling distance dependency.
Such theoretical considerations are supported lperarental evidence (i.e., Johnston,
Cumming & Landy, 1994). Thus it seems that knowsngat information is available for
depth perception is not sufficient to explain how wan retrieve depth information but,
knowing how these sources of information are comathito yield the final percept seems at
least as important. It is possible that some adehieportant sources of information for depth
perception can also be non-retinotopic, that isy tstem from the activity of the extra-ocular
muscles. In line with this assertion, it is thusnei@ory to understand how the physiological
systems act in order to efficiently apprehend thegaificant sources of depth information.
As a consequence, the next sub-section is devotedet understanding of the oculomotor

system and its implication in depth perception.
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1.2 Physiology of depth perception

Depth perception is not just the outcome of infdiorareaching retina’s receptors; it requires
the response of each part of the oculomotor syst@many given visual stimulus, there is a
potential response of the near oculomotor triach¢gc1986; Semmlow & Hung, 1983;
Burian & VonNoorden, 1974): accommodation, vergeand pupil responses work together
in order to provide the best possible samplinghef information from the world around us.
The following part of this chapter is devoted tce thnderstanding of the oculomotor
dynamics; components of the oculomotor systemr tiggical responses, models and limits of
those systems will be presented. It is importanhdte that vergence and accommodation
systems both present the same classes of respefieg; cross-link, proximal and tonic. The
reflex component is a way by which the oculomotgsteam can provide a quick and
sustrained response, the cross-links ensure thiatsdoocommodation and vergence react in the
same way, the proximal enables the observer toemeht cognitive aspects in the response
(i.e., proximity) and, the tonic component is theimal muscle innervation ensuring the
minimal system tonus under conditions without statian. It is Maddox (1893) who
proposed this breakdown in order to describe havaottulo-motor responses attain unity in

spite of the multiple influences it undergoes.
1.2.1 The oculomotor system: elements and responses

1.2.1.1 The vergence system

Vergence eye movements belong to a particular oagesf binocular eye movements. These
disjunctive eye movements consist in simultaneowsarid rotation of both eyes around the
vertical axis; both eyes performing rotation in@rdo bring the visual axes on the object of
interest. More specifically, this is foveation, tfeeusing of the optical information onto the
retina. The term vergence can be used either éatigular state taken by the gaze of the eyes
as well as for describing binocular eye movementese opposed eye movements aim at
providing a clear and single vision when fixating @ject. Horizontal vergence is involved
when the observer’s eyes fixate a different disancthis is sometimes called convergent or
divergent step as function of the sign of the cleangergence is generally measured while

visually stimulating with target vergence of dispasteps, ramps or pursuit.
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Vergence eye movements stem from the activity af esxtraocular muscles receiving
innervations from three cranial nerves (the abdsiceerve, the trochlear nerve and the
oculomotor nerve). These muscles are fastened doetfe’s sclera on one side and are
attached to the bony orbit of the eye on the othiée. Through the control of the cranial
lower motor neurons, contraction of the musclesipces movement of the eyes within the
orbit. Horizontal vergence mainly commands the rmaledind lateral rectus that, when
contracting either pulls the eye towards the nsisk or the temporal side as the result of the
antagonistic muscular activity — the first muscleglot to relax whereas the antagonist

contracts to perform horizontal eye movements.

Vergence response can be broken down into sevenapanents, such as the tonic
component, the disparity component, the accommaslatomponent and the proximal
component. Different stimuli influence the ovenasponse of the vergence system, namely:

retinal disparity, accommodation change and tgog@timity.

The disparity component of vergence (reflex comptneccurs when an observer changes
fixation from object A to object B (i.e., fixatigmoints P1 and P4 on Figure 1.3, respectively),
i.e., two objects located on two different horoptérat do not intersect in Panum’s fusional
zone. For a long time, disparity vergence was dalteisional component” because of
Maddox’ theory stating that diplopia was the vergerstimulus and that this mechanism
aimed at restoring fusion (Maddox, 1893). Experitabavidences now strongly suggest that
this component is driven by retinal disparity atids is the reason why the name changed to
“disparity vergence”. This disparity vergence comgat is also considered to be the outcome
of two neural components: the fast preprogrammedistent component and the slow
feedback-control sustained component (Semmlow, Y&alvarez, 2002). This dual-mode
behavior is supported by an experiment showing thatp velocities less than 2 del.s
provided smooth vergence response, ramp velodiieater than 9 deg's entailed step
responses and, intermediate ramp velocities yiekted-ramp and multiple-step responses
(Semmlow, Hung & Ciuffreda, 1986). These resultggast that the transient component
aims at initiating vergence response and seeme tpréprogrammed (inaccurate) and is a
response of an open-loop system. This initial respds rather stable, certainly because no
feedback intervenes. On the contrary, the sustatoetponent is involved at the end of the
movement and is responsible for maintaining fuswithin Panum’s zone. These two
components contribute to performing vergence respgmecisely whereas it remains a small

constant fixation error called fixation disparitydle, 1954).
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Disparity vergence usually provides latency of dldfi0 to 200 ms. Several factors however
exist that are involved and can change the tempdyabmics of this component, i.e.,
direction, initial starting position, age and prdbility (Alvarez, Semmlow & Pedronoo,
2005; Heron, Charman, & Schor, 2001; Hung, Zhu, i&ff@eda, 1997; Semmlow & Wetzel,
1979). For instance, convergence and divergencabiexdifferent temporal dynamics
presumably because they use two different neuthiyagys (Hung, Zhu, & Ciuffreda, 1997).

In laboratory, disparity vergence is measured thinotlne use of pinholes or with stimuli that
do not contain large spatial frequencies (e.gfeddhce of Gaussian), (Kotulak & Schor,
1987; Tsuetaki & Schor, 1987). Indeed, even thotighdisparity component of vergence
seems to dominate the vergence response, the aamative component (i.e. the crosslink
component) is the potent secondary information tfog vergence system (Semmlow &
Wetzel, 1979). Accommodative vergence is speclficdfiven by the blur in the stimulus
producing also accommodative responses. As a mttict, vergence movements can be
observed consecutively to a change in blur stinaratvhereas only one eye is stimulated
(Hung, Semmlow & Ciuffreda, 1983). Accommodativegence was however shown to be
relatively slower than disparity vergence (Heromlet2001; Semmlow & Wetzel, 1979).

Contrary to the reflex component and the crosstioknponent, proximal vergence is rather
“cognitive”. This component is driven by stimuliaihcan be perceived as nearer or farther in
absence of disparity or blur cues (Howard & Rogd&95). More specifically, proximal
vergence reflects the influence of the perceivestadce of the object of interest that is
derived from various stimuli related to depth sumhy relative size, linear perspective,
occlusion, shading and texture gradient, as welination parallax, looming and motion in
depth (Schor et al., 1992). However, it is impartannote that the sensitivity of vergence to
these categories of stimuli (also called “spatia@9pis generally lower compared to

retinotopic stimuli (disparity and blur).

Tonic vergence reflects the minimal innervatiortteé extra-ocular muscles; this is the state
of vergence in the dark or its propensity to reto@ck to this state — also called dark vergence
(Howard & Rogers, 1995). This is roughly the medtiemby which the transition from
anatomical resting (relaxed muscle state) to plggical resting states (innervated muscle
state) is possible. The distance for dark vergéntetween 0.62 and 5 m with a mean value
of about 1.2 m (Owens & Leibowitz, 1980).

Other authors dissociated voluntary vergence frooximal vergence and, also added the

component of “vergence adaptation” to the list @rgence components (i.e., Daum &

28



Vienne Cyril - Thése de doctorat - 2013

McCormack, 2006). According to Patel & Firth (2008@¢rgence adaptation is an actual part
of the vergence system and serves the system tk iwoa comfortable way. Vergence
adaptation is a compensation mechanism for oculaalignment arising in different gaze
positions. This compensation can remain activers¢weinutes after the eyes moved to a new
fixation point. The retinotopic stimulus is onlydinect. Voluntary vergence is the vergence
that one can perform consciously. For example, whgng to fuse a stereogram, one has to
adjust vergence in and out to complete fusion. Aeoexample is the act to intentionally

cross or uncross the eyes and, temporarily regatbpda.
1.2.1.2 The accommodative system

Accommodation impacts the way light casts onto rétena. This is the change in optical
power of the crystalline lens that is responsiblefbcusing the light in order to keep a sharp
retinal image as fixation distance varies. The fiamcof accommodation is to minimize blur
in retinal image for a certain range of distandd®s depth of focus is the perceptual tolerance
to retinal defocus (Wang & Ciuffreda, 2006). Chamgehe curvature of the crystalline is
achieved through the activity of the intraocularseias called the ciliary muscles. Under the
control of the parasympathetic system, when thiargiimuscles contract, this causes the
decrease in zonular tension and, as a resultetiedecomes more convex in order to focus
light issued from a closer distance to the obse@enversely, the sympathetic innervations
lead to the flattening of the lens for far visidgks for many thick optical systems, when the
crystalline lens shape flattens, the focal lengitreases and therefore, the optical power of
the system decreases. Conversely, accommodatianngar object will decrease the focal
length and the optical power of the thick systerareases. During steady fixation, the
accommodative state of the eye exhibits fluctuabrabout 0.3 diopters at a frequency
between 1 and 2 Hz (Campbell et al. 1959). The madm of these fluctuations increases
with target proximity and could be involved in thentrol of the accommodation response
(i.e., Yao et al., 2010).

The primary stimulus for accommodation is out-oftfe blur, even though it is also
acknowledged that the accommodation system reaaisromatic aberration and size change
(Kruger & Pola, 1986). While the eye optical systiEmrms an image of the observed scene,
blur information is the resultant of optical imagim front of or behind the retina. Blur
depends on the distance of observed points indéeesrelative to the point in focus, and on

the light beam cross-section as defined by thepey®l. Blur is perceived when the cross
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section of a light beam in the retina plane (it;xpspread function) is larger than the circle of
confusion. The circle of confusion is an area tifat sensor (e.g. a small group of cones on
the retina) where different incident light rays wahbe separated. Knowing the circle of
confusion in the retinal plane and the size andtiposof the eye pupil, one can define two
beams representing the limits between sharpnesslandEach of these two beams has a
distance of smallest cross-section in the objeecspdefining the closest and the farthest
sharp plane, respectively in front and behind tbatpin focus. The distance positions of
these two planes define the depth of field, a regwere all objects points are seen sharp as
their image on the retina is smaller than the eiafl confusion. Related to the depth-of-field
is the depth-of-focus; the depth-of-field is themtrical projection of the depth-of-focus in
image space. The depth-of-focus confers the adgariteat observers do not have to focus
precisely to perceive a sharp image. In other wattis depth-of-focus provides the neural
and perceptual tolerance for relatively small facgserror (Wang & Ciuffreda, 2006). Hence,
as long as the object of interest remains in thghdef-field, its retinal image will similarly
remain within the depth-of-focus (Wang & Ciuffred2006). The depth-of-field is about
0.30D with a pupil size of 3mm and in optimal viegi conditions (Ciuffreda, 2006).
According to Wang & Ciuffreda (2006), several fastmay influence the depth-of-focus of
the eye. They can be categorized as external —eprep of the visual target or test
environment (e.g., luminance, contrast, spatiademcy) — and, internal factors — optical and
neurological attributes of the observer (e.g., aiscuity, pupil size, age). The depth-of-focus
would be at the basis of accommodative lead orTagse are possible errors when focusing
on an object; when instead of focusing right onglame of the object, the eye is focusing on
a point behind it or in front of it, there are respively the lag and the lead of accommodation
(Wang & Ciuffreda, 2006).

The subjective depth-of-field of the human eye lbarestimated using a Badal optical system
(i.e., Atchison, Charman & Woods, 1997). The Battaiciple is as follows, an eye placed at
the back focal point of a lens will perceive theyalar size of the target independently of its
position — and constant — while the target verggrazeeived by the eye is proportional to the
distance of the target from the front focal plaéchison, Bradley & Smith, 1995). Hence,

thanks to this specific optical arrangement, passible to vary the position of the target and,
therefore the defocus blur on the retinal imagehaevit perceiving any change in the relative
size of the target. While varying the target disggnthe observer may compare the just
noticeable difference in defocus of the target@smared to a similar standard (Legge et al.,
1987). It is worth noting that the estimate of thebjective depth-of-field is presumably
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realized for one eye only. The objective measureghefdepth-of-field is also possible by
using an autorefractor and the prescription of s@m®munt of cyclopegic agent with the
Badal system: while changing the target distanaktha observer is instructed to keep clear
his retinal image, the refractive error of the éyaneasured. Any change in the refractive
error indicates the limits of the depth-of-fieldné comparison between the subjective and
objective depth-of-field has shown that the objextdepth-of-field is significantly smaller

than the subjective one (Yao et al., 2010).

Similar to the vergence system, accommodation ebrbken down into four components,
such as, phasic accommodation, convergence accoatimodproximal accommodation and
tonic accommodation. Different stimuli influenceetfinal response of the accommodation

system, namely: retinal blur defocus, vergence gbamd target proximity.

Similarly to disparity vergence, phasic accommamtat+ or blur-driven accommodation — is
stimulated by a retinotopic signal, namely the blthre human eye focuses as a result of the
control process of retinal image defocus servingtasulus for the ciliary body (Khosroyani
& Hung, 2002). In this sense, accommodation carsden as a negative feedback control
system in which the error is the retinal image defy the brain is the controller, and the
ciliary body is the system plant (Hung, 1998). As ¥ergence, accommodation would be
directed by two components, the fast preprogrammnadsient component and the slow
feedback control sustained component (Hung & Caulif, 1988). This dual-mode behavior is
supported by an experiment showing that ramp stitmelow 2.5 D.g provided a smooth
response, whereas beyond this level, step-rampt@ntase-like multi-step responses were
observed (Hung and Ciuffreda, 1988). The authorsicloded that the dual-mode
accommodation could be represented by fast and stmwponents. The fast component
consists in the initial open-loop preprogrammed emognt that is responsible for the rapid
increase in the accommodative response. The slanpaoent provides the closed-loop
movement in the accommodative step response tlwauats for the stable and accurate
focusing of the eyes due to the feedback systeor-d@iven accommodation exhibits a mean
latency of about 300 ms (Campbell & Westheimer,0)98ut can be relatively smaller with
target predictability (Ciuffreda, 2006). There ather factors that can change the temporal
dynamics of this component, in particular age (Asde et al., 2010). Disparity-driven
accommodation usually provides smaller latency tih@none driven by blur (Suryakumar et

al., 2007) but remains longer than the one forafispvergence.
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Accommodation also responds to vergence change;shtalled vergence accommaodation.
Hence, the change in horizontal vergence is foltbwey an appropriate change in

accommodation. It is often measured as the chamgenvergence accommodation per unit
change in convergence or CA/C ratio. Vergence aotodation can be measured with a
change in vergence in absence of change in blueraccommodation. The observer has
thus to watch through pinholes during vergence wgation in order to maximize the depth-

of-field so that there is no perceived blur whatewe fixation distance or the accommodative

state of the lens. Then the vergence demand caarkszl using prisms.

Proximal accommodation is somewhat similar to pr@livergence and, therefore will not be
further described here. Proximal accommodation aetswerns spatiotopic stimuli and, as a
consequence, links the perception of space in aitbeg way with the accommodative
response. For instance, accommodative responsesbiean shown with stimuli like relative
size (Alpern, 1958) and linear perspective (lttte€oAmes, 1950).

Tonic accommodation reflects the minimal innervatad the ciliary muscles; this is the state
of accommodation in the dark or its propensityatum back to this state — also called dark
focus (Howard & Rogers, 1995). This is the mechanisy which the transition from
anatomical resting (relaxed muscle state) to plggical resting states (innervated muscle
state) is possible. It is interesting to note thatdistance for dark focus is not correlated with
dark vergence and is about 0.76m (Owens & Leibqwi®80).

1.2.1.3 The pupillary system

The pupil is the circular opening in the iris oktleye and it plays the important role of
aperture stop for the optical system of the eyaa(@ian, 1995). The pupil system controls the
amount of light entering in the ocular globe bwgoaithe quality of the projected retinal image
through its influence on diffraction, aberrationdadepth-of-focus. Two iris muscular
components control the pupil aperture: the circulaiscles called the sphincter pupillae and
the radial muscles called the dilator pupillae. Tivet group is responsible for pupil
constriction (miosis) while the later is involved dilation (mydriasis). The iris musculature
receives its motor innervation from the autononystam.

There are three possible pupillary responses defamxording to the stimulus: the light
reflex, the near response and the emotional resp@hsdreassi, 2000). The light reflex
depends on lighting conditions and produces canitn due to intense light or dilation with

dim light. The near reflex results in responses tluechange in fixation distance and,
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specifically the activity of the accommodation-vemge system. A few changes in pupil
diameter (often less than 0.5 mm) can also be wbdeduring cognitive processing or in

response to emotional/excitation states. Normall gli@meters range from 1.5 to 9 mm and
as said, are strongly dependent on environmerghtitig conditions. The latency of pupil

response is beyond 200 ms (Andreassi, 2000) withawarage value of about 260ms
(Kawahata, 1954) whereas longer reaction time @olserved when focus cue is the only
available stimulus (Campbell & Westheimer, 1960)s0oA pupil response is under a

consensual reflex: stimulation of one eye affecth leyes equally.

Hence, the pupil response to light is the predontiaad specifically due to the stimulation of
retinal receptors (rod, cone and melanopsin ganglalls) when light is cast onto the retina
(Viénot, Bailacq & Rohellec, 2010). Even thoughfeliént pathways for color and luminance
reaction could not be put forward, there is somiédence that the pupillary reflex could be
driven by both a tonic and a phasic component {f.eung, Han & Wu, 1993).

The near pupil response shows constriction withstligect convergence of the eyes on a near
object and dilation with divergence on a far obj@€asthurirangan & Glasser, 2005). The
pupillary light reflex follows an “uncomplicated thavay” involving the pretectal area
whereas the near response follows a central patleaaynon to that of the accommodation
and convergence reaction (Campbell & Westheime&D1LPupil responses have been shown
to be associated with accommodation and dependenhital aperture (i.e., Semmlow,
Hansmann & Stark, 1975), but some studies suggésstd absence of cues other than blur,
pupil near responses can be reduced or even afRbiflips, Winn & Gilmartin, 1992;
Stakenburg, 1991) suggesting that pupil near respgredominantly reacts to proximity
cues. However, the magnitude of pupillary near aasp is dependent on subject age and
apparently absent in young subjects (Schaeffelh®lih & Zrenner, 1993). The absence of
response with only accommodation cue in the tweipus studies could be explained by the

relatively young pool of participants (Mays & GamliL995).

Pupil size changes, in response to a change itidixaistance, affect the size of the point
spread function and change the retinal image gqu@iharadwaj, Wang & Candy, 2011). The
depth-of-focus increases with smaller pupil diamatel decreases with larger pupil diameter.
It is worth noting that increasing the depth-oldiewill reduce the demand on

accommodation in order to sustain clear vision @\&rCharman, 1987). The change in the
depth-of-focus (measured objectively with a lagerckle) with pupil size is nonlinear but has

been shown to increase significantly for pupil sigsenaller than 3 mm in diameter (Charman
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& Whitefoot, 1977). Also, the human eye does ndtadwe as predicted by geometrical optics
and, therefore cannot be compared to optical sysw®mh as cameras. On the basis of the
work by Stiles & Crawford (1933), Campbell (195#%pposed an empirically determined
formula that showed the depth-of-focus of the humga not decreasing proportionally with
increasing pupil aperture. Rather, these obsematmoved that large pupils behave like
smaller ones. The radius of the pupil can be cteteto account for the depth-of-focus of the

eye by: r, :\/(1—exp(— 0105r%))/0105 , ¢ being the corrected radius and r being the

apparent pupil radius. However, this effect is mial for pupil diameter under 4mm.
1.2.1.4 Specificity of accommodation-vergence retedhip

Ocular-motor systems have been categorized in tiffereht subgroups, but as it was
discussed previously, the cross-coupling betweesethiwo groups presents several ways by
which accommodation and vergence react. Other ebemngf cross-linkages embrace the
cross-talk between saccade-vergence (Zee, FitzgjbBo Optican, 1992) and between
horizontal-vertical vergence (Schor, Maxwell, Mc@kass, & Graf, 2002). The most detailed
cross-linkage is certainly the coupling betweenoaumodation and vergence (i.e., Schor,
1992; Hung, Semmlow & Ciuffreda, 1983; Fincham & MWa, 1957). Hence,
accommodation and vergence interact together througciprocal neural cross-link
interactions: vergence accommodation and accommnvedatergence. However, it is
interesting to note that the eyes always startotoverge before they start to accommodate;
this phenomenon would be related to the differdmetgveen the neural circuit latency of the
ciliary body and the one of the extra-ocular mus¢ldoward & Rogers, 1995). Moreover,
they also provide different and independent ressitages in the dark (Owens & Leibowitz,
1980).

1.2.2 Modeling of accommodation and vergence agtivi

Accommodation and vergence have been describedebgrad models explaining the
functions of both systems within a feedback driveop system (i.e., Hung, Ciuffreda &
Rosenfield, 1996; Hung & Semmlow, 1980). Figurell @resents an example of this kind of
static model (redrawn from Hung et al., 1996). Tinedel describes the two parallel systems
of accommodation and vergence that interact witbheather through the cross-links
accommodative vergence (AC) and vergence accommod@A). A third system is added

to account for the proximal system effect on accaation and vergence systems. Each
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system is composed of four different components: ¢antroller gain, the cross-links, the
tonic input and the proximal input.

The modeling of biological systems was broadlyuaficed by Control theory (Toates, 1975)
with the strong interest that it is possible tarmefany model on the basis of experimental
data. These models are generally conceived as dekdiystems that can be described in
engineering control system terminology in termsaafontroller, a plant and a feedback loop
(Eadie & Carlin, 1995). In modeling the oculomo&ystem, the controller is the central
nervous system, the plant is the muscles organiz#itiat changes lens shape or eye direction.
The controller responds (with a certain delay)daihg the error signal provided by the
feedback to change the plant in a direction in otdeminimize the upcoming error between
the desired and actual outputs (for details seéeEacarlin, 1995).

Now considering the accommodation system, the siep is to know whether the switch of
the feedback loop system (see Figure 1.2.1) is expem closed given that it controls the
negative feedback to accommodation. When the swisclopened, the input to the
accommodative dead-space operator (ideal matheahdtioction that approximates the
detection threshold of a variable in a physiologgstem, see Hung, 1998) that represents a
depth-of-focus equal to zero. When the switch issetl, the defocus blur or the
accommodative error becomes input to the dead-sppemtor. The output of dead-space
operator is multiplied with the accommodative colér gain so as to provide the
accommodative controller output. The controllernthesponds as a reflex to the stimulus
presented through the loop. The controller outmapines also input to an adaptive element,
which in turn controls the time constant of the canmodative controller. The basis of
proximal accommodation is first represented bysitswulus (the distance of the object from
the observer) and is input to the perceived digtayan element that represents the subjective
apparent distance estimate. The subsequent oltpuitréaches the accommodative proximal
gain element representing the contribution frongearproximity. The outputs from the
accommodation controller and the proximal controdiee summed at the summing junction
and are also cross-linked to the vergence systartheiaccommodation vergence gain. Tonic
accommodation (accommodation bias) is also sumrmt#taumming junction together with
the cross-link signal from the vergence controbtlatput via the vergence accommodation.
Finally, these four signals will give the accomminga response by appropriate stimulation
of the ciliary body. See Figure 1.2.1 for detalils.
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Considering the vergence system, the switch stftects whether binocular or monocular
vision is ongoing. When the switch is closed, fi@atdisparity or the difference between the
target vergence and the vergence response isphetmthe dead-space operator. The output
is multiplied with the vergence controller gainarder to yield the vergence controller output.
The controller output is then input to an adap&ement which in turn controls the time
constant of the vergence controller (this couldeatfadaptation i.e., to prisms). The distance
stimulus reaches the perceived distance gain elgnvemich represents the subjective
apparent distance estimate. It then goes througlveéhgence proximal gain element, which
represents the contribution from target proximitizte outputs of the vergence controller and
proximal controller are summed at the summing jwmctand are also cross-linked to the
accommodation system via the vergence accommodajgn. Tonic vergence is also
summed at the summing junction together with tlessink signal from the accommodative
controller output via the accommodation vergendealfy, these four signals will generate
the vergence response by appropriate stimulatidgheoéxtra-ocular muscles.

- .
=== ADAPT I
AS - Y DSP H
-0 AL ACG » AR
DS
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ki / [ vee » VR
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VBIAS

Figure 1.2.1: Static interactive dual-feedback nhafi¢he accommodative and vergence
systems. AS, DS and VS represent the accommoddistance and vergence stimulus
respectively. DSP are the dead-space elementdefitb-of-focus for accommodation and
Panum'’s fusional area for vergence. With the swiigbned, the input to the dead-space
operator becomes zero. Conversely, with the svadobed, the difference between the
stimulus and the response (the error) is now ihpi@ISP. The controller gain of each system
is denoted by ACG, PDG (then APG and VPG) and V&GHe accommodation, perceived
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distance and vergence stimulus respectively. Theraker output is input to an adaptive
element (ADAPT), which in turn controls the timenstant of either the accommodative
controller or the vergence controller. The cros&dibetween accommodation and vergence
are represented by AC for accommodative (con)veeand by CA for (con)vergence
accommodation. The tonic components are depictetdogrrows with ABIAS and VBIAS
for the accommodation bias and the vergence bsggeotively. The four signals of each
oculomotor system are added together to provideveeall responses: AR for the

accommodation and VR for the vergence system.
1.2.3 The oculomotor dynamics

It was previously discussed that blur-driven accadation and disparity-driven vergence are
composed of two components. The static models @dramodation and vergence are useful
to understand the overall response of each oculmmsystem but, in order to encompass the
dynamics of each system, dynamical models mustifgptre components of each reflex
element. The study of the time varying propert@msdynamics) of the oculomotor responses
allows us to identify and differentiate the compatiseof each system. Figure 1.2.2 represents
an ocular trace with its target stimulus and am®la of the dynamical parameters that can
be detected in the ocular response. Several octitwparameters can be defined from this
figure; some are based on the response positioroteds based on the velocity profiles. In
the case of vergence, the response time seriestaimed by subtracting the left and the right
gaze position. The velocity profile can be extrdddy computing the constant velocity over
the time series or by computing a weighted movingrage to suppress noise (Engbert &
Kliegl, 2003). The measure of time delay separatiregonset of the stimulus and the onset of
the response is called latency (L) and this is inbuthe reaction time of the system. The time
delay between the onset and the end of the respsmséerred to the movement time (MT),
also called response duration. The amplitude (Ahefinitial phase is the absolute difference
in the position of the response between the evesetoand its end. From the velocity trace,
the maximum value among the velocity profile isided as the peak velocity (PV). The
response time constant (TC) is the time value filoenonset of the transient response required
to reach 63% of the maximal amplitude. The timgeak velocity (TPV) is defined as the
time from the onset of the movement to the timeitmos of the peak velocity. These
measures in oculomotor responses can unravel tpegpies in oculomotor dynamics and in

the neural basis of the response. In additionkttwaviedge of the normal response dynamics
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could help the categorization of anomalous resporieat may occur due to pathology,
specific viewing conditions (i.e., stereoscopicptner reasons.
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Figure 1.2.2: Example of ocular trace and velofotystimulus-step of 1.5 degree. Ocular
trace is represented by the thick solid line andaity by the thin solid line. The blue region
is the part of the time series where velocity ededbe velocity threshold (the dashed line on
the second vertical axis). L is the latency, As amplitude, PV the peak velocity, MT the
movement time, TC the time constant and TPV the tionpeak velocity (see descriptions in

the text). The initial phase is represented indilue zone and followed by the sustained

phase, therein emphasizing the dynamical component.

A potent dynamical indicator in oculomotor systeam de found in main sequence analysis.
The main sequence was first used in astronomy stw adudy the relationship between
luminosity and mass of stars (Bahill, Clark & Stail®75). It began to become a tool for
studying eye movements after Bahill et al. (197&)spnted analysis of the plot of the peak
velocity vs. response amplitude. Hence, it was rilesd for the saccadic ocular motor system
(Bahill, Clark, & Stark, 1975) and then used forgence eye movements (i.e., Semmlow,
Hung & Ciuffreda, 1986) and accommodation (i.e.ufteda & Kruger, 1988). The main

sequence plot for eye movements shows strong oekdtip between peak velocity and
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amplitude and, therein provides an idea of howdyreamic responses of a system can change
with increasing amplitude (Kasthurirangan, Vilupg&r@&lasser, 2003).

Main sequences of vergence dynamics are usefuhéckcand validate that the detection
criterion is satisfied and to guarantee that eyganeents correspond to reproducible patterns
of dynamics with acceptable variance, therein shgwiormal behavior of the visual system.
The relationship between the velocity peak and itligal amplitude of each vergence
response thereby can show that vergence dynamamsriparable in different conditions (i.e.
if they exhibit similar distributions). For exampléor a given stimulus amplitude, it is
possible to compare the velocity distribution dfetent vergence responses. That way it was
possible to see that divergence and convergenpensss exhibit different timing properties
(e.g. latency, velocity peak and time constantygesting that both mechanisms do not share
the same neural pathways (see Hung et al., 1999th&r potential use of the main sequence
could be to draw individual pattern of the perfonoes of the visual system and, thereby
characterize individual from a performance perdpecand specifically facing stereoscopic
stimulus target. This approach is supported byatbek presented in this thesis (see chapter 3
in particular) and could offer new perspective talerstand the origin of visual fatigue and to

adjust visual content as a function of individuadracteristics.
1.2.4 Adaptive oculomotricity and depth perception

When base-out prisms are placed in front of thesetlee amount of convergence required
when fixating a given object is increased; with ésas prisms, the amount of convergence
required to fixate the object is decreased. Thiswarhof convergence or divergence required
to fixate the object through prisms is the vergedeenand. In these prismatic viewing
conditions, the state of tonic vergence must atlapthe vergence demand so as to maintain
fusion. When these viewing conditions are mainthiaeer time, even a few minutes, a shift
in tonic vergence is observed that can last sonmeit@s after the prisms are removed (Alpern,
1946). This phenomenon, observed by measuring diséign of dark vergence, phoria or
fixation disparity, is one type of vergence adaptathat can be realized using a limited
amount of prisms (Henson & North, 1980) but onlytapa certain deviation value, beyond
which diplopia arises. Another way to observe aaki in vergence is through wearing
lenses because they change the demand for accoromottat is accompanied by a change
in the resting state of vergence (Schor, 1983)a#t also been shown that viewing the world

through a telestereoscope (Wallach, Moore, & Dauigsl963) can lead to change in the
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vergence resting state since such a device prodaucascrease in the inter-ocular distance.
However, the resulting effects are different beegmssms change all the visual field and in
this way change constantly the vergence demandreabkea telestereoscope affects the

vergence demand proportionally to the viewing diséa

Hence, the perceived depth of a rotating wire fomwas significantly reduced after adapting
with a telestereoscope system that increased tee-ooular distance of about 117 percent
(Wallach, Moore, & Davidson, 1963). This observatieads to the question of knowing
whether it occurs from changes in the vergencectstaite, cue conflict between vergence and
other sources of information or, a recalibratiorired apparent viewing distance. Wallach and
Halperin (1977) found that the hypothesis of torecgence changes did not suffice to explain
the effect. However, Fisher and Ebenholtz (198@&wsd similar effects in the absence of
conflict between disparity and monocular cues. dditgon, Fisher & Ciuffreda (1990) used
mirror spectacles that doubled the inter-oculatadise and found consistent changes in
perceived depth and distance and tonic vergeneewny that was opposed to that predicted
by the cue conflict hypothesis. They concluded tretence adaptation changed perceived
depth and distance due to changes in tonic vergeate

Another indirect effect of the extra-ocular muscktate on depth perception is atropine
micropsia (Howard & Rogers, 1995). This can be plesgby prescribing cyclopegic agent to
the ciliary body of the crystalline lens and askwolgserver to judge the size of an object.
Objects appear smaller and nearer, even though #meyphysically unchanged. This

observation was explained as being due to accomimedaergence in attempting to

accommodate in spite of the lens muscles paralysis. crosslink vergence response could
signal that the object is nearer than it actuahamd, therefore its size is interpreted with a

biased scaling distance that leads to overestithatebject size.

While the involvement of vergence as a cue to dcstais well accepted, some authors
disagree as accommodation state could have ancatiplh in distance perception. Indeed, the
problem is difficult to test experimentally as venge and accommodation show strong
interactions in every-day life and, therefore idifficult to vary one while keeping constant
the other. Some experimental evidences however rtespoan indirect effect of

accommodation on depth perception (Watt et al.,5208nd an adaptive change in
accommodative response after exposition to steoposstimulus (e.g., Eadie, Gray, Carlin &

Mon-Williams, 2000). Accommodation may thus afféioé vergence response through the
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accommodative vergence component and, thereforadtmpmepth and distance perception
(Mon-Williams & Tresilian, 2000).

1.2.5 Summary: accommodation, vergence and pupteireoscopic displays

The oculomotor system plays an essential role enseimpling of the visual information and
in keeping a stable retinal image a critical fisg¢p for the use of the multiple sources of
information about depth. Moreover, the oculomatgstem is well organized as it responds to
various stimulus components; each sub-system ohélae triad reacts to specific dynamical
aspects of the stimulation. In addition to the oemes that optimize the sampling of
information, the oculomotor system may integratehier information coming from cognitive
or emotional aspects of the viewing situation.His sense, it can be forcefully efficient since
it can be driven by conscious intentions. In ortdeoptimize its performance, the oculomotor
system rapidly performs early neural crosslinksMeen its sub-systems, thereby ensuring
that both accommodation and vergence systems tee#oe same stimulation. However, even
though the visual system appears to cover adapteehanisms that allow us to deal with
unexpected events, it appears very plausible beastrength of such linkage is at the basis of

major problems in stereoscopic systems.

1.3 Stereopsis

1.3.1 Basic principle

Wheatstone was the first to introduce the sterqmsdo 1838. Its basic principle was
presented in “Contributions to the Physiology ofsigh.—Part the First. On some
remarkable, and hitherto unobserved, PhenomenanaicBlar Vision”. It was composed of
an arrangement of mirrors and two pictures of #maes object taken from different points of
view so as to make the object stand out in thel thimension. Wheatstone (1838) made some
— mainly geometric — stereoscopic drawings thatnwleserved from the stereoscope views

were fused and gave rise to a 3D solid object.

Research on binocular disparity rapidly gathered mag¢tention with the introduction of a
special kind of stereogram, the random-dot stesog(RDS) by Bela Julesz in the years
1960 (see for example Julesz, 1971, and Figurd)LBn RDS contains two dense arrays of

random dots, one for each eye. When the two vieeddentical, the viewer sees a unique
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fused planar surface composed of random-dots, viylshifting dots in one or the other
view, horizontal disparity can be created so agetal dots with a depth relative to the planar
surface. The direction of this shift creates crddserizontal disparity (negative disparity) or
uncrossed horizontal disparity (positive disparagyl the depicted depth is perceived either in
front or behind the reference surface. The advantddRDS compared to other stereograms is
that they only displayed binocular disparity inf@ton to mediate a sense of depth. These
stimuli show that depth perception is possibletanhasis of disparity information alone and,
therefore can be used in experimental psychologgther with other sources of information
or in isolation in order to study the relative admition of such information for judging
object layout.

Stereopsis is function of visual acuity and, depegan individuals, can be precise up to a
few seconds of arc — with a mean value of abous&®nds of arc. As a consequence, the
maximum distance at which stereopsis can be usddtaminate layout is limited by stereo-
acuity. This maximal distance (D) can be computgkuming an inter-ocular distance of
IOD=64 mm and a stereoacuity threshal@f 25 arc seconds, with = IOD/rad(a) , B
530 m. It would be thus impossible to judge thatreé depth of an object relative to another
when they are located beyond distance D from theemer. However, this mean value of
stereo-acuity concerns stable laboratory viewingdd@mns; generalization of this assertion

should carefully take into account the contextuedwng conditions.
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Figure 1.3.1: Figure representing a random-doestggam (RDS) as can be found in Julesz’s

famous book “Foundations of cyclopean perceptidvtien fused, these two dense arrays of
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random dots provide the sensation of a solid sqapearing in front of the dott:
background for cro-fusion or, behind the background with parallel dune

The disparity generated by a point out of the htaopan be expressed as izontal) angular
disparity; this is the angle formed between thdapean eye the virtual eye placed midwe
between the left and the right ey— and the two points formed by the intersection afhe
visual line and any frontparallel plane (see Figt 1.3.2, angular disparity is denoted

anglen). This has the advantage of defining binoculapaigy as a function of viewin

distance and regardless of the i-ocular distance. This is the main nomenclature whihbe

adopted in the next part.

horizontal shift n ~1Id /D*? Figure 1.3.2: Schematic representatiol
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1.3.2Stereoscopic systel

Nowadays, there are mainly three types of 3D dysplastereoscopic, holographic a
volumetric displays. As it was discussed aboverestropic systems principle is to ren
depth on the basis of a couple of 2D plane ima&egher volumetric and holographi
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display systems attempt to display real 3D modetswhich the user could move around
without altering its 3D structure. It is obviousththese three technologies do not present the
same level of maturity. Given the greater compleaitholographic and volumetric displays,
technical improvements are necessary, i.e., fateeng colors as well as for data generation,
when compared to stereoscopic systems. Only the afastereoscopic systems is addressed
here.

In the case of stereoscopic displays, only two sieawe then displayed. Image parallax
(defined by the disparity between the left andrtbbt views) can be achieved with or without
glasses. There are three categories of stereosdgplays: stereoscopic, auto-stereoscopic
and auto-multiscopic. The first category is the tpxpular because of its simplicity; it only
requires the displaying of two images, one for eagh. These stereoscopic systems mainly
differ by the type of glasses used to create bilkoqarallax. In anaglyph system, the left and
right views are separated by the adjunction of thifferent color filters for each view —
typically red and cyan. Even though this providesektively low cost solution for 3D
rendering, this has dramatic outcomes becauseeofslgmmetry of color between the two
eyes entailing significant loss of color in theqaved scene. On the contrary, active shutter
glasses provide a solution for a full colored diéfin. These glasses are used to present
alternatively the left image to the left eye and tlght image to the right eye. This alternate
displaying solution offers a full spatial definiidout suffers from potential loss of temporal
frequency, loss of luminance, presence of imagsstatk and possible Pulrich induced effect
due to the temporal separation between each viewth&r displaying method (the method
used in this thesis) consists in using linear occutar polarized filters in front of the screen
that splits the two views that will be projectedie intended eye thanks to the corresponding
filter apposed on the glasses that viewer weardewdiewing the stereoscopic content.
Circular filters gather the advantage that the eewan within some tolerance lean his/her
head to the right or left sides. This method alsavides the advantage that polarized glasses
are low-cost and lighter than active shutter gagigldowever, it is worth noting that this
method also suffers from loss of spatial definititime screen resolution is divided by two)
and that the quality of the polarized filter strhngffects the appearance of image crosstalk
between the two views; spatial crosstalk can howeeereduced when viewers are aligned
with the perpendicular to the middle of the scrptame and, in laboratory conditions, when
the content displayed grayscale image with pooorcobntrast. Finally, a special case of
stereoscopic system is the head-mounted displayDHMIMD are generally composed of
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two miniaturized displays and optic elements. Thsy highly immersive but require that the
viewer maintain near vision and, this potentiallyakly tires the stereoscopic viewer.

In the case of auto-stereoscopic systems, eacheinsagpatially oriented to the right or the
left eye using appropriate filters associated ®dlsplay set-up; there is thus no need to wear
any glasses. The most common filter is called petddarrier: a filter composed of a layer of
material with a series of precision slots, alloweach eye to see a different set of pixels.
Other displays use optical filter composed eitifemmro cylindrical lenses (lenticular sheet)
or of micro spherical lenses (integral imaging).eTimain disadvantage of these kinds of
display is the loss of spatial definition and tlegence of image flipping when, while moving
the head from side to side, viewers look at thesiteon between the stereo-pairs. Auto-
multiscopic systems refer to way by which autoextscopic displays are used to provide
more than one stereoscopic view of the depicteg@e. In order to increase the number of
views of the visual scene, mainly two solutions banused. The former consists in tracking
the observer head position and thus re-computegfirend right images corresponding to the
current viewing position. The second concerns pyemeration of multiple views with regard

of a number of viewing angles that includes mudtipbuples of stereoscopic views.
1.3.3 Some evidences for neural organization

A large number of inter-individual differences chea identified when studying stereopsis.
Individuals must exploit correctly their two eyew £xtracting binocular disparities but also,
need to be efficient in performing vergence eye emoents and, must have disparity
detectors. It is worth noting that 5 to 10 percehtthe population do not meet these
requirements (for example, in squint) and, as asequence, these individuals cannot
perceive depth from disparity alone. Richards (198I70) found that people could lack the
three possible classes of disparity detectors:sesysuncrossed and zero disparity. These
results suggest that some people can perceiveritysgafined depth for crossed disparity (or
in front of a 3D display) while they are unabledw that for uncrossed disparity (or behind
the 3D display) owice versa. In addition, there is also one category of pessexperiencing
normal stereo acuity, however unable to see steopas motion-in-depth, although they can
efficiently observe static stereoscopic depth (Redaiaschi, Sharpe & Hong, 1992); this

condition is called as stereo-motion blindnessiarstcompanied by normal binocular vision.

Two physiological components are said to be invilire stereoscopic perception; they are

labeled "coarse stereopsis” and "fine stereopdiglef, 1990). The physiological bases for

45



Vienne Cyril - Thése de doctorat - 2013

coarse and fine stereopsis are probably the matjnlaceand parvocellular subsystems of the
visual pathways (Tyler, 1990). The fine stereopsischanism responds to higher spatial-
frequency patterns, smaller retinal disparities rf80arc), and to stationary or slowly moving
targets. Fine stereopsis supports high stereosampiity and could also be involved in the
control of fine disparity vergence. The coarseesipsis mechanism responds instead to lower
spatial-frequency patterns, large retinal dispesi{i30' to 10 degrees) and moving or flashed
targets. It dominates peripheral vision and coulso &e involved in the vergence response to

large retinal disparities.
1.3.4 Limitations: stereoscopic distortions

Several studies suggested that distortions in te@scopic image could be the prominent
cause of fatigue once the visual system was addptdte uncommon mismatching between
accommodation and vergence (Kooi & Toet 2004; Meestt al. 2004; Woods et al. 1993).
Stereoscopic distortions refer to “ways in whicht@reoscopic image of a scene differs from
actually viewing the scene directly” (Woods etE)93) and, therefore constantly impact 3D
realism. Lambooij et al. (2009) distinguished twategories of distortions: the generation-
related and display-related distortions. The formmaiegory results from inadequacy in the
process of creating stereo-pairs. For instancegrader to create left and right views, the
camera configuration must be determined. As hunpaform rotational eye movements
when changing of fixation distance, the most natopion considered is to converge the
optical axis of the left and right cameras towdre bbject of interest. However, this solution
results in the major problem in stereoscopic vigwirh introducing vertical disparities, and
thus the so-called keystone distortion (e.g., AHis2004). Convergent camera configuration
of real or virtual stereoscopic views generateddec@ate vertical disparities potentially
giving rise to difficulty in fusion and stronglyfatting depth perception. As a matter of fact,
vertical disparities are known to be used in therege of the egocentric distance being then
used to scale binocular disparities (Rogers & Bmads 1995). However, the sampling of
vertical disparities by the visual system is a pescspecifically occurring at the retina level
of the left and right eyes and, as a consequeneraspairs from convergent camera will
present vertical disparities from camera acquisidnd result in perceptual depth distortion.
Moreover, these distorted stereo-pairs generalipldy vertical disparities that have a range
beyond the vertical fusion capacities and thusgmrerate visual fatigue. As a consequence,

when using convergent camera configurations to rgé@etereoscopic images, a rectification
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technique should be used so as to weaken the ma#uef incorrect vertical disparity and
render stereoscopic depth. However, as re-sampfitige images is not always practical, one
can prefer the use of parallel camera configuratiat does not entail incorrect vertical or
horizontal disparities and preserve relative digpanformation. Content generation related
distortions also include the depth-plane curvatappet theater effect, cardboard effect,
shear distortion and perspective distortion (seedsas et al., 2004; Woods et al., 1993 for
details). Conventional 3D displays — except muiww — provide only one view of the 3D
scene and, therefore do not compensate for heaémmaus. As a result, when observers
move on the side, objects perceived farther awaty (uncrossed disparity) appear moving in
the same direction whereas objects perceived ngaitercrossed disparity) appear moving in
the opposite direction. This shear distortion paetua perceptual effect that runs counter to
the principle of motion parallax information natilygroviding potent depth information. In
natural viewing, near objects appear to move inir@ctdion opposite to the observer
movement and far objects in the same directioma®bserver movement (Gibson, 1979). As
such, the mismatching between motion parallax dosgiwver head movement has been shown
to be related to the occurrence of visual symptONiri et al. 2006). Another interesting
perceptual distortion is that stereoscopic vieweaften report that the scene observed is
similar to an animated puppet theater where charmsieem to be miniaturized (Meesters et
al., 2004). This phenomenon is potentially duehe flact that the specified object distance in
the stereoscopic content sometimes mismatches théhintended object size on which
observer holds prior knowledge and expectation whewed in real world conditions — the
familiar size information (e.g., Hochberg & Hochget952).

The second category of stereoscopic distortionstifiled by Lambooij et al. (2009) is
display-related distortions, including for exampleg picket fence effect, image flipping and
crosstalk. To various degrees, all 3DTV displayffesufrom crosstalk, consisting in a
stereoscopic artifact due to the leakage of onewgw into the other view (Khaustova,
Blondé, Huynh-Thu, Vienne & Doyen, 2012). The preseof such distortion can lead to a
decrease of both visual quality and visual comfamt] also affects perception of depth. There
are numerous reasons for crosstalk in 3D stereasdggplays, depending on the technology.
Among them, one can cite the temporal leakage ithaelated to the use of shutter eye
glasses, and the spatial crosstalk that is depérmtermiewer position relative to the screen
plane. These two types of crosstalk are inherenphgsical limitations and it is well
acknowledged that they appear to strongly affeet uber quality of experience (Woods,

2010). Picket-fence effect and image flipping umiguconcern multi-view autostereoscopic
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display and, as the shear distortion, these atsifae dependent on the lateral movement of
the viewer’'s head. According to Meesters et al0@0the picket-fence effect refers to “the
appearance of vertical banding in an image dubddtack mask between columns of pixels
in the liquid crystal display” (LCD) and, imagegdping indicates “the noticeable transition
between neighboring viewing zones which leads sxrdie views and is experienced as
unnatural compared to the continuous parallax espeed in the real world”. These two
distortions could be minimized by increasing thenber of sub-images with a small angle
between them, but the number of images is consildny the possible image resolution and

barrier screen.
1.3.5 The stereoscopic demand

This section is devoted to what is referred tahasstereoscopic demand and its relation to the
study of visual fatigue and discomfort. Assumingadaserver with an inter-ocular difference
(IOD) of 65 mm, an observer-screen distance (D3rafand a positive (divergent) disparity
limit expressed as an image shift of about 30 nire, far limit can be expressed in meters
using the following formula:Dg = 10D.D/(IOD -s) for uncrossed dispariHere DS~
5.57m. This limit can thus be expressed in termdigptric demand, where:

1/ D -1/ Dg = Limit (in diopters (D)).

In this case, the approximate limit in diopters1$3— 1/557 = 015D. Note that this limit is
below the limit of the depth of field (for a pugperture of 3 mm, £0.2-0.25 diopters). This

way of characterizing the stereoscopic demandi@iptdrs) allows us to compare the comfort

limits across a wide range of distance (see FigB& below).
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g Limit plane = 5.57m = 1/5.57 D Figure 1.3.2: Schemat
representation of two converge
Ad 0.15D configurations depicting tk
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Determining when a stereoscopiiewer feels discomfort or fatigue is thus particiy
relevant for an optimal use of stereoscopic vieveggtems. The most common statemen
eye strain occurrence is that stereoscopic displagtl incongruent stimulation forcir
viewers to decouplaccommodation and vergence and create strong steq@o demanc
Previous studies generally used very large cosflietween accommodation and vergenc
as to demonstrate the adverse effect. The ratiomadethat conflicts outside the zone of cl
ard single binocular vision (ZCSBV) would entail muoiore discomfort and fatigue th.
conflicts in this area. As a consequence, the staidysual fatigue in stereopsis using la
demand showed significant results for many subjebite a consistent p: of viewers cannot
fuse the stimuli. It is worth noting that, even tigb disparity remains in the comfort zc
(e.g. that is defined as the middle third of theSBY), viewers may experience discomfort
fatigue especially in presence of mo-in-depth(i.e. Speranza et al., 2006). Indeed, r¢
and repeated changes in vergence from crossedctossed disparity or the inverse seem
strongly alter the visual system. As a consequetioe, previous studies’ need of lai
conflicts between accommodat and vergence could be related to the absence abm-in-
depth. In the present study, we manipulated stimegiicting rather small conflicts betwe
accommodation and vergen— sometimes slightly exceeding the theoretical zdnsomfort
(see Figure 1.3.3) when compared to other studies but the viewing itimms of the study it
this thesis appear for many participants suffi¢iedisturbing
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Figure 1.3.3: Schematic representation of the odrméear and single binocular vision
(ZCSBV), the Percival's zone of comfort and somaregle of stereoscopic demand used in
this thesis work. The width of the ZCSBV whose tsrare the solid back lines represents the
range of vergence within which accommodation isptable. The Percival’'s zone of comfort

is defined as the middle third of the ZCSBV anfiesinded by the dashed thin black lines.

The thick dashed black line represents the accoratimwdvergence demand in natural

viewing conditions. The blue and red horizontabtimepresent the stereoscopic demand at
viewing distance 2 and 1.3 meters for + 2 degréesmgular disparity. The unit of
accommodation is in Diopter (D, inverse of distaheaveen the observer and the
accommodation locus in space) and the unit of vergeés in Meter Angle (MA, unit of
prismatic deviation, inverse of distance betweendbserver and the intersection of the visual

lines).
1.3.6 Limitations: visual fatigue & discomfort

Visual fatigue may emerge from the prolonged oletgom of stereoscopic contents that
include too large binocular parallax (W6pking, 1R9Bhe experience of visual symptoms in

these conditions has been attributed to the outsorite observers of decoupling
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accommodation and vergence (i.e. Hoffman et al82Qkada et al. 2006; Emoto, Niida &
Okano, 2005; Yano, Emoto & Mitsuhashi, 2004), beystems being naturally coupled. This
explanation supports the sensory conflict hypothescomparing real-world and stereoscopic
viewing conditions. As noted by Hoffman et al. (8p0accommodation state and blur specify
the position of the display in layout rather thha tlepicted scene. This discrepancy between
accommodation and vergence is considered to triggariety of visual symptoms (Shibata et
al. 2011). As a whole, these visual symptoms awallysgrouped under the term “asthenopia”
so as to refer to both its objective (visual faipand subjective aspects (Lambooij et al.
2009). Asthenopia thus characterizes a decreadederety of the visual system and is
commonly accompanied by a number of signs suchfasgexample, Eyestrain, Eyes’
soreness, Eyes’ dryness, Headache, Blurry visiteh(B et al. 2005; Sheedy et al. 2003). The
mismatch between the sensory inputs could bringntiat difficulties in (1) fusing the two
monocular inputs, (2) maintaining a sharp imagegegtemn onto both retinas and (3) leading

to pain and fatigue of the visual system.

Several studies investigated the stereoscopic rfadt@t could potentially be involved in
generating visual fatigue. For instance, Emotole{2005) manipulated vergence demands
using base-in or base-out prisms in order to styosimulate the vergence system on the
basis of the vergence signal. These changes ineneegloads were accompanied by a
theoretical fixed (screen-constrained) accommodatiemand. Observers’ changes in visual
functions (relative vergence, accommodation respodslay in the P100 latency) increased
when the vergence load was heavy or changing awer, suggesting that when the vergence
demand exceeded the accommodation demand, repeatpehce adaptation plays a potent
role in fatiguing the visual systems. Another irtigegion driven by Yano et al. (2004) has
emphasized the consequence of displaying imagesritis out of the area of the depth-of
focus, thereby creating situations of conflict betww accommodation and vergence. They
observed that the degree of experienced symptoroseased with the amount of
accommodation vergence mismatching. Hoffman e2808) used a multiple planes display
that enables variation of the amount of conflideen accommodation and convergence for
stereoscopic pictures viewing. They showed with rappate control conditions, that
stereoscopic fusion was more quickly achieved, miesse had greater stereo acuity,
distortions effects were reduced, and viewer faigad discomfort were reduced when the
conflict between accommodation and convergenceradisced. From these results, it appears
that accommodation-vergence mismatch can stronifetathe visual system activity and

therefore produces visual fatigue and symptomsvofig prolonged stereoscopic viewing.
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Limits of sensory fusion can be particularly smalktending to 27 arc min for crossed
disparity and 24 arc min for uncrossed disparityewkhe head is immobilized and vergence
movements are absent (Yeh & Silverstein 1990). Ddipg on individuals, disparity
magnitude beyond these limits can entail relatieeggnce demand, incapacity to fuse or
diplopia. These fusion limits have been shown t@dmesiderably affected by several factors
such as eye movements, blur, presentation timeuatmaf illumination, objects size and
motion (i.e. Patterson & Martin 1992). Wopking (59%oted that observers judged their
preferred disparity magnitude in terms of viewirapdort in the range of 60-70 arc minutes
between the left and right images, while this limitreased as critical parts of the depicted
scene was blurred. However, even though the rahfiesion can be enlarged by blurring the
parts in the stereoscopic scene, it is worth nothrag viewer can pay attention on these
regions and, therefore experience discomfort dudeadnability to explore these parts. As a
consequence, disparity magnitude should be corgidas a potent parameter that must
satisfy both requirements of the 3D scene realisthadbserver visual comfort.

Stereoscopic viewing conditions are recognized asditions presenting conflicting
information for the senses. As other conflictingesicondition can affect perception (e.g.
conflicting perspective and disparity cues, GilladP68), the mismatch between
accommodation and vergence cues is also consideratfect depth perception. However,
some authors argued that sensory conflict canadttie pain or fatigue (Riccio & Stoffregen,
1991). On the contrary, sensory conflict could lgadimpairment in adjusting visual
mechanisms to its stimulation. The distinction bedw motor and sensory aspects of vergence
and accommodation in relation to visual fatiguevésy important to explain the sources of
adverse effects. Motor aspects concern the respafseergence, eye rotations in opposite
directions and of accommodation, adjustments ofptheer of the eye-lens. Sensory aspects
concern the stimuli that drive these responsestdogence, the stimulus is binocular disparity
and for accommodation, the stimulus is blur. Theuagption of this thesis work is that
instead of sensory conflicts, incongruence in moésponses could entail visual discomfort
and fatigue. If the visual system adapts to ste@as viewing conditions and, therefore does
not perform unnecessary movements (i.e. accommadagsponses) will result in no
discomfort. In addition, causal factors must gelhershare similar characteristics with the
effects they entail so as to make meaningful thesalarelation. Sensory conflicts cannot be
considered as a causal factor of asthenopia, otberall sensory conflict should lead to
visual pain and fatigue. A possible candidate cayusisthenopia in viewing stereoscopic

content would thus be found out in oculomotor reses.
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Interestingly, in clinical optometry, visual sympte are commonly acknowledged as
resulting from the occurrence of vergence errorgsh@ gaze control. Oculomotor errors
(phoria, vergence and fixation disparity) have bekawn to be correlated with symptoms
(Sheedy & Saladin, 1978). Two kinds of vergencersrcan be described: a constant error in
fixation between the intersection of the visualsaged the fixation target, and the variability
of vergence eye positions over a specified timerval (Ukwade, Bedell & Harwerth, 2003).
Constant and variable horizontal vergence errotaiogd in normal observers under optimal
conditions are typically less than 10’, and canakelow as 2’; but, according to Dowley
(1989), this fixation disparity misalignment liestmin Panum’s areas and is in the order of O
to 20 min of arc. Hence, it is generally acknowledighat fixation disparity (the vergence
error during fixation) is a typical candidate fausing asthenopia (Kommerell et al., 2000)
or, at least, that it appears under conditionsigfal stress (Dowley, 1989). Fixation disparity
(FD), characterized by fusion without perfect aliggmt of both eyes toward the same fixation
point, can be corrected through the use of prigratises. This treatment has proved to be
effective in treating asthenopic symptoms in pasiewith errors of vergence in fixation
(London & Crelier, 2006). The same efficacy hasnbget forth in treating fusional vergence
insufficiency in patients complaining of asthenopiad, forced-vergence fixation disparity
curves have proved to be in close correspondentte wisual symptoms before and after
fusional training (i.e. Cooper et al., 1983). Figatdisparity has been shown to be closely
related to fine stereopsis (Saladin, 2005) and tiié considered as a way to predict
stereoacuity (Zaroff, Knutelska & Frumkes, 2003gnide, it is well acknowledged that (1)
FD can determine performance in stereoacuity &)di-D is a factor associated with fatigue
of the visual system. Given that depth perceptsostiongly dependent on vergence response,

it is interesting to assess how the vergence systants in stereoscopic viewing conditions.

The measure of the zone of clear and single bimoaision (ZCSBYV) is also another clinical
measurement that can serve as an indicator of lvidisgsomfort. This zone can be
individually estimated either with blur points firnoticeable change in sharpness) or with
break points (first disparity value at which diplmccurs). The first measurements of the
ZCSBV were published by Donders (1864; see Hotsteft945). A clinical application of
these experimental results was performed by Pér@@882); his objective when investigating
the ZCSBV was made for understanding the relatipndletween optical correction and
visual discomfort. He proposed the zone of comdisrbeing the middle third of the ZCSBV.
Previous research in stereoscopic viewing conditedready stated Percival’s area of comfort

as a guideline for creating comfortable contentit{&®a et al., 2011; Hoffman et al., 2008;
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Emoto et al., 2004). For example, Shibata et al12@imed at identifying subjective zones
of comfort on the basis of questionnaires, but tbumore reliable indicators through the
assessment of the ZCSBV. Their objective was tdiprerisual discomfort along a range of
viewing distances and found correlations betwesnalidiscomfort and clinical estimates of
the ZCSBV. However, they observed that subjecteports of symptom severity alone were
not sufficient to categorize susceptibility to \as@adversity. It is also important to note that a
few aspects of these studies somewhat revealedP#raival’s area of comfort cannot so
easily be applied to stereoscopic viewing condgioMore specifically, Percival’'s zone of
comfort is measured through prisms whereas stevpasdepth perception using this method
strongly differs from the one in stereoscopic digpl (Lambooij et al., 2009; Yano et al
2004). Prism deviations require viewers to perfarengence eye movements because the
demand is always beyond the sensory fusion thrdshtl, more importantly, change the
whole visual field whereas stereopsis in 3D displegquires fusion demand for only some
part of the visual scene. Moreover, this zone ahfoot does not take into account the
presence of the screen frame that should impacvidweer fusion capacity at least for 3D
displays. Two other points are highlighted by Lawipet al. (2009). For example, while the
comfort zone limits depend on viewing distance reoir estimations of the ZCSBV do not
represent the comfort range for long and for stieving distances. However, this drawback
can be solved by experiments where new individagh @re now gathered (e.g. in Shibita et
al., 2012). Another aspect is that it is diffictdtcompare how people might adapt to changes
in prism load and how adaptation to stereoscomvivig conditions can take place. Indeed,
as prisms change the whole visual field, the ocolmmcomponents that can adapt and the

effect size when adapting cannot be compared teageopic conditions.
1.3.7 Summary: disappointment of stereopsis, aapod for improving?

Stereoscopic imaging systems give the possibititintroduce a new dimension in common
flat two-dimensional video content. Stereoscopiewars may extract binocular disparities
displayed between the left and the right viewsiiee¢ depth of the observed visual scene,
and thus, give visual scene content another dirnensi the visual scene content. This
additional value of depth is rather appreciated ragnthe stereoscopic user. However, a
number of problems have been raised that impacQunity of Experience (QoE) in S3D

representations. As we have seen in this sub-sedhe list of problems can be summarized

with two major aspects. The first concerns visuacamfort or fatigue that stereoscopic
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viewer can experience even with minimal exposuratien to 3D content. The second aspect
deals with the perceptual dimension because stpms systems may create strong
geometrical distortions impacting the realism ia 8D visual scene. These two categories of
problem resulted in a consistent piece of studiwed &imed at solving or overcoming the

difficulties arising with stereoscopic systems. sTtthesis is about understanding and
improving the quality of experience in 3D mediagagtion and, therefore will also address
how to better render the perceptual experienceeireapsis. The following part will describe

more aspects about quality of experience in 3D epdrception and the topics addressed in
this thesis.
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1.4 The Quality of Experience in 3D media perception

Quality of Experience (QOE) is often used in infatan technology and consumer
electronics domain to indicate the overall satisfecwith the service users receive. Its main
objective is to model the impact of the factorsalwed in quality feeling. Three-dimensional

video sequences provide additional experience pthdas compared to two-dimensional
video sequences. 3D display systems give one pktia@dditional cue to their viewer

enhancing the viewers’ perception of depth in awidcene. This particular cue is binocular
disparity and is obtained by providing two viewstbhé same scene, from slightly different
perspectives, to each eye of a viewer. In ordeurtderstand the sensitivity of the human
visual system to stereopsis, it is worth addresiegpecific aspects that viewer will directly

perceive as a quality parameter.

Stereoscopic Quality of Experience results from toenbination of different influencing

factors (Hakkinen, 2008) such as, the contentsadharstics, camera baseline, display
systems, perceptual and physiological limitatiaaginitive and emotional state of the viewer.
A major difference has been introduced recentlywbeh the methods to approach the QoE in
stereoscopic viewing; they are labeled bottom-up &p-down because the subjective
parameters are studied for the former on the lidsi®ntent characteristics and for the later
on the basis of perceptual experience (e.g. Xifd,12 For instance, the bottom-up approach
concerns the study of camera baseline configurationcontent generation whereas the top-

down approach explores topics such as crosstalkilitisor 3D strength effect.

The principal method used in investigating the Q@0 vary the parameters expected to be
involved while undertaking subjective tests. Frdrase subjective tests, it is then possible to
understand how these factors can impact the QoEhamd to adapt the technology for
providing an improved satisfying experience. Prasictudies have easily identified the
factors impacting QoE in stereoscopic viewing. phsitive points are the possibility to infer
binocular depth and layout of objects in the viss@@ne and the sensation to be part of the
visual experience (immersivity). The negative peirglate to visual discomfort (e.g. loss of
fusion) and eye fatigue, the presence of artifaots the statement that viewers can perceive

geometry distortions degrading QoE.

The QOE parameters for stereoscopic systems ar¢ wvelerstood; customers want

impressive, immersive and eye safety experiencestafeoscopic viewing. Figure 1.4.1
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summarizes the major QoE dimensions that are le¢ $ta& improving quality of experience in
stereoscopic displays. In this thesis, the sulwggtiof stereoscopic viewers will be
approached through the objective methods of psyoygips and eye-tracking. Indeed, rather
than directly question the subjective experiencssiidy biased in questionnaires, the quality
of experience is studied indirectly. For instartbe, ability to perceive depth and the resulting
3D strength effect will be determined through p®yuktric procedures allowing us to
compute perceptual thresholds. However, the stddyiswal discomfort and fatigue will
always be supported by subjective questionnairgurgi 1.4.1, again, summarizes the
proposed solutions and their relationship to tHeedint QoE dimensions. Indeed, the major
QoE dimensions for stereoscopic systems can beebrolown into three categories: the
viewer discomfort and fatigue, the 3D strength @ffend the immersivity. The combination
of these dimensions is supposed to strongly imgecsatisfaction of the stereoscopic viewer.

The proposed solutions stem from several statenpeesented in the following subparts.

QoE Dimensions Solutions
4 N 4 N
L J L\ T v
4 N\ N\
\ J J

Figure 1.4.1: Quality of Experience Dimensionsdtareoscopic viewing and proposed

solutions.
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1.4.1 Understanding visual discomfort and fatigue

One fundamental issue of quality of experiencetémemscopic displays is the understanding
of the sources and causes of visual fatigue. Ithes proposed that the major problem of
stereoscopic systems is the propensity to placeidveer with mismatching accommaodation
and vergence distances (Howarth, 2011; Kim et2411; Hoffman et al., 2008; Ukai &
Howarth, 2008; Akeley et al., 2004; Rushton & Ridld&999; Wann, Rushton, & Mon-
Williams, 1995). This proposal has been supported large set of studies (Shibata et al.,
2011; Hoffman et al., 2008; Emoto, Nojiri, & Okan80p04). However, these studies
emphasized more the fact that accommodation-veegesanflict can lead to viewer
discomfort and fatigue rather than the relationsbhigtween stereoscopic systems and
discomfort. Indeed, in order to observe strong estveeffect on viewer comfort, the
stereoscopic conditions of observation were gelyecamimposed of large conflict between

accommodation demand and vergence demand (mord. tthapter).

The first solution proposed to reduce the viewescainfort resulting from prolonged
exposition to stereoscopic content was a significkcrease of the range of disparities; the
limits of comfort were evaluated around 1 degreargjular disparity (e.g. W6pking, 1995).
Consequently, several studies attempted to findlwilimits of comfort (e.g. Shibata et al.,
2011) and nowadays, content creators pay attetidimese human factors limitation and try
to respect these advised limits. It is worth natimgwever, that this first solution can strongly
impact depth perception in stereoscopic systemplgibecause any reduction in the disparity

range will also reduce the 3D strength effect.

A second proposed solution was to process theajisdl content parts of the visual scene
which intended depth location are induced by disiparbeyond the recommended limits, e.g.
by blurring these annoying stereoscopic parts (eegoy, Fuchs & Moreau, 2010). This
proposition makes sense because, as discussedyskyyithe fusion limits can be extended
using stimuli with low spatial frequencies (Scharag, 1984). However, even though this
solution seemed satisfying, two major problems d@duhve weakened the use of such a
strategy. The first concerns the artistic choicehaf content creator. Indeed, seeing objects
pop-out from the screen is certainly one of the thioteresting visual effects provided by
stereoscopic systems and, as such, stereoscopiergieould prefer see the object rendered
sharp. The second is related to the fact the bigipprocess concerns a priori discomfortable
zones in the content and that stereoscopic vieseutd want to explore the scene freely.
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However, a processing procedure could easily peogit improving 3D experience for single
user system with a gaze contingent blurring ofstieeeoscopic content.

Predicting visual discomfort in stereoscopy is tlefisnajor concern for an optimal use of
stereoscopic viewing systems. The proposed solutidiis thesis is to establish one or more
objective criterion that could serve to detectdgiadi in the viewer visual system. To this end,
the responses of the vergence system can be ekjgctimeasured using eyetracking
equipment and, therefore changes in the respongdspiarity step could be used as indicator
of visual fatigue consecutive to prolonged obseéovatof stereoscopic content. The
advantages are that vergence step responses caashg implemented using the same
imaging method as the stereoscopic content. Twaieswvill be dedicated to unravel whether
objective indicators of visual fatigue induced ligreoscopic viewing could be observed in

the responses of the vergence system.
1.4.2 Explaining perceptual distortions occurringiereopsis

As seen in the previous sections, stereoscopiemgssuffer from numerous imperfections
that can impact the stereoscopic QOE in creatingngt geometrical distortions that can
perceive the viewers (Woods et al. 1993). Theseesseopic distortions have been
categorized in two specific classes: the generagtated distortions and the display-related
distortions (Lambooij et al., 2009). Another clasften omitted, is the perception-related
distortions (or human-factor-related). This catggof distortions is particularly salient in
stereo estimation of 3D shape, specifically whespaliity cues dominate over perspective
cues (Buckley & Frisby, 1993). For instance, petgap distortions may appear from
incorrect distance of observation or too large @ewccentricity from the screen median
plane. In the case of distortion from wrong viewitigtance, when observers are asked to
match the depth of an object according to its heitiley show systematic biases that are
related to the location of the plane of refereneeduto estimate depth (Johnston, 1991). More
specifically, S3D viewers tend to underestimate depth of stereoscopic objects when the
viewing distance increases while they overestindajgh when viewing distance is reduced.
This phenomenon has been related to the vieweopensity to scale binocular disparity as a

function of an established egocentric distance.
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Figure 1.4.2: Schematic representation of the wvergelistance effect on the estimation of a
physically circular cylinder. The observed gazenpoare represented by the three red circles.
The green circles represent the cylinders to-bplaled for the viewers to perceive them as

circular (represented with dark blue dashed cijcles

In the present thesis work, we focus on anotheticodar perception-related distortion that
has been put forward at least in Watt et al. (200%)this study, the authors varied the
accommodation distance and the vergence distardepémdently or in congruence, and
explored the resulting effects on 3D perceptiorewérs had to judge whether a vertical
dihedral angle — displayed in an open-book conéigan — was smaller or larger than 90
degrees. In this classical experimental designstimeulus is composed of random-dots and
only contains a weak but congruent perspective The. main result linked to the present
thesis work was that perceived depth was stronffii@d by changing the vergence distance
that was induced by binocular disparity. Specificabbjects displayed behind the screen
(with uncrossed disparities) appeared flattenedendbjects displayed in front of the screen
plane (with crossed disparities) were perceivedhgdted in depth (see Figure 1.4.2).
Moreover, the effect of disparity-induced distanaes shown to be weakened by the indirect
effect of the accommodation distance, as showrhbyténdency for observers to base their
3D shape estimations on a scaling distance closectimpromise between the vergence and
accommodation distances (Hoffman et al., 2008; \Wttal., 2005). This perceptual
phenomenon will be approached in two chapters efptiesent study with the aim to unravel

the origin of such a bias in depth perception @restscopic displays. The possibility to adjust
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perceived depth from changes in content disparity e investigated (considering the

specific case of motion-in-depth).
1.4.3 Improving S3D Quality of Experience

Improving quality of experience in stereoscopicteyss will naturally result from the success
in solving discomfort and fatigue related issued inm the ability to better render a strong
3D effect. Here the question addressed deals théhpossibility to improve the quality of
experience in stereoscopic systems by adjustingctivgent disparities on the basis of
perceptual estimation done with psychophysics mhos. One of the causes accounted for
to lessen the viewer’'s stereoscopic QOE is thegp#ian of unnatural scene content. As we
have seen just above, the way by which depth idemexal in stereoscopic displays can lead to
significant perceptual biases in recovering the rBBtrics. However, using psychophysical
tools, one can precisely estimate the geometricstordions a viewer experiences and,
therefore use these psychometric data to changeerdowlisparities. This idea seems
considerably feasible for static stereoscopic pedubecause the distortions are stable.
However, one problem can arise if the content tadjested consists in moving pictures.

This is the reason why the last study of the prethessis will take up this topic.
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1.5 Overview of subsequent chapters

Following this introductory chapter are six expegirtal chapters (except chapter 6) followed
by a concluding chapter in which the experimengdearch constituting the thesis is
discussed as a whole. In chapter tilve effect of vergence demand on 3D shape pecorepti
and vergence pursuit is investigated. Specifically,analyzed the results on initial vergence
eye movements using an analysis over time blockap@r threenvestigates vergence eye
movements to disparity-step from combined dispatgt defocus information in stereoscopic
and real-world viewing conditions and the consegasrof stereoscopy on such disparity-step
vergence movements. Specifically, the emphasisiisop whether the oculomotor system is
able to face up the stereoscopic demand after watchoving in depth disparity target, for
example, by adapting the components of the oculonststem. The fourth chaptdetails

an exploratory experiment which objective was talalate the pupil size aperture of the eyes
and thus the depth-of-focus with lighting condigan order to observe the resulting change
on visual discomfort and in performances in a st&eepic visual search paradigm. Chapter
five presents an experiment using a similar methodh¢oease the depth-of-focus through
lighting conditions and, therefore the decreasthefpupil diameter, for the estimation of 3D
shape and the role of accommodation in stereopsishapter sixis discussed the optical
characteristics of the human eye in stereoscopwing condition in order to analyze the link
between perceptual bias in stereopsis and eyeab@ifect. Chapter seves about how to
improve 3D shape perception in stereoscopy anecesdly when content displays motion-in-

depth. The concluding chapter, chapter eightovides discussion about the research

presented in this thesis as a whole.
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Chapter 2: Exploratory study: visual fatigue, vergence eye

movements and perceptual bias of stereoscopic 3D shape

2.1 Introduction

Stereoscopic viewing of simulated scenes for lomgations has been shown to be a potential
source of visual fatigue and discomfort. Complaofta variety of visual symptoms as well as
the decreasing efficiency of the oculomotor systeame been reported by several studies
(Shibata et al. 2011; Hoffman et al., 2008, Emdtale2005; Yano et al., 2004). The first
studies have shown that stereoscopic visualizat@merate better quality of experience and
comfort when the three-dimensional (3D) contentspldly relatively small binocular
disparities (Wopking, 1995) and, investigationscofical limits have been conducted to find
out the zones of comfort. Hence, the issues amatavel what could be the sources of visual

fatigue and to identify what human factors coulabliéo discomfort.

The origin of visual symptoms following prolongedgpesure to stereoscopic content was
discussed since the introduction of the stereos¢@fieeastone, 1838) or, at least, since its
use in theaters for entertainment. The most comfoom of rendered three-dimensional
layout is to simulate two points of view for botiies, using either a toed-in field of view
configuration or a parallel eyes-axes configura(idfoods et al., 1993). In these conditions,
the binocular disparities between the two viewsdatected by the observers and can specify
a realistic 3D structure, but only for specific wiag distances and lateral displacement
relative to the screen plane (Vishwanath et al520@oods et al., 1993). Therefore, incorrect
viewing position can produce perceptual distortitha will alter the realism of the 3D shape.
Together with these possible geometrical distogtiofnthe Stereoscopic 3-Dimensional (S3D)
layout, it is generally acknowledged that a majabem is the mismatch between vergence
and accommodation cues (Hoffman et al., 2008; Wanral., 1995). This discrepancy
between accommodation and vergence is considergtyger a variety of visual symptoms
(Shibata et al. 2011). Globally, these visual syong# are generally grouped under the term
“asthenopia” so as to refer to both its objectivésyal fatigue) and subjective aspects
(Lambooij et al. 2009). Asthenopia thus characesia decreased efficiency of the visual
system and is commonly accompanied by a numbego$ such as, for example, Eyestrain,
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Eyes’ soreness, Eyes’ dryness, Headache, Blurignvi@Blenm et al. 2005; Sheedy et al.
2003).

In natural viewing conditions, accommodation ancyeeace responses have been shown to be
reciprocally coupled (i.e. Schor, 1992). The fuoictof accommodation is to minimize the
blur in the retinal image for a certain range dftaince, the depth of focus, which is the
perceptual tolerance to retinal defocus (Wang &ff@da, 2006), whereas the goal of
vergence is to direct the fovea of both eyes towdéing object of interest. While blur is the
signal for eye-accommodation and disparity is igaa for vergence, some interactive neural
processes ensure that both eye-movements redttd¢o gignal (Semmlow et al. 1981). These
interactions are commonly named accommodative wegyéthe vergence response to blur)
and convergent accommodation (the accommodatigponsge to disparity). For example,
monocular blur stimulation can elicit vergence mse when only one eye is actually
stimulated. Interestingly, this link between accoodiation and vergence can already be
observed at an early age of human development €f@tnal., 2002; Aslin & Jackson, 1979),
thus attesting that this interaction is stronglyrdy. Even though accommodation and
vergence do not share the same unit, both systemsnd on object distance. In classical
stereoscopic displays, different vergence anglesimduced by the binocular disparities
displayed and give rise to the perception of oBbjetayout while the stimulus-to-
accommodation specifies a unique range of distaaomsnd the screen plane position (the
depth of field). In varying both focus and vergemmees, several studies have shown that
observers can experience visual fatigue (Hoffmaad.e2008; Emoto et al., 2005; Yano et al.,
2004). For instance, Emoto et al. (2005) manipdlatergence demands using base-in or
base-out prisms in order to create two conditiong in which the vergence signal was varied
and then fixed for a given time, and the other ihioh the vergence signal changed
periodically. These changes in vergence loads veemmpanied by a theoretical fixed
accommodation demand. Observers’ changes in visuattions (relative vergence,
accommodation response, delay in the P100 lateéncy@ased when the vergence load was
heavy or changing over time, suggesting that wloenid-vergence cues were inconsistent,
repeated vergence adaptation play a potent rdiiguing the visual systems. Hoffman et al.
(2008) used a novel 3D display that allowed thermtmipulate the difference magnitude
between accommodation and vergence in binoculaeled pictures. They showed that
binocular fusion was faster, stereoacuity threshalére reduced, and scores on a visual

comfort scale were increased when accommodatiovarrgegnce cues were consistent.
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The reason why visual fatigue occurs in S3D maythe observers fail to decouple
accommodation and vergence (Hoffman et al. 2009d@ket al. 2006; Inoue et al. 1997;
Wann et al. 1995). Indeed, the divergence betwkesettwo systems takes place when the
simulated depth of a displayed point exceeds tlogegtion of the dioptric interval of the
depth of focus in space, because the accommodeggponse is then saturated (Hiruma,
1990, cited by Pastoor, 1991). According to sevauthors (Hoffman et al. 2008; Torii et al.
2008; Okada et al. 2006), the discrepancy is cheniaed by the opposing direction taken by
the blur-driven accommodation and by the vergemoeed accommodation. There are
actually two temporal components in the accommudatiresponse: the primary
accommodation response reacts quickly to dispaartg, then accommodation is regulated by
the amount of blur present in the stimulus. Thuasthe case of binocular vision, the first
accommodative response is elicited by vergencedetiedeformation follows the direction in
agreement with the vergence distance. The secangawent of the accommodative response
Is driven by the spatial frequency content of thimmglus and then, in the case of binocular
vision, the lens deformation evolves to an adeqgsi@ie of refraction. In other words, there is
an accommodative response following the vergensporese that is then reduced by spatial
frequency information. Hence, according to Okadale{2006), asthenopia follows from an
oculomotor imbalance that would essentially invoaeommodation. When the simulated
stereoscopic depth remains within the focus raagepmmodative responses are possible
beyond the screen plane, and, in that case, fltichsof the lens are too small to generate a
blurred vision (Koh & Charman, 1998). This is te@ason why it is generally advised to keep
the displayed vergence distance in the zone of admvhich is approximately the middle
third of the zone of clear single binocular visi@moto et al., 2005). Otherwise, the required
effort of the oculomotor system related to accomatioth error correction will produce visual
fatigue (Lambooij et al. 2010). This anomalous ooubtor response that provokes asthenopia
would be an accommodative overshoot induced byvHrgence demand that requires an
accommodative correction (Fukushima et al. 2009ii €bal. 2008; Okada et al. 2006).

Accommodation-vergence mismatching appears to taffeongly the visual system, but the
resulting effects on depth perception are stilatieely unexplored. As such, it is worth
remembering that the inference of depth from sgssosuffers from misestimation of the
binocular disparity information (e.g. Adams & Mars@s, 2004; Johnston, 1991). Indeed,
binocular disparity is supposed to provide an urigodus cue to depth if it is correctly
scaled by a proper estimate of the egocentric vigwdistance (Garding et al. 1995).

Interestingly, this estimate of viewing distancepresumably relying on the actual vergence
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and accommodative states (Watt et al. 2005; Mon&iilk et al. 2000), and on the size ratios
of horizontal and vertical disparities (Rogers &Bshaw, 1995), but the accuracy of this
estimate and the information used for scaling aseadce-dependent (Domini et al., 2006;
Cutting & Vishton, 2000). These considerations arery important when creating

stereoscopic content and displays because theatstohviewing distance could be biased in
systems where accommodation and vergence spesifyegiant distances. Hence, given that
binocular-induced visual fatigue modifies the relaship between accommodation and
vergence (Emoto et al., 2005; MonWilliams et a@93), we expect a decrease in the ability
to properly infer the correct viewing distance. Mtheless, effects of visual fatigue are
usually considered to affect stereopsis rather ttiatance perception (i.e. a decrease of
stereo-acuity). Some evidence has been providdddifynan et al. (2008) who showed that

the time required to fuse random-dot stereograncse@ses with increasing discrepancy
between accommodation and vergence distances. &v/att (2005) have also shown that
stereoscopic depth constancy is affected by theonacwmdation signal. They asked

participants to judge whether a dihedron angle sraaller or larger than a right angle for

three possible viewing distances and found thadbraccodation could cause a flattening or an
increase of the perceived hinge angle dependinghenvergence distance relative to the

screen.

The literature reviewed so far suggests that mmesibns of the information provided by
binocular disparities in stereoscopic contents a¢dog the result of an accommodation-
vergence conflict. If we consider visual fatigue he a state resulting of a prolonged
immersion in this cue conflict situation, the perten of 3D shape from disparities should
also be affected. However, as people may subjégtesperience visual discomfort, they do
not necessarily exhibit any decrease in the peidoa of the binocular system due to visual
fatigue. The reason is twofold: subjective and dibje measures of visual strain do not
covary (Lambooij et al. 2009), and visual fatigadiinited by potential adaptation processes
of the binocular system (Schor, 2009). As sucha$ suggested that this possible adaptation
of the binocular system could be achieved througk teural crosslinks between
accommodation and vergence (Wann et al.,, 1995)nggs in the gain of the phasic
accommodation and the phasic vergence, and chamghs tonic components (Rushton &
Riddell, 1999). People may thus experience sulvedtisual symptoms either with or without
changes in the efficacy of the visual system bexanfsinter-individual variation in the
susceptibility to visual fatigue (Lambooij et a2009); this possibly reflects a failure for

visual mechanisms to adapt to effortful stimuliolBnged exposure to stereoscopic content
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may thus engender the sensation of fatigue andmiiEct in conditions where visuo-motor
processes are ineffective as well as when thesgses suitably adapt to viewing conditions.
The investigation of the bias direction in the 3&qeption after strong stereoscopic demand
should then enlighten the effect of visual fatigurestereopsis. The objective of this study is
to explore the potential effect of visual fatigu@ depth perception. In addition, the
relationship between the perceptual bias due tguatand the vergence system performance
is explored during sessions of binocular fixatiothvdifferent amounts of binocular disparity.
We used a procedure with two interleaved tasksfiteewas a binocular tracking task with
changing disparities for tiring the visual systeand the second was stereo-estimation of a
dihedron angle displayed as random-dot stereogréliesalso made pre- and post-clinical
tests to unravel potential links between the adeptaf the vergence system and the reported

bias direction in stereo-estimation.

2.2 Materials and Methods

2.2.1 Observers

A total of 12 observers took part in the entiredgtuFour other participants were discarded
because one was stereo-anomalous, one was diaga®sedfering from presbyopia and the
two others reported large difficulties to fuse ttemuli during the experimentation. Our
selection provided a full counterbalanced groupaticipants (on average 34.5 years old, 6.6
SD). All except one author were unaware of the arptal hypotheses. All had normal
stereoacuity as assessed by the stereo-test ofdioa tester (Visiolite, FIM-Medical). All
had normal vision possibly thanks to their usudlog corrections. They gave their informed
consent before beginning the experiment.

2.2.2 Apparatus

Participants sat comfortably in a chair within ancést facing a table on which the binocular
eye-tracker was placed (Eyelink 1000 with 2000 Hgrade, SR-Research). The viewing
distance was 2 meters from the display (Hyundai584el6” HDTV LCD Polarized

monitor). To minimize crosstalk, we placed parta&ip eyes on the axis perpendicular to the
center of the screen. We used two computers irestperiment, the first displayed 3D content

using Matlab and the Psychtoolbox extensions (Wgychtoolbox.org) and the second
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monitored the gaze tracking. Participants wore nmdd glasses to fuse left / right views and
see the content in depth.

2.2.3 Stimuli

Vergence effort

Observers saw an apparent fixation cross whoseudigs changed over time. Its theoretical
displacements, as predicted by disparity inforrmatwere either back to front or front to back
relative to the screen plane. This fixation cross wurrounded by a frame composed of small
black and white squares to help maintain stereasdogion. Observers were requested to
fixate the cross in its center and were asked fmire from moving eyes toward the
surrounding frame. The size of the fixation crossswi0 arc minutes and the size of the
surrounding frame was 2 degrees. We created twditimms of cross displacement: the high
vergence demand and the medium vergence demandprandondition where the cross
remained static. The moving-in-depth cross veloai#g always sinusoidal, that is, changes in
binocular disparity corresponded to a sinusoidavef@m over time. In order to obtain
equivalent velocities in the two conditions whdmne tross moved, we started and finished all
trials by a period of fixation, matching the intexiddisparity. Final disparities were opposite
in sign to starting disparities (x 90’ for the highrgence demand and * 45’ for the medium
vergence demand). We selected these disparity yvdheeause beyond 60 arc minutes,
disparities lead to severe discomfort (Wopking,3)%nd because of the commonly reported
limit of binocular fusion in stereopsis (Lambootj &., 2009). Therefore, the conditions of
vergence effort were equivalent in terms of velpademand for tracking ability and of
presentation duration. That is why we refer to ¢ngo conditions of vergence effort by the
maximal disparities at the onset and the end ofiriaé A 0’ condition was introduced as a
control condition. In this condition the cross arsdframe were static on the screen during the
entire test. We will label these three conditioeglae static vergence condition, the medium
vergence effort condition and the high vergencereffondition (respectively, zero disparity,
+/-45’ disparity and +/-90’ disparity).

Stereo-judgment task

After each run of vergence effort, performancegquidging the inside angle of a vertical
dihedron (as in an open-book configuration) wergeased using random-dot stereograms.
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This stimulus has already been used elsewheretawlesl high reliability in accounting for
the capacity to perceive 3D shape (Hoffman et @082 Watt et al. 2005). The task was to
focus in the depth plane of the monitor on a srfigdition cross (25 arc min) which was
placed in the center of the dihedron and then dgguwhether the displayed dihedron angle
was smaller or larger than 90° (see figure 2.1prbfer to ensure that the vergence effort did
not influence directly the 3D judgment by the wdygaze position, we asked participant to
accurately fixate a target in the middle of theesar and then to press a button when ready.
The dot density for the dihedron was 0.87 dots/déilp a width of 14 degrees of visual angle
and a height of 7 degrees; the dot density of dukdround was 5.6 dots/deg. The fixation
cross was always in the monitor plane while thaspaf the hinge appeared in front of the
screen. Before each experimental session, we damiea learning task (with audio feedback)
during which observers had to obtain a score of @%dging the dihedron angle. For the
learning task, we used the method of constant &tiama presented dihedron angles in the
range of 81 to 99° (10 stimuli intensities sepatdty 2 degrees and the whole repeated 4
times until participants reached the attended $cdtach dot was placed relative to the
cyclopean eye by projective geometry. For the arpental session, angles of each dihedron
were displayed according to an adaptive staircasmepdure (Accelerated Stochastic
Approximation, Kesten 1958). This procedure allowsdto estimate the point of subjective
equality (PSE) and the slope at this point for dalock and session. The maximal number of
repetitions was set to 15 for each staircase. [Quoine block, observers participated to 3
threshold estimations (50%, 25% and 75%) using drcstses (one ascending & one
descending) per threshold estimation for a tota®®ftrials. This procedure was repeated 3

times so as to obtain 3 estimations of the psyclerfenction in each session.
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Figure 2.1: Stimulus used in the stereo-judgmesk.tdsing a random-dot stereogram, the
stimulus depicted a dihedron (large dots) in frafrt random-dot background (small dots).
The shape of the dihedron was similar to that iffidan & al. 2008, except that we added (1)
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a randomdot background and (2) a gray level for each sthdtz (i.e., (2) was supposed

improve fusion speed and was appreciated by thecipants in pr-tests).
2.2.4 Procedure

Two sessions offergence pursuit and their control condition weesigned according |
different vergence demands (x 90, 45 and 0 arc teshof initial/final disparity). Eac
session was run independently, on three differaysdso as to avoid any contaminal
effed of effort & fatigue across trials. During eaclssien, the vergence task and the st
task were interleaved. We split each session imteet consecutive time blocks of 90 tri
each (block 1 from the first to the™ trial, block 2 from the 91 to the 18(" trial and block 3
from the 18¥ to the 278 trial) in order to test for potential effects otine. The sessions of

vergence demands were counterbalanced acrosspants

Estimation

\ ‘ Hinge Angle

—
N

Figure 2.2 Experimental Schedule of 1two interlaced tasks (vergence effort & ste

estimation)
Pre- and Post-tests

Before and after each individual session, we asbadicipants to fill in the Simulatc
Sickness Questionnaire (SSQ, Kennedy & al. 1993) we assessed their vertical ¢
horizontal near heterophoria (with the method dbedrin Corbett & Maples, 2004) al
fixation disparity using the Saladin N-point Balance Card (fixation disparity was meast
without prism).

The SSQ is useful to establish a profile of symgofollowing prolonged viewing ¢
stereoscopic content. It can be used to evaluatesdor three possible components: nat
oculomotor deficits and disorientation. These ssaran be combined to produce a gic
SSQ score. Participants have to rate amoncymptoms the intensity they experienced c
4 points scale (None, Slight, Moderate & Severgim@oms are the following: Genel
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discomfort, Fatigue, Headache, Eyestrain, Diffigtiticusing, Increased salivation, Sweating,
Nausea, Difficulty concentrating, Fullness of he&iirred vision, Dizzy (eyes open or
closed), Vertigo, Stomach awareness & Burping. &are then computed using a weighting
table (see Kennedy & al. 1993).

2.3 Results

2.3.1 Subjective Experience

From the responses obtained for each of the 16siteinthe SSQ, we computed the scaled
scores for the three factors (hausea, oculomotdrdisorientation) and the total scores of
visual sickness (see Kennedy & al. 1993). The aealycarried out on the weighted scaled
scores of the SSQ revealed an effect of the vesggefiort condition (0, 45’, 90’) on the
component of the SSQ (p<0.0001). First, the ocutoméactor was predominantly more
involved in the experience of symptoms in the ctodi of high vergence demand as
compared to the other two (F (2, 33) = 3.87, p=3D.%econd, we observed that the global
scores (sum of the scores for the 3 components also significantly more important in the
high vergence demand condition than in the other (w (2, 66) = 15.845; p < 0.0001).
However, the interaction effect between the coaditiof vergence demand and the
components of the SSQ on the scores was not signtfi(F (4, 66) =1.61, p >0.05). In
comparing the responses for each question of ti@ I&3ween the conditions of vergence
demand, we observed that the SSQ scores were niafidgnced by the following items:
“General Discomfort”, “Fatigue”, “Eyestrain”, “Diftulty focusing” and “Blurred vision”.
They were significantly more rated in the high \&rge demand condition as compared to the
other two (p < 0.05).

2.3.2 Perceptual Estimation

We extracted points of subjective equality (PSE,38% point on the psychometric function)
in the dihedron angle estimation. The present @eslyid not separate the condition in which
trials could either start with a crossed dispastgp or an uncrossed disparity step. We
estimated the PSE for each participant and eacsiosesind block using the maximum
likelihood procedure applied on the raw responsesldd as 0 and 1 for “smaller” and

“larger” than 90 degrees) and displayed as a cumaldistribution. The analysis performed
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on the PSEs for the 12 participants between eassiaeof vergence effort did not show any
significant effect (F(2,20)=0.716, p=0.339); butlaxge inter-individual variability was
observed in the zero disparity and the 90’ dispaséssion (the standard deviation was 4.1
degrees in the zero disparity group, 3.12 degredése 45’ disparity group and 5.9 degrees in
the 90’ disparity group). Likewise, we did not obhaea significant effect of the variable time
blocks (F(2,20)=0.259,p=0.775). We also extractedddlope of the psychometric function at
the PSEs but the analysis did not reveal any sogmf effect of vergence effort
(F(2,20)=0.167, p=0.847); in other words, the Maitity of the responses at the PSE could not
be differentiated between the three conditionsevfgnce demand.

The slope at the PSE of a psychometric functiomssally regarded as an indicator of
uncertainty in the response because it revealydhability around this point. We expected
that visual fatigue could affect 3D shape percepiiotwo different ways: an increase of the
uncertainty that would reflect a state of fatiguéhaut adaptation, and a decrease or
unchanging uncertainty that could reflect fatiguéhvadaptation. By comparing the slope at
the PSEs between the session that was not suppmsadail visual fatigue (zero disparity
condition) and the one that was supposed to int®du tiring of the visual system (90’
disparity condition), we observed two differentdencies across participants: a decrease of
the slope or an increase of the slope across tlgenee effort conditions (groupl and group2
respectively). We assigned participants to two psoaccording to the variation of the
psychometric slope (sensitivity) over the threedittons of vergence effort (6 participants in
each group). Now, the evolution of the slope betwibe static vergence effort condition and
the high vergence effort condition was significgrdifferent (F(1,10)=24.88, p<0.0001). We
found two tendencies in the bias direction (inteoaceffect: F(2,20)=6.034, p=0.009). Post-
hoc analysis revealed that Groupl showed a decogdise perceived angle with the vergence
effort (the angle is judged smaller in the highgesrce effort condition than in the static
vergence effort condition, p<0.05) and Group?2 exbibinstead an increase of the perceived
hinge angle with the vergence effort (the anglgudged larger in the high vergence effort
condition than in the static vergence effort caodit p<0.01; see figure 2.3). In other words,
for the first group, the higher the level of vergerdemand, the less is the over-estimation of
the dihedron angle while for the second group,hiig@er the level of vergence demand, the
more is the over-estimation of the dihedron anghe variability for the high vergence effort
condition in the groupl is due to one participahbvprovided marginal estimation in spite of
the match with the grouping criterion (i.e. based tbhe sensitivity of the psychometric

function). Unfortunately, the analyses realizedtloe PSEs between the time blocks did not
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show any significant effect (F(2,20)=0.259,p>0.0R)e estimation of depth from stereopsis
is likely dependent on the scaling distance obsamugst consider for perceiving depth and,
as a consequence, authors converted perceptightids in equivalent/scaling distance (e.qg.
Hoffman et al. 2008, Watt et al. 2005, Johnstor®1)9The scaling distance enlightens what
depth extent a given pattern of disparity is supdo® mediate at a particular distance.
Therefore, we computed these distances which matelid the pattern of disparities that

observer considered as corresponding to the inter@i2 structure (see formula 2.1 in

appendices). The averaged results can be founduref2.4 for the two groups. The analysis
performed on the scaling distances did not revegl effect when the scaling distances of
both groups where taken together (F(2,22)=0.47,.5)0 but again the vergence effort
condition gave rise to two tendencies considerhmg grouping criterion (interaction effect:

F(2,20)=6.51, p=0.007). Groupl tended to underedgénthe scaling distance with the
increase in vergence effort (p<0.05) while group2reasingly overestimated the scaling

distance with the increase in vergence effort (£p.

Group 1 Group 2
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Figure 2.3: Plot of the cumulative Gaussian fittfagthe two sets of participants in the 3
conditions of vergence effort (static, medium, Rigkigure 2.3 shows the results from the
stereo-task (for all observers) as well as fit@lmpmulative Gaussian function. This figure
shows both trends in the progression of the PSkd®at the 3 possible conditions of
vergence effort (zero disparity, 45’ disparity caiwh & 90’ disparity condition).
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Figure 2.4: Effect of the vergence effort sessimmshe scaling distance considered to be used

in perceptual estimation. Scaling distances fougloand group2 are represented in dark red
and black respectively. The error bars denote staherrors of mean.

The effect of the vergence effort condition on téaction time (for all trials) was significant
(F(2, 2134)=5.569, p=0.004), the time required udge the angle size was smaller in the
static vergence effort condition than in the mediand the high vergence effort conditions
(p<0.002 and p<0.01, respectively). The effecthef block session on the reaction time was
also significant (F(2, 2134)=33.78, p<0.0001), tinee required to judge the angle was larger
in block 1 than in blocks 2 and 3 (p<0.001 and P80, respectively). However, the
interaction effect between the condition of vergeeffort and the condition of time block

was not significant (p>0.05). Figure 2.5 sums wprtsults for the reaction time.
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Figure 2.5: Effect of the vergence effort sessimd of the time blocks on the Reaction Time
in the perceptual estimation. The first time blackcerns the first to the 90th trial, the second
block the 91th to the 180th trial and the third #84.th to the 270th trial. The reaction times
for the static vergence effort (zero disparitye thedium vergence effort (45’) and the high
vergence effort are represented in black, blueradaespectively. The error bars denote

confidence intervals of mean.
2.3.3 Heterophoria and Fixation Disparity

We computed the correlations for heterophoria ie-tpsts for each condition of vergence
effort. For horizontal phoria, we found correlasobeing of .93 between static and high
vergence effort, .63 between static and mediumererg effort and .64 between medium and
high vergence effort (all correlations significapt0.05) and, for vertical phoria, correlations
were .79 between static and high vergence effer0.(b), .29 between static and medium
vergence effort (p>0.05) and .67 between medium tagh vergence effort (p<0.05). The
difference between heterophoria in pre-tests fahezondition of vergence effort did not
show to be different both for vertical and horizinphoria (Friedman ANOVA: Chi-
square=0.7, p>0.05 and Chi-square=5.6, p>0.05). rEpeatability of this clinical test
sounded thus quite good. We computed the differert@een the pre- and post-test for each
vergence effort condition but no significant effeadt horizontal and vertical phoria was
observed (F(2,22)=0.05, p>0.05 and F(2,22)=2.12).Q5; respectively). Due to a lack of
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results, we analyzed the effect on absolute vadfié®rizontal and vertical heterophoria, but
still there was no effect (F(2,22)=1.84, p>0.05 &ifd,22)=1.44, p>0.05, respectively). The
variability among the participants about the diacif the lateral phoria shift was important:

3 showed no effect, 5 were exophoric and 4 werphestc.

The difference between fixation disparity in pretsefor each condition of vergence effort did
not show to be different both for vertical and korital phoria (Friedman ANOVA: Chi-
square=0.4, p>0.05 and Chi-square=2, p>0.05). Wgpated the difference between the pre-
and post-test for each vergence effort condition riu significant effect of horizontal and
vertical fixation disparity was observed (F(2,2238) p>0.05 and F(2,22)=2.12, p>0.05,
respectively). However, horizontal fixation disparshowed an increasing esophoric shift
with vergence effort when considering only the pgests (Friedman ANOVA: Chi-
square=6.75, p<0.05).We converted the scaling riistgsee above) and horizontal near
heterophoria and fixation disparity in meter anglesas to compute the correlations between
estimated fixation distance and clinical results dach condition of vergence effort but we

did not found any consistency (p>0.05).
2.3.4 Vergence reaction to disparity-step

In order to extend our analysis of vergence eye emmnts during the fixation task, we
investigated how the vergence system respondedrsiént changes of binocular disparity.
This kind of analysis has already been performedrex and post-tests after a stereoscopic
visually guided task using head-mounted displayss@te et al., 1996). We first extracted the
peak velocity and amplitude of the ocular vergeatcéhe onset of each fixation trial in the
high vergence effort condition (90 of disparity)dain the medium vergence effort condition
(45’ of disparity), and checked for correlationgvieeen initial phase and velocities (Hung et
al., 1997, 1994). Correlations between velocitykpaad amplitude of the initial phase are
useful to validate that the detection criteriors@isfied and to ensure that eye movements
represent reproducible patterns of dynamics witleptable variance, therein showing normal
behavior of the visual system. We dissociatedahfthase and amplitude of ocular vergence
because amplitude of vergence may contain more timen phase characterized by their
pattern of velocity (see figure 2.6). The peak g#lowas measured as the slope of the first
degree polynomial curve fitted to each initial phal is worth noting that the detection
algorithm discarded a substantial part of the driaécause of the presence of blinks and

saccades during the fixation task (almost 60% efttlals were removed from the analysis).
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The correlation coefficients between the velocigalp and the amplitude of the intial ph.
ranged from 0.70 to 0.76. It should be noted thase¢ correlations coefficient appear to di
from those rported in previous studie(e.g., Hung et al., 1997, 199for two possible
reasons. First, the range of the tested dispaxtéslimited to 0.75 and 1.5 degrees, whe
that of Hung et al (1997, 1994) extended from 216 degrees. Second, the meas

vergence was solicited using two different methodms (real world vs. stereoscopy), w
matched accommodation and vergence distances ig'sistudies and decoupled distance
our study. Nevertheless, the correlations we fcugtdveen both variabl were strong enoug
to analyze the overall effects. Indeed, correlaibatween velocity peak and initial phast
the vergence responses are represented in F2.7. As it was observed in real world (Hu
et al., 1997), the slope of the amplit-velodty regression line is in general larger for
convergent movement (crossed dispi-step) than for the divergent movement (uncro:
disparitystep). But these considerations are subject toificktion considering the
participants may differ in thefusion abilities either for crossed or uncrosdesparities
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Figure 2.6: Ocular vergence trace and vergenceiglof a binocular reaction to converge
disparitystep of 90 arcmin. The ocular vergence is represioy the thick black line; this
a typical response to a dispa-step of 1.5 degree. The vergenelocity is represented |
the thin black line. The initial phase of the varge movement is indicated with the b

arrow and is defined by the blue region where #lecity goes beyond the fixed threshc
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The mean amplitude of the vergence movement iakgdrwith the red arrow. The error
corresponds to the mean error during the maintenahthe vergence effort and is showed in
green. The dashed line shows the intended amouths$drity. The dotted-dashed line shows

the velocity threshold used for the detection efithitial phase of the vergence movement.

Hung et al (1997) reported velocity-amplitude nelatslopes as being contained between 3.3
to 4 s-1 for convergence and between 1.3 to 2 fbs-divergence movements. The values we
observed in the present study agree with the medslope for divergence (2.3 s-1) but not
quite for convergence (2.7 s-1) — the values of dlopes are respectively for the blockl,
block2 and block3: s1=2.7, s2=2.6 and s3=2.7 farveagence, and s1=1.9, s2=2.3 and

s3=2.6 for divergence.
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O Dblock 2
O block 3

Peak Velocity (deg.s-1)
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Figure 2.7: Correlations in vergence dynamics torvergent and divergent disparity-step
(peak velocity versus amplitude) over the 3 blozkme session. Coefficients of correlation
range from 0.70 to 0.76 across vergence signs lacid(all correlations are significant,

p<0.05). The fitted lines are linear regressiotspgs ranged from 1.9 to 2.7)s
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Overall effect (N=12)

For the disparity step of 45 arcmin, we did nodfeny effect of the block sessions on the
components of the vergence dynamics for the unedoasd crossed disparity step (for the
velocity peak, the amplitude and the latency, p5D.®ence, the following analyses will

discard the data for the condition with disparitgpsof 45 arcmin.

For the disparity step of 90 arcmin, in order toestigate the relationship between
convergent and divergent movements, we computedcainelations of the velocity peak
between the crossed disparity-step and the unaodsparity-step conditions and the
correlations of the amplitude between the crossgpladty-step and the uncrossed disparity-
step conditions. We found significant correlationth a coefficient correlation of -0.55 for
the amplitude and of -0.40 for the velocity peak®01 and p<0.02, respectively). As a
consequence, we analyzed the absolute values ofelbeity peak and the amplitude with
crossed and uncrossed conditions taken togetheonbakrved an effect of the time blocks on
the velocity peak (Kruskal-Wallis test: H=12.81,0081, ANOVA: F(2,1531)=5.24, p<0.01)
and on the amplitude (Kruskal-Wallis test: H=6.5%0.04, ANOVA: F(2,1531)=2.61,
p<0.05). The peak velocity was larger in block3ntha the other two (p<0.05) and the
amplitude was larger in block3 than in groupl (1050.

When considering convergent and divergent movemsepsirately, an effect of the block
sessions puts forth a time effect only for uncrdsdesparity-step (leading to divergence
responses) and that, for the velocity peak and dhgplitude of the initial phase
(F(2,664)=10.52, p<0.001 and F(2,664)=4.38, p=0.0&8pectively) but not for the latency
(F(2,664)=1.31, p>0.05). More precisely, the pasevcomparison analyses revealed that the
velocity peak (absolute value) was higher in bl8cthan in blocks 1 and 2 (p<0.05) and the
amplitude (absolute value) was also greater inkob¢han in blocks 1 and 2 (p<0.05). We
did not find any effect of the block sessions oe #tergence dynamics components for the
crossed disparity step (leading to convergenceoresgs) (for the velocity peak, the amplitude
and the latency, p>0.05).

The velocity peak was greater for the crossed digpstep than for the uncrossed disparity-
step (Rank Sum test: U=205923, p<0.001; t-tes.849, p<0.001). However, the amplitude
of the initial phase could not be statistically tasted between the crossed and uncrossed

disparity-step conditions (p>0.05).
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Grouping analyses

Given the heterogeneously shared effect of thekbloo the observers, we tried to put forth a
few differences thanks to the grouping of partioiga We used the previous criterion based
on the confidence in the response of the sterdoiteet was used for the analysis of the
psychophysical data. For convergent movements,bgerged that the amplitude could not be
differentiated between groups 1 and 2 (F(1,765)5;p%£0.16) but that the velocity peak was
larger in group 1 than in group 2 (F(1,765)=13.D,081). For divergent movements, we
found that the amplitude was larger in group 1 timagroup 2 (F(1,588)=101.32,p<0.0001),
and that the velocity peak was more important irougr 1 than in group 2
(F(1,588)=24.47,p<0.0001). We then tested the efdéahe time blocks. For the crossed
disparity-step condition, both groups did not shewy difference in the velocity peak and in
the amplitude over the three blocks (respectively groupl and group2: F(2,428)=1.246,
p>0.05, F(2,337)=1.273, p>0.05 for the velocity kpeaF(2,428)=0.031, p>0.05,
F(2,337)=0.768, p>0.05 for the amplitude). Foruherossed disparity-step condition, groupl
showed only a significant effect for the velociggk (F(2,319)=8.209; p<0.001), the absolute
values of the velocity peak were smaller in blockhan in blocks 2 and 3 (p<0.05 and
p<0.001, respectively) but the absolute valueshef dmplitude could not be differentiated
between the blocks (F(2,319)=0.872; p>0.05). Faup®, the velocity peak could not be
differentiated between the blocks (F(2,269)=2.71#Q.05)) but an effect of the block on the
amplitude was revealed (F(2,269)=6.232, p<0.0B,absolute values of the amplitude was
significantly larger in block 3 than in block 1 @£€01). In summary, the first group showed
an effect on the velocity peak while the secondugrehowed an effect on the maximum

amplitude.

2.4 Discussion

In the present study, participants tracked a foratarget whose binocular disparities changed
over time. Interestingly, they were unable to ré@ory displacement in depth — either the
large initial step or the motion-in-depth — buteavfobservers sometimes mentioned a kind of
shaking of the cross. It is worth noting that tiee ©of the cross remained unchanged while
disparity actually changed. In so doing, we gemela cue-conflict between the vergence
angle specifying a particular depth-position and tklative change in its size it had to

undergo. Moreover, it is also possible that theateg disparity conveyed different perceived
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sizes of the fixation cross (for example, betwesrsged and uncrossed disparities) since it is
well known that perceived size of objects cast ba tetina increases with decreasing
vergence angle and decreases with increasing veggargle (Adams, 1955; Hermans, 1937).
This phenomenon of “zooming” is described by thentart’s law. The change in perceived
size observed with change in disparity has beeridered to result from a binocular size
constancy mechanism (Julesz, 1971) so as to prewéeconstancy in an attempt to stabilize
the size of the percept. Heinemann et al. (1959F havestigated the role of oculomotor
adjustments on apparent perceived size and shadwatdn absence of any change in eye
accommodation or pupil size, the variations exerted the vergence angle lead to
modification in the apparent object’s size. On liasis of the position of the gaze alone, it
seems that the apparent size may vary independehttiie retinal size. Given that the
potential change in size was perceptual, this igadly the vergence mechanism that causes
the size scaling (Julesz, 1971) and, as a consegu&o motion in depth was perceived
during the vergence effort part (see for examplasnféijer & Erkelens, 2009). The
perception of motion-in-depth can be achieved i phesence of congruent and sufficient
cues and is not effective in presence of binocdiaparity alone (Brenner et al., 1996;
Erkelens & Collewijn, 1985). The apparent taskh@ participants in the vergence effort part
of the experiment was thus akin to a fixation tagla cross whose displacements in depth

were only “unconscious”.

The aim of the present study was to test the efféatisual fatigue generated through the
presentation of changing horizontal binocular dig@s on the perception of 3D shape. We
looked for possible signs of visual fatigue or disdort as a subjective measure (the
Simulator Sickness Questionnaire, Kennedy et &3)190 as to check that participants really
felt fatigue after watching our stimuli. The origiity of this study was the use of a vergence
effort task (i.e. in order to fatigue the binocutystem) that was interleaved with a stereo-
judgment task (i.e. to observe potential effectsdepth perception). In this way, we found

that the main symptoms were largely dominated bylamotor factors rather than the

components of nausea and disorientation. We obdehat global scores for the SSQ were
indeed larger in the condition of highest vergerefort as compared to the others.

Unfortunately we failed at observing an interactiefiect between the scores of each
symptom category of the SSQ and the conditionseofjence effort. From these subjective
results, one can conclude that possible symptolatedeto stereoscopic visualization focus

around the oculomotor sphere. This is not reallpissing because the head of subjects was
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restrained in a chin rest to optimize the eye-tragkprecision and thus, stereoscopic
induction of motion sickness was minimized. Howevhrs confirms that a wide variety of

symptoms may be experienced following long and awlimey observation of 3D stereoscopic
content on classical displays (i.e. eyestrainjdliffy of focusing, blurred vision), and that our

experimental procedure was strong enough in tefrpsopensity to produce visual fatigue.

3D shapes were depicted using random-dot stenesgs®d as to isolate the effect on the
disparity processing mechanism only. Using a stestegorical-judgment paradigm, the
findings reported in the present study revealed plaaticipants, on average, did not provide
any overall tendency in the bias direction follogithe vergence effort task — but showed an
effect on the reaction time. However, by groupirgtigipants according to the variation of
their uncertainty in the response (as a functiothefslope at the point of subjective equality),
we discover two tendencies. The rationale was\tizatal fatigue could affect the perception
of a 3D dihedron in two different ways: an increa$dhe uncertainty that would reflect a
state of fatigue without adaptation, and a decreasmchanging uncertainty that could reflect
fatigue with adaptation. Hence, two trends couldobserved after grouping participants in
these two groups. Before examining the resultshenbias direction in the estimation of the
3D shape, it is worth defining what correspondever- and under-estimation of the dihedral
angle. As a matter of fact, when an observer estisnthe right angle as being smaller than 90
degrees (PSE less than 90°), s/he under-estimagesirgle. In this case, the amount of
disparities mediating the 3D shape required togieeca right angle is increased as compared
to a correct estimation, and so, the observer uestmates the binocular disparities and s/he
is less sensitive to horizontal binocular dispasitiin contrast, when the participant judged the
dihedral angle as larger than 90 degrees, s/he-astenates the angle and the binocular
disparities. The group analysis revealed that tret §roup (increase of uncertainty with
vergence effort) showed a gradual underestimatidgheodihedron angle with the increase of
the vergence effort. This group showed the misegton of the dihedral angle with a bias to
underestimate depth from binocular disparities.aAmatter of fact, observers judging the
angle smaller than 90° did require more disparit@sperceive a right angle when the
vergence system was more solicited. In this case, dihedral angle was judged as if
observers were less sensitive to binocular digparitParticipants were placed in group2
because of an increase or no change in the slofeiofpsychometric function as the demand

on the vergence effort increased. This group shamvethdency which was the opposite of the
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first group. The dihedron angle was overestimatedged larger) since its shape was
perceived more expanded in depth.

One kind of perceptual changes reported in 3D edtim has already been shown in previous
studies (e.g. in Blakemore & Julesz, 1971). Hemcptation to binocular disparities after
fixation could lead to stereoscopic after-effectbeve random-dot stereograms used as
adaptation stimuli influence the perceived deptmext similar stimuli. These after-effects
have been explained as a consequence of fatigdeavease in responsiveness of disparity
detectors (Domini et al. 2001). A broad collectioh studies suggests the existence of
disparity detectors in the human visual corticaltegn, specifically selective for a category of
binocular disparities (i.e. Ohzawa et al. 1990; &e§ Beverley, 1973; Fiorentini & Maffei,
1970). For example, adaptation to crossed dispantiith a stimulus in front of the monitor
plane will lead to an after-effect to perceive dject at zero disparity behind the fixation
plane, presumably because of a two-channel orgamizaf the cells sensitive to binocular
disparities (Long & Over, 1973). According to Lo&gOver (1973), this situation could
create a brief imbalance in the two-channel medmarbecause of the tiring of the group of
disparity detectors that are tuned to this categdrgisparities. According to Howard and
Rogers (1995), even a multiple-channels organiadioo disparity detection would exist in
the visual system. Misinterpretations of binoculeparities might be the consequence of the
fatigue of the disparity detectors. Therefore, ase of strong demand for the binocular
system, it could be possible that the decreasifigiegicy in discriminating stereoscopic

patterns will be due to the fatigue of these digpaetectors.

Central to the subject of the present paper, tbietlfet these results on the two possible shifts
in the mean PSEs over the vergence effort conditaoe really triggered by visual fatigue is
corroborated by the results on the reaction timeitAvas previously shown (Hoffman et al.
2008), observation conditions with decoupled accogtettion and vergence may affect the
time required to fuse a random-dot stereogram. Sudy shows that a strong stimulation of
the vergence system under stereoscopic condititest@athe time to respond when watching
a random-dot stereogram as a function of the iitien$ the vergence effort and of the time

elapsed.

In order to enlighten the effect of visual fatigoe the perceptual estimation, we also
converted the estimated thresholds in scaling mlists; the distances at which the pattern of
disparity matching with the perceived depth shagdcify a right vertical angle. This kind of

analysis is often realized to account for the estgd fixation distance that observer must
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consider for disambiguating the disparity signaf(&Vatt et al., 2005; Johnston, 1991). The
rational was that the oculomotor adjustments cdiddreflected in the misetimation of the
egocentric fixation distance, as for example a gkham the accommodation state. For
instance, it was already suggested that accomnoodabuld adopt a state approaching its
resting position or a “specific distance tendency” open-loop conditions and affect
perceptual estimation (Frisby et al.,, 1995). Onssjile explanation of the results of the
present study is that the two tendencies founcemgptive estimations are related to biases in
estimating the fixation distance used to scaleatigp (overestimation or underestimation).
These misestimations of the fixation distance cduddelated to the effect on the oculomotor
system. As a matter of fact, any adaptation ofatidomotor system could at least indirectly
influence either accommodation or vergence or bogether and lead to fluctuations in the
estimation of the fixation distance used to scadpatity. As such, it was already shown that
distance perception can be influenced by adaptafidthe oculomotor system (Wallach et al.,
1972). Therein, the absence of consistent effedatamal heterophoria disagrees with that as
it is related to the tonic component (e.g. Owen3\&ell, 1992). However, an effect of the
vergence effort on fixation disparity was obserwetich however could not explain the bias
directions in stereo-estimation. Specifically, etlkaugh tonic vergence is set to the average
disparity of the stimulus (Rushton & Riddell, 1996)is does not explain why a part of the
participants estimated their fixation distance bd/the screen plane. In any case, changes in
the accommodation state could also be respongiblthé bias direction found in the stereo-
estimation. As a matter of fact, it is well knowmat the thickness of accommodative lens
varies as a function of the fixation distance. $padly, for far viewing, the lens is relaxed
and less rounded, the focal length tend to be maxivhereas in near viewing, the crystalline
lens becomes more rounded because more refrastimeeded for focusing. It is worth noting
that the accuracy of the accommodation response \a@ges among observers and that a
certain amount of accommodative error can be tmdras long as the focusing distance
remains in the depth of field. As a consequence bihs direction in 3D estimation reported
in this study could be related to the changes endbulomotor system in such a way that

vergence or accommodation errors affected the astmof the fixation distance.

One of our main objectives was to identify aspeiciseye movements characterizing
stereoscopic activity and its effect on the vissydtem. The most common method used to
evaluate visual fatigue in stereoscopic visualarainvolves subjective questionnaires, while
a lot of objective methods are known to measureoomfer visual fatigue (e.g. error in

accommodative refraction, pupil size variation, diohk rate). Here we investigated the
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components of vergence dynamics in the vergencgioeato disparity at the onset of each
trial as they may relate to vergence error (Hasetbal. 1996). As such, we dynamically
measured vergence movements during the vergenoe p#rts of our experiment. We also
examined phoria and fixation disparity in pre- gabt-test so as to find out any possible
relationship between the bias in the stereo-esiomatnd the adaptation of the vergence
system. We failed at observing any consistent eftat near heterophoria whereas the
literature previously provided evidence for an désmj shift (e.g. MonWilliams et al, 1993).
The lack of result on near heterophoria in a strepic configuration could be explained by
the fact that the visual system quickly recovessnbrmal state when it is immersed in a
natural world. However, we cannot exclude thatghesent clinical test was not biased by
accommodative vergence and, some previous studiesvesl such effect on phoria
measurement (e.g. Owens & Tyrell, 1992). If ithe tase, the absence of results on phoria
could have been due to accommodative convergenmd whggests no crosslink adaptation.
However, we found an effect on fixation disparitigem considering only the post-tests — that
may be due to the lack of repeatability of the ichh set-up. Moreover, our results
demonstrated that vergence demand in general reddifnie components of vergence
movements; the velocity peak and the amplitudénhefinitial phase of the vergence reaction
for crossed and uncrossed disparity-step were @tanger time. It is worth noting that the
study of these two components across the vergeticmilation offered two important
indicators of the vergence system efficiency. Imfjedne velocity peak of the vergence
reaction is better related to the participantsligbio quickly fuse the stereoscopic stimulus;
in contrast, the amplitude of the initial phasenisre connected to the error of the vergence
system. Hence, the increase in the velocity peakefergence reaction will be informative
of the increasing ability in performing the task ilwhthe increase in the amplitude will
mediate an increase in the error of the vergenstesy It is important to note that the
correlations obtained between the velocity peak thedamplitude of the initial phase were
slightly different than those reported for real ldoconditions (see Hung et al. 1997).
Specifically, we observed that the slopes of thgrassion lines of the velocity-amplitude
relationship were consistent with those obtaineckal world for uncrossed disparity-step but
not for crossed disparity-step, the slopes werardsted for the latter. This result should be
added to the fact that the effects on the velgo#igk and on the amplitude were broadly due
to the variation in the divergent movements as epgao that of convergent movements.
Although the slopes of the regression line wereuced in the stereoscopic viewing

conditions as compared to those of real world, theye also more stable over time, and this
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calls for a more sturdy mechanism. The componenisrgence dynamics were only affected
in the block sessions for uncrossed disparity-stie@,vergence reaction tended to be faster
and of greater amplitude over time. It is possiblat the convergent system showed more
stability than the divergent system as a consequehits adaptive value in detecting objects

that quickly approach and threaten the peri-pelsspace (Hung et al. 1997).

The individual analysis of the vergence dynamianalestrated clear individual differences in
the fluctuations in the components of vergence.aAsonsequence, we were interested in
comparing the results of the vergence dynamicsghergrouping we previously made in the
analysis of the perceptual estimation. We obsetivatthe first group showed an effect on the
velocity peak while the second group showed arceffe the maximum amplitude. Clearly,
groupl (classified according to the tendency oéerelase in stereo-estimation sensitivity, i.e.
decrease in the slope at the PSEs) showed an secihedhe velocity peak over time blocks
while the group2 (with absence of change or in@eagrecision) showed an increase in the
amplitude of the vergence response over the bldtk&ould be noted that although group2
exhibited an increase in the maximum amplitude h& vergence, the amplitude was on
average smaller to that of groupl. The groupl wasall less sensitive to binocular disparity
after stimulation of the vergence system and, sklogamsistently more important amplitude

and greater velocity peak in the vergence readtian group2.

In summary, vergence dynamics evaluated after nergeffort in the present study appeared
interestingly faster, but the amplitude of the arce reaction appeared increase over time.
The first group presented an increase of the madiime to disparity but with spatial
overshoot, that is, amplitude response that excktgestimulus amplitude. This overall error
could be related to the decreasing ability to jrietr binocular disparities for the judgment of
the 3D dihedron. In general, the findings of thesent study support the conclusion that
vergence disturbance may, at least indirectly,rdiigher level stereo-processing leading

observers to misestimate the 3D shape of steremsabjects.

2.5 Conclusion

In the present study, we showed that both the parakestimation in judging a 3D shape and
specific components of eye movements were influgrgethe extent to which the vergence

system was solicited. Depending on the participamts distinct trends in the bias direction

(over-estimation or under-estimation of binocularspdrities) were observed when
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participants underwent large demands and changdspérity, and the reported symptoms
were largely directed toward oculomotor factors.e3dr two possible trends could be
connected to the inter-individual difference in tapacity to respond to stereoscopic stimuli.
Additionally, we found that the components of tleggence reaction were changed over time
when the vergence effort was sufficiently large tfoe visual system. An analysis of subjects
grouping helped us argue that two trends in thes llaection may be connected to
fluctuations in the components of vergence. Hemben participants underwent large
demands and changes of disparity, the reportegivisumptoms were largely increased and,
perception of the 3D shape changed according twithehl capacities. Overall, these findings

suggest that visual fatigue may affect stereopsisiaction of individual adaptive capacities.
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The present study was an exploratory one. Thedlgictive of this study was to investigate
the potential effect of prolonged stereoscopic deinan the ability to perceive 3D shape
from stereopsis. The second was, by tracking eyeements during vergence effort, to find
out possible changes in the oculomotor systemdbald reflect the decrease of its efficacy
that is accompanied by visual symptoms. To addiesse questions, we used a stereoscopic
ocular fixation task to strongly stimulate the \oswtor system and an interlaced 3D shape
estimation task to observe subsequent effect orp@i@eption. Results did not reveal an
overall tendency when the whole pool of particiganas considered. However, after ranking
participants in two groups according to their utesety in doing the task, we found two main
tendencies. The perception of 3D shape was pragedgsaffected by the strain of the
visuomotor system. One group exhibited increasiagcgived dihedral angle whereas the
other showed decreasing perceived angle. The asalysthe components of the vergence
reaction for each trial also revealed several chanm vergence skills. Hence, when
participants underwent large demands and changaisgrity, the reported visual symptoms
were largely increased and perception of the 3Dpehehanged according to individual
capacities. As a consequence, these results sutpgestisual fatigue may affect stereopsis

depending on individual adaptive capacities.

This first study showed some changes on vergeneenegvements after the prolonged
exposition to stereoscopic vergence effort. In ,thhts first experiment motivated the
followings presented in the next chapter and whénes time, vergence dynamics were
compared both in stereoscopic and real-world cardit and, in pre- and post-tests to
evaluate the effect of a maintained stereoscopicigc
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Chapter 3: Ocular vergence in stereoscopic displays

3.1 Introduction

The binocular visual system holds a potent roleringing the gaze axes toward the object of
interest. Using vergence, the disjunctive rotaticey® movements, one can detect relative
depth and distance information referring to the@unding world. In natural vision, vergence
eye movements are rather slow (up to 40° per sgam@ompared to saccadic movements
(up to 700° per second). Even though very shoenlat have been observed in a somewhat
machinelike way (Busettini, Fitzgibbon & Miles, 2D0Q vergence eye movements usually
show latency of about 100 to 200 ms depending erdifection, the initial starting position
and the predictability of the target vergence (Adza Semmlow & Pedronoo, 2005; Heron,
Charman, & Schor, 2001; Hung, Zhu, & Ciuffreda, 79%emmlow & Wetzel, 1979). In
binocular vision, vergence eye movements are ddeilnay the retinal disparity information,
the slight differences projected onto the retinithe left and right eyes. However, vergence
eye movements are composed of several componkatdigparity, blur-driven, proximal and
tonic vergences (Howard & Rogers, 1995). The accodative vergence is the potent
secondary information for the vergence systemaii lse easily demonstrated that monocular
blur stimulation can elicit vergence response whetaally only one eye is stimulated (Hung,
Semmlow & Ciuffreda, 1983). This component togetheith the disparity-driven
accommodation is acknowledged to be the outconigtefactive neural processes ensuring
that both eye-movements respond to either sigrah(8low & Hung, 1981). Semmlow and
Wetzel (1979) investigated the dynamics of vergeage movements in response to step
stimulation defined both by disparity and defocugoimation presented together or
separately. The target vergence steps were betveenl 3D (Diopters) for accommodative
vergence and between 0 and 3MA (Meter angles) ikpadity vergence. They showed that
both components of vergence responses were addi#wem if the disparity vergence
dominated. As a matter of fact, by comparing vecgenesponses with or without the
accommodative stimulus, accommodative vergence stide be involved in the sustained

vergence response but much more in the dynamipsmss.
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Here the focus is on the dynamic activity of the tmajor vergence components produced
either in real world or stereoscopic viewing coiwtis. Translational motion of a target in
depth normally provides a stimulus for both thepdrity-driven and the blur-driven vergence.
In natural vision, these two components are contbitee provide an accurate and fast
response of the oculomotor system. The naturei®fcttmbination in stereoscopic displays is
rather unknown, but is very important for contemisign, considering that such displays
create ambivalence between the two stimulationsviih, 2011; Kim et al., 2011; Hoffman
et al., 2008; Ukai & Howarth, 2008; Akeley et &0Q04; Rushton & Riddell, 1999; Wann,
Rushton, & Mon-Williams, 1995). In conventional ret@scopic displays, different vergence
angles are induced by the binocular disparitieplay®d and give rise to the perception of
objects layout while the stimulus-to-accommodatspecifies a unique range of distances
around the screen plane position (linked to thethdep field). These stereoscopic viewing
conditions thus may alter the normal executiorhefvisual system. For instance, Hoffman et
al. (2008) used a multiple focal planes 3D disptay as to manipulate the difference
magnitude between accommodation and vergence ioculiigrly-viewed pictures. They
showed that binocular fusion was slower, steretadthresholds were worse, and scores on a
visual comfort scale were decreased when accommoodand vergence cues were

increasingly unbalanced.

Predicting visual discomfort in stereoscopy is tlefisnajor concern for an optimal use of
stereoscopic viewing systems. Several studies hawe forth significant changes in
oculomotor functions after prolonged expositionstereoscopic contents (i.e. Neveu et al.,
2012; Shibata et al., 2011; Ukai & Howarth, 200&)dto, Nojiri, & Okano, 2004; Eadie et
al., 2000). Hence, the most usual explanationas skereoscopic displays yield incongruent
stimulation that forces viewers to decouple accouation and vergence. As stereoscopic
content engenders numerous repeated vergence sespatsparity-driven accommodation
also reacts to the displayed content (Fukushimal.e2009). The inability for viewers to
weaken the frequency of these superfluous accomtwodasponses and thus to adapt their
visual system could be the predominant cause ofvisgtigue in stereoscopic 3-dimensional
conditions. Previous studies generally used vemelaonflicts between accommodation and
vergence so as to show the adverse effect. Thanedd was that conflicts outside the zone of
clear and single binocular vision (ZCSBV) would @&hmuch more discomfort and fatigue
than conflicts in this area. As a consequence ystgdhe effect of stereoscopy on the visual
system showed changes in oculomotor responses \witent conflicts between

accommodation and vergence for many subjects véhib®nsistent part of viewers cannot
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fuse the stimuli. It is worth noting that, even tigb disparity remains in the comfort zone
(e.g. that is defined as the middle third of theSBY), viewers may experience discomfort or
fatigue especially in presence of motion-in-deptbk. (Speranza et al., 2006). Hence, the
previous studies’ need of large conflicts betweetnenmodation and vergence was possibly
related to the absence of motion-in-depth. In thesent study, we manipulated stimuli
depicting rather small conflicts between accommiodaand vergence — sometimes slightly
exceeding the zone of comfort — but, requiring pbteergence changes for fixating the

disparity-defined target oscillating in depth.

Several methodologies have been employed so dgdotively estimate the subjective visual
annoyance that observers may experience after ingtstereoscopic content. These methods
range from questionnaires to clinical measuremeamis binocular eye-tracking (i.e. Neveu et
al., 2012; Vienne, Blondé & Doyen, 2012; Lambodijat., 2009; Shibata et al., 2011,
Hoffman et al., 2008; Mon-Williams & Wann, 1998,1iP@998). For example, Shibata et al
(2012) aspired to identify subjective zones of ammnbn the basis of questionnaires but they
found more reliable indicators in the individuatiesmte of the ZCSBV. Their objective was
to predict visual discomfort along a range of viegvidistances and they found correlations
between discomfort and clinical estimates of theSB¥, but they observed that subjective
reports of symptom severity alone did not sufficecharacterize susceptibility to visual
adversity. Recently, Neveu et al. (2012) measuredlomotor performance during
stereoscopic viewing of in-depth oscillating targetd found an overall decline in the
amplitude of the vergence response over time. Tedae participants however reported very
few complaints of visual annoyance. Emoto et @0@) found that one hour of stereoscopic
viewing of content with various disparities prodda@gnificant changes in fusional limits (a
decrease, measured through break points) but n&Ci#A ratio (accommodation-induced
change in vergence per change in accommodatioheirabsence of disparity stimulus). In
Mon-Williams et al (1993), signs of binocular sges changes in distance heterophoria and
associated phoria — were also observed thanksiioatlmeasurements following ten minutes
of stereoscopic presentation on a HMD (head moudisgalay). Almost all of these methods
however did not directly relate to the activitytbe vergence system which is at stake when
viewers have to fuse stereoscopic content. Theystfidhe vergence response should allow
establishing a relationship between the outcomestesEoscopic-induced visual fatigue and
depth perception. To this end, we investigated ldrevergence response to disparity step
could be used as indicator of visual fatigue cousee to prolonged observation of
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stereoscopic content. The advantages are that n@¥gstep responses can be easily
implemented using the same imaging method as #neastcopic content.

Previous studies on vergence eye movements tordisptep are generally dealing with large
vergence disparity-steps (i.e. Hung, Zhu & Ciufaed997; Hung et al., 1994), therefore
providing strong significant differences and caatieins when analyzing the main sequence.
In the present study, the range of target vergesiep was much smaller, because the
objective was to investigate the possible vergesteg in stereoscopic 3D, that is, target
vergence that does not give rise to diplopia. Fostnviewers, motoric fusion becomes very
limited beyond 1.5 degree of disparity. Our objeetivas that the tested vergence demands
fall within the range of the zone of clear singledeular vision for any observer. The first
experiment was conducted in order to investigatepbtential difference between vergence
responses in both stereoscopic and real-world tondi of observation. The second
experiment was designed to evaluate the stabilitwargence dynamics following the

observation of a specific stereoscopic stimulation.
3.2 Experiment 1

This first experiment was conducted in order toestigate the potential difference between
vergence disparity-step in stereoscopic and realewemnditions of observation. Participants
performed disparity-step vergence movements ofouariamplitude both for stereoscopic
stimuli and for real-world stimuli. On one handerstoscopic stimuli provided incongruent
disparity and blur information for the second figat position (in front or behind the screen
plane). On the other hand, real-world stimuli pd®d matched disparity and blur information
of the to-be-fixated target. Hence, two componemtse supposedly involved in vergence
reactions: the disparity-vergence and the accomtivedaergence. In order to compare
stereoscopic and real-world conditions of obseovative analyzed the main sequences and
correlations between amplitude and peak velocityesfience responses. The two conditions
were expected to provide significant differencesatticould be the results of the
accommodative vergence component that was showodar later than the disparity-driven

component (Semmlow & Wetzel, 1979).
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3.2.1 Method

3.2.1.1 Participants

A total of 14 observers took part in the study. Tpesticipants were discarded, both because
they revealed very poor performances in judgingtiet disparities (under the chance level)
and because of their difficulty in fusing the caritepresenting very long and somewhat
marginal reaction times. Two more were discardecabse they had potent difficulties in
undertaking the task both in S3D and R3D (Real3b¢ conditions (less than 50% of trials
were valid). The ten remaining participants werstdd according to a full counterbalanced
order; they were on average 29.3 years old. All tnaanal or corrected vision and presented
stereoacuity threshold at least inferior to 30 @woutes as assessed by the Randot Stereo
Test. They gave their informed consent before breggthe experiment.

3.2.1.2 Apparatus

For the purpose of the experiment, we designedeaifsp apparatus depicted in Figure 3.1.
The system was composed of a beam splitter (360r@B5Edmund Optics) tilted 45 degrees
to the sagittal plane in front of the eyes of tlatipipants and, perpendicular to the sagittal
plane, a long optical bench (2.8 meters) used teenan2D-screen (Dell 1908FP 19” LCD
monitor) at the desired vergence distances. Paatits’ head was placed in a chinrest that
was placed 1.3 meters away from the 3D display (g S465D 46" HDTV LCD Polarized
monitor) on an optical table (Newport, 120x90 cmhieth served as firm mechanical
connection for all elements of the system. The areat both displays was carefully aligned
along the subject's midline using visible light.rFeach vergence distance, we visually
checked that alignment was correct by displayinget of vertical and horizontal lines
crossing at the center of each screen. In so dewegyerified that the two displays were
aligned in the horizontal and vertical dimensioBsiocular eye-movements were recorded
using a binocular eye-tracker (Eyelink 1000 witb@Mz upgrade, SR-Research). In order to
minimize crosstalk, we placed participant eyestmdxis perpendicular to the center of the
screen. We used two computers in this experimémt,first displayed 3D content using
Matlab and the Psychtoolbox extensions (BrainaB7), the second monitored the gaze
tracking. Participants wore polarized glasses e fleft / right views according to each
corresponding eye and could perceive the contendeipth; the stereoscopic displaying

method was to present left/right views interlealie@-by-line. Participants were tested in
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total darkness, such that only our display-gendratiemuli were available for vergence

responses.

S3D screen distance

I lateral displacement

S3D screen

Stereoscopic fixation target

‘ 1 2" screen

[————— fixation target

Figure 3.1: Schematic representation of the expartal apparatus used in the study. S3D
refers to stereoscopic 3D display, BS to BeamtspliThe second display presents the
fixation target for the R3D. The second displastaince was adjusted on the bench to match

the 3D stereoscopic distance used in the S3D dondDrawing is not to scale.
3.2.1.3 Procedure & Stimuli

Vergence responses were measured under two viessmgjtions of combined disparity-blur
stimulation: (1) screen-constrained blur stimul&3D) and, (2) congruent disparity-blur
stimulus (R3D; the “R” stands for Realistic becatlgs condition is closer to reality than the
purely stereoscopic condition). For each participargence response was measured for
convergent and divergent disparity-step stimuldafs, 1.0, 1.25 and 1.5 degrees. Each level
of this condition was repeated ten times in blgulesented in counterbalanced order. Hence,
80 trials were performed in each S3D and R3D cantt(a total of 160 trials). We used a
fixation target (35 arc minutes radius) formed ofvhite fixation cross (18 arc minutes)
surrounded by a frame composed of small squarearadus shades of grey, approximately 5
by 5 degrees to help and maintain stereoscopiorugVienne et al., 2012). The starting
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vergence position was located in the middle ofSB8® screen plane 1.3 meter away from
observer (convergence angle of 2.8 deg). Hencé, teiat began with a ze-screen-disparity
fixation target whose presentation duration wasloamy either 0.5, 1 or 1.5 seconds so a
limit any anticipation behavior. This [-vergence step period was also used to weake-
saccadic enhancement effect on vergence (Busettiali, 1994)For the S3D condition, tF
left and right views of the fixation target wereethshifted according to the eight poss|
disparity values. For the R3D condition, the cdrpiation of the fixation target was mov
on the second 2D display so as to sine the disparity step with appropriate defocus di¢
The vergence step duration was 2.5 seconds. Th#idixtarget was then again preser
with zerodisparity so as to control the vergence has retlbaek to its normal position (s
Figure 3.2).

> ’ » Figure 32: Experimenta
schedule of the dispar-step

disparity phase used in measuri

vergence eye movemer
0.5-1-15seC

Zé

Time (s}

Z4

3.2.1.4 Data Analysis

Before each analysis, we discarded all data cantniblinks or missing samples. C
analysis focused on the amplitude of initial phase, the velocity peak, the latency of
vergence eye movement, the position of the maximetacity peak and the time const:
(see Figure 3). The detection of the dynamics components wasedaout on the basis
the velocity time seriesas usually done in the eye movement literatuee Engbert, 2005
We developed a seradtomatic algorithm for the detection of each mogetin the vergenc
data (Left-eye gaze — rigktye gaze) which requires user interaction only witetid not
converge according to critical requirements. The vecge movement must be detec

between the stimulus onset time t0 and tO + 50Q0mi¥, the same direction as the tar
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vergence and, having amplitude within 20 arc nmesutlative to the target amplit.. The
time series of eye positions was transformed tooreés and smoothed using a weigh
moving average over ten data samples adapted thighirsampling rate. We computed -
velocity threshold as being twice the standardrdsesed on the mediof the velocity time
series to both protect the analysis from possibieenand to take into account the natur:
the signal in the events detection. A valid vergeage movement was defined as havir
minimum magnitude of 30 arc minutes and a minimduration ofl0C ms. The visual
checking of the algorithm detection ensured binaculergence was efficiently detect
among the time series. The total number of trigkdun the analysis was 1454 (about 919
the entire dataset). It is important to e that, in this study, convergence is presente
negative and divergence as positive because, byeation, target vergence is defined by

eye position fight eye position

2.0 4
= Tnitial Phase

e Ocular Vergence
— Vergence Velocity

15— g e ™ s

] N

1.0

disparity (degrees)
Velocity (deg.s-1)

0.5 4

|
L e o e o

0.0 4 rerriieen.

T
0.0 0.5 1.0 1.5 2.0 25 3.0

Time (s)

Figure 3.3 Ocular Vergence trace and vergence velocitylwhacularreaction to diverger
disparitystep of 90 arc minutes. Ocular vergence is repteddsy the thick solid line ar
vergence velocity by the thin solid line. The btegion is the part of the time series wh

velocity exceeds the velocity threshold (ttashed line on the second vertical axis).
initial phase of the amplitude and the response tionstant are represented with the blue

dark blue arrows.

3.2.2 Results

The relationship between the velocity peak and itligal amplitude of eactvergence

response (also called main sequence) is representadure 3.4 and, therein it can be se
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that vergence dynamics is comparable in the twoditions as they exhibit similar
distributions. For the R3D condition, coefficiemtscorrelations are 0.82 for divergence and
0.79 for convergence and the slopes are 3.03 &¢2&7 s-1 respectively (all correlations are
significant p<0.001). For the S3D condition, com#ints of correlations are 0.78 for
divergence and 0.69 for convergence and the sla@e2.71 s-1 and 2.05 s-1 respectively (all
correlations are significant p<0.001). It should rmed that these correlation coefficients
appear slightly smaller compared to those reparigarevious studies. The reason could be
that the range of the tested disparities was luinitem 0.45 to 1.5 degrees, whereas the ones
of Hung et al (1997, 1994) extended from 2 to 1@rees.

20

® R3D
® S3D

Max velocity (deg.s'l)

N=10

-20 . ; .

Amplitude (deg)

Figure 3.4: Plot of main sequence of peak velogityamplitude data points, for symmetric
vergence step responses for all participants comabifhe figure also represents linear
regression line (solid red and black lines) forvangence (negative amplitudes and peak
velocities) and divergence (positive amplitudes peak velocities) in both the R3D (real
world) and S3D (stereoscopic) conditions. The ptottains 1454 observations for ten

participants.

Independent ANOVA performed on latency for the fEnrticipants revealed a significant
effect of the viewing conditions (F(1,1438)=29.@50.0001) and of the range of disparities
(F(7,1438)=3.65, p<0.001). The latency was 106 #%}.3 SD) in the R3D condition and
121 ms (£51.8 SD) in the S3D condition. Additidpalan interaction effect was present
between the viewing conditions (R3D vs. S3D) arelrdmge of disparities (F(7,1438)=4.76,
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p<0.0001) and between the viewing conditions ande tlwergence direction
(convergence/divergence) (F(1,1438)=25.09, p<0.pOANIOVA realized on the (unsigned)
velocity peak for the ten participants showed anificant effect of the viewing conditions
(F(1,1438)=47.36, p<0.0001) and of the range opafisies (F(7,1438)=61.54, p<0.0001).
Moreover, an interaction effect was observed betvibe viewing conditions (R3D vs. S3D)
and the range of disparities (F(7,1438)=4.71, ps@1). ANOVA carried out on the
(unsigned) amplitude provided a significant effedf the viewing conditions
(F(1,1438)=61.67, p<0.0001) and of the range opafisies (F(7,1438)=85.19, p<0.0001).
Furthermore, an interaction effect was put fornaetiveen the viewing conditions (R3D vs.
S3D) and the range of disparities (F(7,1438)=171&).0001). The analysis performed on
the time constant for the ten participants did reeeal any significant effect of the viewing
conditions (F(1,1438)=0.35, p>0.05) but an effecthe range of disparities was observed
(F(7,1438)=11.25, p<0.0001). The time constant &2 ms (x 100 SD) in the R3D
condition and 247 ms (x 104 SD) in the S3D conditidNOVA performed on the velocity
peak position did not reveal any significant effetthe viewing conditions (F(1,1438)=1.27,
p>0.05) and of the range of disparities (F(7,1438}%3, p>0.05). The velocity peak position
was around 295 ms (£120 SD) for both viewing caods.
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Figure 35: Main components of vergen
dynamics in BD (real world) and S3I
(stereoscopic) viewing conditions for ee
possible value of disparity (+ 1.5, 1.25
and 0.75 degreed)pper panel represer
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relative to the screen position) as a func
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Vertical error bars denote confider
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3.2.3 Discussion

The objective of this experiment was to find outtgmial differences in vergence step

response in two experimental viewing conditionse Tinst condition was called real-world

(R3D) because it provided congruent disparity aatbcus stimuli while the second was a
stereoscopic condition (S3D) where a conventioteaksscopic display was used to provide
the disparity-step target. This study was motivdigdhe fact that stereoscopic displays are
considered presenting conflicting stimulus inforimatbetween accommodation and vergence
(e.g. Hoffman et al., 2008). Depth perception bedligctly dependent on vergence, we

therefore wanted to explore potential effects ahsa presentation method.

The main sequences of velocity peak and amplitddbeovergence responses were found to
be meaningfully comparable. They indeed providethgarable coefficients of correlation
and slopes of linear regression (in the expectedan However, as mentioned above, the
correlation coefficients reported in the presendsgtdiffer slightly from those reported in
previous studies (i.e. Hung, Zhu, & Ciuffreda, 19Biling et al., 1994). As a matter of fact,
the range of the tested disparities was smallar ihddung et al (1997, 1994). Moreover, the
decrease of correlation coefficients in the S3Ddtoon as compared to the R3D condition
could be related to an increase of response vétyalvhich naturally goes along with
increased task difficulty. The slope of the lingagression on the amplitude-vergence
relationship seemed unchanged for convergenceppeaiaaed reduced in the S3D condition as
compared to the R3D condition for divergence (siggireé 3.4). While two elements of the
vergence dynamics (the time constant and the toneelocity peak) were not significantly
changed, we found a few significant differenceslaswn in Figure 3.5. More specifically,
vergence velocity peak and amplitude were larggh@R3D condition as compared to the
S3D condition for convergence movements (i.e., tpegsented overshoots); divergence
movements were, on average, rather precise in botiditions. However, divergence
movements showed longer latency in the S3D condé® compared to the R3D condition.
Latency for convergent movements was similar intthe conditions but, the mean latency
for divergence movements was indeed much shortB3ID as compared to S3D conditions.
Such distinctions between divergent and convergg@tmovements are not new (e.g. Alvarez
et al., 2005). However, it is interesting to ndtattin our study, the latency for convergence in
R3D was in the common range while the latency feerdjence was very small and, for the
largest disparities, approached the ultra-shodnlat observed elsewhere (Busettini et al,

2001). This observation may be related to the tfa&t disparity-step trials were presented in
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blocks and, therefore possibly provided larger ptadility. Vergence latency has been
shown to be smaller in convergence than in divergan some studies (Zee, Fitzgibbon, &
Optican, 1992; Hung et al., 1994; Hung, Zhu, & @rda, 1997) whereas other studies found
the inverse (Alvarez et al., 2002; Krishnan, Faa& Stark, 1973). Alvarez et al (2005)
found that the latency of vergence eye movemengnd- especially for divergence — is
dependent on the initial starting position. In tetsdy, we found that latency was roughly
equal in convergence and divergence responsespardy-step in stereoscopy. Hence, given
that the fusion range is smaller for divergencentfta convergence in stereoscopic displays
(e.g. Yeh & Silverstein, 1990), this absence offedénce between convergence and
divergence could be related to a directional misedion due to incorrect accommodative
stimulus. The short latency observed in the R3Ddimn (shorter by about 20 ms as
compared to S3D) is possibly the result of a sidfity large disparity-step that can
significantly provide good vergence responses. Valcity peak and the amplitude of
vergence were also larger in the R3D than in thB &8nditions but this effect was really
marked for convergence. This observation replicéedhe small disparity-step used in our
study for the R3D condition, the fact that convexgeexhibits faster velocity than divergence

(Hung et al., 1997). However, this benefit seemssilothe stereoscopic condition.

The main dynamics components of vergence could bleuaffected in stereoscopic viewing

conditions as compared to real-world viewing cdondg. These changes depended on the
direction and the angle of the target vergencegemce was overall slower in stereoscopy
than in real-world condition. However, it could bwted that vergence response to
stereoscopic target could also benefit from thelblaresentation with R3D vergence targets.
Greater differences in vergence dynamics are thpsated between stereoscopic and real-

world viewing conditions when targets are displayatthout blocking.
3.3 Experiment 2

Considering that vergence response timing compsnerdy be affected in stereoscopic
display (i.e. different from those in real-worldye were interested in studying the outcomes
of such a presentation method in a vergence-siepamd post-tests experimental paradigm.
As the visual system may adapt to this particul@mwing situation (Neveu et al.,, 2012,
Rushton & Riddell, 1999), we expected to find siigant changes in vergence dynamics
following the use of a visual fatigue simulator &Fwhich will be described just below.
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3.3.1 Method

The same ten observers participated in this seexpeériment. They gave their informed
explicit consent before beginning the experiment WAso used the same experimental

apparatus except that we removed the beam s@littbthe second screen.

Figure 3.6: The fixation target of the Visual FaegSimulator (VFS). The Fixation target is
surrounded (1) by a frame composed of small wliitbkack squares to help maintain fusion
and (2), by an annulus oscillating in depth.

Procedure & Stimuli

Participants were invited for two experimental s@ss during which they were presented
with a set of pre- and post-tests in order to esnthe outcomes of the Visual Fatigue
Simulator (VFS). The two sessions were run on twiter@nt days. The Visual Fatigue
Simulator was designed in order to mimic the pdesigular displacements experienced by a
spectator of a stereoscopic video including sevegglences. This experimental phase was
composed of a fixation target identical to the ohexperiment 1. A typical trial began with
the appearance of the fixation target at a randiamap location in a virtual frame of a 7.5 by
11 degrees centered in the middle of the screenvéhda random angular disparity in a given
range, defining a “weak” or “strong” session. TheS/differed between the two sessions
according to the possible values of the preseniestidn target angular disparities. We
defined the “weak session” the one where the foxatarget could be displayed with crossed
or uncrossed disparities of 0, 10, 20, 30 or 40mamcutes and the “strong session” with
crossed or uncrossed disparities of 80, 90, 100,dr1120 arc minutes. Only the fixation
target and oscillating annulus were displayed wigiparity; the surrounding frame composed
of small white-to-black squares remained in theagrplane. For each session, ten possible
values of disparity were used and repeated undél dbration reached 30 minutes. Trial
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duration was between 4 and 15 seconds. During itegidn target presentation, a gray
annulus (47 arc minutes radius) was presented drthanfixation target and oscillating back
and forth from +6 arc min to -6 arc min relativeth® fixation target position with a mean
velocity of 18 arc minutes per second (oscillatdéri.5Hz). During the VFS, we did not track

vergence.

In order to ascertain that participants really tbsed tracked the fixation target, we asked
them to report as quickly as possible whether tireulus was seen in front of or behind the
fixation target. The task was as following: duringe second, the annulus stopped, the
fixation target became yellow and the participasedi the response box to provide the
response. A visual feedback was provided (greerafoorrect response or red for a wrong

response).

In order to investigate the possible changes dubdd/isual Fatigue Simulator, several pre-
and post-tests were performed. Before and aftdr session of VFS, participants were asked
(1) to fill in a symptoms questionnaire, (2) to eepphoria and fixation disparity and, (3) to

perform disparity-step vergence eye movements.

The Symptoms Questionnaire was inspired by theuseel by Hoffman et al. (2008) where
participants indicated the severity of their symmpgoon a 5 points-scale with intensities
ranging from Very Tired to Very Fresh. There werguestions: (1) How tired are your eyes?
(2) How clear is your vision? (3) How tired and es@re your neck and back? (4) How do
your eyes feel? (5) How does your head feel?

Phoria and fixation disparity measurements wereieghrout using the Saladin Near Point
Balance Card (Bernell Corporation, see i.e. Cor&e¥aples, 2004). Horizontal phoria was
measured using the Maddox rod and the Saladin B&ldat 40 cm. Horizontal phoria was
measured three times for each VFS session: apfiestest at the onset of the experiment, a
second pre-test after the vergence step phaseaaladt time after the VFS session. The
second measure of horizontal phoria was perforrnesgo assess whether the vergence step
phase could modify even slightly the vergence mgststate. Fixation disparities were
measured with a set of base-in and base-out pri6m4, 8 and 12 diopters) following the
procedure explained in the manual and taking carevoid vergence adaptation using

maximal exposure of 15 seconds.

In order to measure vergence eye movements, weriess crossed/uncrossed (simulated)
disparity-step stimuli of 0.75, 1.0, 1.25 or 1.5gaes. Each level of this condition was
repeated nine times in a counterbalanced ordercéjentotal of 72 trials were performed in
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each pre- and posest for one session. We used the same fixatigetars in experiment

and in the VFS except that the oscillating annwl@s absent. The same cedure as in
experiment 1 was used for the S3D condition. Tltealed right views of the fixation targ

were shifted according to the eight possible dispaalues during 2.5 seconds. The fixat
target was then again presented with -disparity soas to control that vergence had retur

back to its normal position.

3.3.2 Results

3.3.2.1 Questionnaire

All participants reported their degree of fatigusédmfort at the onset and the end of
sessions thanks to the symptom questionnaire @ushi used in Hoffman et al., 200:
Figure 37 illustrates the average reported symptoms intteriBhe highe the plotted bar, the
smaller the symptoms intensity. Repeated measugsanametric analysis revealed that ¢
questions 1 and 4 were significantly different asrthe pr- and postest (Wilcoxon matche
pairs test, p<0.05). Supplementary -tailed analysis revealed that symptom questions 1
4 were more severely judged by participants inpibg-test as compared to the -test in the

strong session (p<0.025).

Symptoms Intensity
Symptoms Intensity

very Fresh | s I I * T A | yery Frest | I I I B
. | | al T
yery Tired ” ® ® @ ® ® very Tired © 0 ©) ©) @ ©)

Questions Questions
@ How tired are your eyes?

@ How clear is your vision?
BN pre-test

post-est @ How tired and sore are your neck and back?

@ How do your eyes feel?
@ How does your head feel?

Figure 37: Results from the symptom questionneThis figure represents the avee
severity (from very tired to very fresh) reported the five questions of the questionnaire
the strong and the weak sessions of the visugiuatsimulator. Left panel (A) represents

strong session and right panel (B) correspondsdaavieak ession. Black bars represent-
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test and gray bars represent post-test. Verticat bars denote 95% confidence intervals.
Asterisks represent significant differences betweren and post-test (p<0.05, Wilcoxon

matched pairs test).
3.3.2.2 Performances in the VFS sessions

In order to ensure that participants really fudeel $timuli in the VFS session, they had to
perform a relative depth judgment task. Using anOAMA, we compared the results
(success/failure) obtained in the two VFS sessidie analysis revealed an effect of the
session, the success rate was larger in the weakitiom (80% +40 SD) than in the strong
condition (64% %48 SD) (F(1,5006)=105.6, p<0.00gditionally, we found an effect of
the range of disparities (F(16,5006)=21.4, p<0.0001 larger the disparity, the greater the
error (p<0.0001). Also, target displayed with urssed disparity provided overall less success
than target displayed with crossed disparity (p€010).

3.3.2.3 Phoria and fixation disparity

Our analyses carried out on horizontal phoria amdtibn disparity did not reveal any
significant effect of the treatment or of the cdimt of the VFS. Except the correlations
obtained between measured phoria before and afterdrgence step phase, we do not report
them there. Thus, significant between-subjects etations were obtained between the
measured phoria before and after the vergenceptepest in the weak condition (r=0.84
p<0.01) and in the strong condition (r=0.96, p<@)00rhe correlation between measured
horizontal phorias in both VFS session was alsaifsagnt (r=0.61, p<0.01). Although pre-
and post-vergence step phase measured phoria vggiéicantly correlated, we did not
observe any significant difference (p>0.05).

3.3.2.4 Vergence step

Plots of the main sequence for each vergence resgon the pre- and post-tests of the two
VFS sessions (strong and weak) are representedgureR3.8. In the strong session (left
panel), correlations coefficients are 0.67 for dpemce and 0.62 for convergence and the
slopes are 2.38 s-1 and 1.73 s-1 for the pre-tedt are 0.68 for divergence and 0.67 for
convergence and the slopes are 2.27 s-1 and 1197as-the post-test (all correlations are
significant p<0.001). In the weak session (rightgds correlations coefficients are 0.68 for

divergence and 0.66 for convergence and the slape2.3 s-1 and 1.82 s-1 for the pre-test
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and, are 0.72 for divergence and 0.63 for convergamd the slopes are 1.¢1 and 1.71 s-1

for the post-test (attorrelations are significant p<0.0C
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Figure 38: Main sequences for both conditions of the vidatdjue simulatorLeft panel (A)
represents the strong session and right panelqi¢gponds to the weak session. The fig
also represent linear neggsion lines (solid red and black lines) for cageace (negativ
amplitudes and peak velocities) and divergenceitjpesamplitudes and peak velocities)
both the preest and the pc-test (black and red color coding). The plot corgdifA16
observéions for the strong session and 1271 observatartie weak sessic

Repeated measures ANOVA performed on latency #@itéh participants did not reveal ¢
significant effect of the VFS sess (i.e. “strong” vs. “weak”)(F(1,1141)=1.31, p>0.05)
for the range of disparities (F(7,1141)=1.13, p>D.0%e latency was 153 ms (101 SD)
the strong condition and 1%8s (x111 SD) in the weak condition. The effectlad treatmen
(pre- vs. postest) was also not significant (F(1,1141)=0.69, .05 The analysis did nc
show any significant interaction effect between mh&n variables (p>0.05). Supplement
analysis realized on the (unsigned) velocity peaktiie ten participants did not show ¢
significant effect of the VFS session (F(1,1141% p>0.05) but revealed an effect of |
range of disparities (F(7,1141)=48.73, p<0.0001préMimportantly, the analysis yieldec
main effect of the experimental treatment - vs. posttest) on the unsigned velocity pe
the velocity peaks werecreasd following the experimental treatment (F(1,1141344,
p<0.0001). A second order interaction effect wataioled between the treatment, the \
session and the range of disparities (F(7,1141)5240.02); the analysis revealed that

treatment affeed the velocity peak in the strong session as coedpa the weak session 1
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medium to large crossed disparities (see Figure:0.05). Post-hoc analysis revealed that
the velocity peak were increased in the strongicesss compared to the weak session for
medium to large crossed disparities (-1, -1.25 -dndl degrees) following the VFS treatment
(p<0.05). Repeated measures ANOVA performed on(tinsigned) amplitude for the ten
participants did not provide a significant effetttioe VFS session (F(1,1441)=1.01, p>0.05)
but an effect of the range of disparities (F(7,)¥483.41, p<0.0001). Furthermore, no effect
of treatment could be put forth between the pred post-test (F(1,1141)=1.01, p>0.05).
ANOVA performed on the time constant for the tertipgpants did not reveal any significant
effect of the VFS session (F(1,1141)=0.01, p>0l&)an effect of the range of disparities
was observed (F(7,1141)=19.13, p<0.0001). Moreabher analysis showed a main effect of
the experimental treatment (pre- vs. post-test)tlom time constant (F(1,1141)=27.09,
p<0.0001); the response time constant was smafter the treatment (p<0.0001). The
analysis performed on the velocity peak positioth miot reveal any significant effect of the
VFS session (F(1,1141)=0.002, p>0.05) but showedetact of the disparity range
(F(7,1141)=2.11, p<0.05). A statistical tendencysvi@und for the treatment effect between
the pre- and the post-test (F(1,1141)=0.002, pJ0.06
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Figure 3.9: This figure represents the vergenge wocity peak as a function of the target
vergence in both strong (left panel) and weak (rginel) conditions of the visual fatigue
simulator. The figure represents the unsigned wgipeak so as to easily compare
convergence (negative step) and divergence (pestep) responses. Vertical error bars

denote 95% confidence intervals of mean. Astenigsggesent significant differences between
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pre- and post-test (p<0.05 for single asterisk@«@ 01 for double asterisks, post-hoc
analysis based on Fisher LSD test). The second ordeaction between the variable

treatment, VFS session and range of disparitygisitscant (p<0.02).

3.3.3 Discussion

The main objective of this experiment was to stpdyential changes in vergence dynamics
for small disparity-step after a prolonged sterepsc activity. We designed an experimental
session called the visual fatigue simulator that vexpected to strongly stimulate the
vergence system. Participants were tested for egsigns of the visual fatigue simulator for
which two independent ranges of disparities weedus display the stimulus. The “strong”
session contained stereoscopic target with digpapitto +2 degrees while the “weak” session
was limited to disparity of +40 arc minutes. Theaages of disparity were chosen with
respect to the revisited Panum’s fusional areatbedomfort limit of about 1° (Lambooij et
al., 2009). We thus expected that the strong sessonld be much more tiring than the weak
session. This first statement seemed to be suppdije the results on the subjective
questionnaires (see Figure 3.7). Questions reltdedye strain were significantly more
severely judged by participants after the strorsgiem than after the weak session. Moreover,
there were no significant changes in the symptorersty after the weak session. During each
experimental session (“weak” vs. “strong”), we a#&sked participants to perform a relative
depth judgment task about a stereoscopic annulas dscillated in depth relative to the
fixation target. The success rate was significahidyher in the weak condition as compared to
the strong condition, indicating greater difficakiin doing the task in the strong session as
compared to the weak session. These results togedtte the subjective reports of visual
symptom indicated that on the basis of the rangaisgfarities used during the visual fatigue
simulator, stereoscopic activity could entail visuatigue and/or discomfort in our
experimental conditions, though disparities remaimethe zone of clear and single binocular
vision.

Clinical pre- and post-tests were also performedrder to measure any change in phoria or
fixation disparity. We did not report the resulteré because we did not find significant
changes. However, we measured phoria before aadthé pre-test of the vergence step so as
to evaluate whether such exposure to small vergsteps (of about 5 minutes duration) could
affect significantly the resting vergence positioiVe did not observe any significant

difference in phoria after the vergence step phabereas good inter-subject phoria
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correlations were found. Though an absence of effleculd be interpreted cautiously, these
observations support the conclusion that the vexgeatep exposure had on average, little or

no effect on the global vergence state.

Central to the topic of the present paper, the dyos of vergence eye movements in
response to disparity step were in general sigmifly affected between the pre- and post-test
according to the range of disparities used in ikaal fatigue simulator. The main sequences
(relationship between velocity and amplitude of #ieegence movements) were comparable
across the treatment and the VFS sessions (seeeldd). The coefficients of correlation
were significant and were from 0.62 to 0.72, themefrelatively smaller than those estimated
in experiment 1. However, in comparing the pre- post-test between the two VFS session,
the slope of the post-test in the strong sessiemed higher than the slope of the pre-test and,
this observation was not true for the weak sesdibis graphical result was supported by the
results obtained on the peak of velocity. We olbsgsignificant increases of peak velocity in
the strong session for crossed disparity targéts-1-25 and -1.5 degrees) in the post-test as
compared to the pre-tests (see Figure 3.9); thiectefvas not present in the weak session
(except for the largest uncrossed disparity). Tt that vergence velocity could increase
after stereoscopic activity with a range of largspdrities supports the occurrence of an
adaptation process that responded to the vergemtardl. In addition, we found a main
effect of the VFS treatment on the time constame tesponse time constant significantly
decreased between the pre-test and the post-téstaendency was found for the time to
peak velocity. The effects on these two componeats however not statistically

distinguishable between the two VFS sessions.

The major dynamics elements of vergence could bleuaffected after stereoscopic activity.
The response time constant was significantly deectafter the VFS sessions and the time to
velocity peak showed a tendency, indicating thas¢htemporal components could be reduced
after the treatment. Moreover, the vergence velogéak increased much more when the
range of disparities of the stereoscopic activigswstrong” as compared to “weak”. Overall,
these results argue for the emergence of an adaptabcess that copes with the stereoscopic
vergence demand. This adaptation of the visuakgsysiccurs here for a rather small range of
disparities — sometimes slightly exceeding the zoiheomfort — and this effect could stem

from the decreasing efficacy of the accommodatiwewdus for the vergence system.
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3.3.4 Analysis of vergence position difference

In this section, vergence eye movements in respangssparity step are averaged and plotted
for one observer and a specific value of dispddtythe conditions of experiment 1 (R3D vs.
S3D) and of experiment 2 (pre- and post-test iongfrand weak conditions of the visual
fatigue simulator). The objective here is to ilhas¢ the effect found in the previous section.
The contribution of the accommodative vergencelmaonbserved using a subtraction analysis
(Semmlow & Wetzel, 1979) where the position diffeze between a set of two averages of
ocular vergence are subtracted. The results of dhigtraction analysis can be found in
Figure 3.10: The first panel (A) represents an gdarof time series averaged over ten trials;
the standard error is also plotted. The secondlg&)eshows the averaged vergence time
series extracted from experiment 1 and, for onégyaant, the target vergence was -1.5° in
both the R3D (real-world) and S3D (stereoscopichditions. The curve for the R3D
condition (in black) appeared to have a greatevorgl peak and amplitude than the curve for
the S3D condition (in dark red). The dark-blue eujwst below represents the subtraction of
previous R3D and S3D observations (vergence pasdifierence). It can be seen that this
subtraction curve contains a first peak that cameuith the vergence peak in both vergence
time series and, then, this position differenceaias roughly constant below zero during the
maintained vergence phase (larger vergence for RBBg third panel (C) represents the
averaged vergence time series extracted from exrpati2 and, for the same participant, for
both the pre- and post-test of the “weak” sesdionhis figure, the curves of the pre-test (in
black) and post-test (in dark gray) seem to haweilai velocity peak and the vergence
difference (in dark blue) is very small. The laahpl (D) shows exactly the same features as
in panel C, except that the curves correspond @o“strong” session of the visual fatigue
simulator. This time the pattern of results is elo® that of the panel B: the curve of the post-
test has a greater velocity peak and amplitude vérgence difference contains a slightly
more marked peak coinciding with the vergence peakl, also the vergence difference is
maintained during the sustained vergence phaseeTtp@phical results are consistent with
the fact that the potential vergence adaptatiosteneoscopy resulted in responsivity close to

that observed in real-world conditions.
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Figure 310: This figure represents the time series of aotgagence in response t
disparity step of 1.5° of convergence for one olePanel A represents an example of t
seriesaverage for ocular vergence response to a dis-step of 1.5°. Black line¢
correspond to each vergence responses (n=10)rthavaraged to provide only one cu
(the red line). The red dashed lines representx1Panel B represents the averagme
series of one participant in experiment 1 for gdigy step 0-1.5° both for the R3I
condition (black curve) and for the S3D conditidiark red curve). On the second verti
axis is represented the vergence position diffexeviuich is the subtrtion of both curve:
(dark blue curve). Panel C represents the avertigedseries of one participant in experim
2 for a disparity step ofl-5° both for the pr-test (black curve) and for the p-test (gray
curve) of the “weak” session of the VFS. the second vertical axis is representec
vergence position difference which is the subtaactf both curves (dark blue curve). Pe
D follows the same representation as in C butHer‘strong” session of the VFS. Note t

the beginning of the timgeries on the figures does not coincide with theudus onse
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3.4 General Discussion

Previous studies on vergence eye movements proede@nce that the vergence positional
control of the eyes is under the influence of salveomponents (e.g. Hung et al., 1997;
Hung et al., 1994; Hung, Semmlow & Ciuffreda, 19&&mmlow and Wetzel, 1979). The
vergence components can be dissociated accorditfietodriving stimuli: accommodative

vergence, driven by blur on the retinal image, digparity-vergence, driven by the spatial
differences between the two retinal images (Semn&owenkiteswaran, 1976). Hence, the
vergence position in natural vision is mainly tesult of a combination of accommodative
and disparity components, even though it is ackedged that the proximal component and

the tonic vergence can participate to the vergeesgonse (see Howard & Rogers, 1995).

The two experiments in the present report weregdesi in order to investigate the potential
differences that may arise in vergence responshkstarity step when disparity and blur are
combined, providing either congruent or incongrustimulation. In experiment 1, we
designed a specific experimental apparatus thatusad to compare vergence responses in
real-world (R3D) and stereoscopic (S3D) conditiofise main finding of this report is that
vergence response provided overall slower tempar@alponents in S3D as compared to R3D.
In experiment 2, we tested the outcomes of a vigtigue simulator on several pre- and post-
tests. The most relevant indicator was certainly Wergence step period that affected
vergence dynamics after strong stimulation throstgreoscopic activity with large target
disparities. Stereoscopic activity induced a chamngeergence dynamics that is presumably
related to the adaptation of the vergence systéma.idea that the visual system may adapt to
stereoscopic conditions is indeed not new (Eadialet2000; Rushton & Riddell, 1999;
Wann, Rushton & Mon-Williams, 1995). As an examylee direction of this adaptation is
suggested in Figure 3.10 from the analysis of #irgence time series of one observer. This
analysis suggests that when participants had ®relatively large disparities in stereoscopic
activity, the vergence system adapts in order beesihe ambiguity between the disparity and

defocus stimuli.

This adaptation mechanism following the use ofestecopic display could be possible if
crosslinks between accommodation and vergence kegpmored by the visual system. Some
studies have shown that changes in the gain otith&s-links are possible, for example, in
viewing through periscopic spectacles (Judge & BjilE985), and haploscopes (Eadie et al.,
2000). As stereoscopic displays induced many vanaton vergence but constant demand on
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accommodation, a crosslink adaptation is necess@gause subsequent variations of
vergence accommodation produce fluctuations of macodation. It was suggested that the
gain of vergence-accommodation crosslinks wouldineebe decreased to avoid changes in
accommodation driven by changes in vergence (WRushton & Mon-Williams, 1995).
Eadie et al. (2000) observed the decrease in bhatdslinks between accommodation and
vergence after exposure to a virtual reality systentwo participants. Rushton & Riddell
(1999) also argued that this decrease in the daiheocrosslinks would be accompanied by
an increase in the gain of the disparity vergeite results presented here on vergence eye
movements to disparity step could thus be the ouésoof an increase in the disparity
vergence gain in disfavor of the accommodative eecg gain.

In the second experiment, the visual fatigue sitoulvas expected to produce asthenopic
signs in participants. Reports on the subjectivestjannaire were significantly more severely
rated for questions related to eyestrain and etyguain the strong condition as compared to
the weak condition. However, the severity of sigmas not as important as expected,;
participants did not complain of severe visual Mewor headache perhaps because they could
still fuse all stimuli. Moreover, it is worth notythat changes in vergence response such as an
increase in latency or decrease in velocity arberaexpected to concur with significant
asthenopic signs. In the present report, the vemgearelocity peak was increased after
stereoscopic activity. This observation is presugnadlated to the occurrence of adaptation
that allows the oculomotor system to counteraataligatigue (e.g. Schor, 2009). However,
the relationship between oculomotor changes andubgctive experience of visual fatigue
does not appear evident (Lambooij et al., 2009), arever’s sensitivity could presumably

limit the study of such linkage.

Overall, our results highlight the importance opaypriate accommodation information in
combination to binocular disparities for repetitivergence eye movements. Given that
accommodation cues and disparities are often psedeseparately in three-dimensional
media, our results may be related to the sourcdisfomfort sometimes reported while

watching three-dimensional displays for long pesiofitime.
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¢

The present study had two main objectives: thé fiess to compare vergence eye movements
in stereoscopic and real-world viewing conditionsl,athe second was to generate fatigue in
the observers’ visual system so as to measureethgting changes in subjective discomfort
and in temporal vergence dynamics. The first ctds®sults concerns the fact that vergence
dynamics is overall slower in stereoscopic viewoanditions as compared to real-world
viewing conditions. In fact, accommodation and e&ce signals do not exactly specify the
same distance and, therefore the visual systentohdsal with a sensory ambiguity (i.e. due
to accommodative vergence) that has to be soleetihet cost of a greater reaction time. The
second class of results shows that prolonged steopec stimulation can lead to significant
changes in vergence eye movements even with relatsmall range of disparities. In this
situation, the resulting changes on vergence respwaere more related to a beneficial effect
on the visual system, specifically because of therall increase in vergence velocity.
However, negative changes are expected when treost®pic visual scene engenders larger
disparity range, causing strong eyestrain.

Beyond the theoretical considerations, this stusgy bBrings a possible new indicator of visual
fatigue in stereoscopic displays. Vergence dynamicsd be used as an indicator of fatigue
as it informs about the performance of the visugdtean in stereoscopic conditions.
Moreover, it is worth noting that, compared to otegns of visual fatigue (e.g. eye-blink
rate), vergence dynamics is directly related taestgcopic depth perception. However,
supplementary work is needed to investigate theadinand inter-variance of vergence

dynamics in predicting adaptation or fatigue of visial system in stereoscopic displays.

Hence, stereoscopic displays showed to be potgnsalrces of discomfort for prolonged
use and are depending on inter-individual diffeesnclhe sources of visual discomfort and
fatigue seem to occur when the disparity conveygdihe displayed content induced a
stereoscopic demand that exceeds the limits ofdéy@h-of-focus. For that reason, the
following part is devoted to an experimental stunfythe role of the depth-of-focus in

stereopsis and its relation to visual discomfort.
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Chapter 4. An attempt to increase the depth-of-focus of the

eyes for reducing discomfort in stereoscopic displays

4.1 Introduction

As stereopsis is getting more and more populaooilg its use in entertainment media, the
question of visual discomfort and fatigue remairstake. As a matter of fact, visual fatigue
may emerge from the prolonged observation of sgeeguc contents containing too large
binocular parallax, entailing strong and repetitiggereoscopic demand. A significant
proportion of spectators complain about a varidtyisual symptoms such as, e.g. eyestrain,
headache and blurred vision after prolonged exposib stereoscopic media. The experience
of visual symptoms in these conditions has beenrbated to difficulties for observers to
decouple accommodation and vergence (i.e. Hoffmaml.e2008), both systems being
naturally coupled (Hung and Semmlow, 1980). Hetioe,vergence system can respond both
to binocular disparity (disparity vergence) anddtnal defocus (accommodative vergence);
the latter results from the activity of a neurabss-link. Indeed, a vergence response can be
observed by varying the stimulus spatial frequemndyile only one eye is stimulated
(Semmlow et al. 1981). Conversely, the accommodasigstem reacts both to defocus
stimulation (blur-driven accommodation) and to disty information (vergence
accommodation or disparity-driven accommodation§. @A consequence, in configurations
with strong stereoscopic demand, the visual systexy deal with a viewing situation where
accommodation and vergence specify incongruentaligin this situation, the activity of
both neural crosslinks (accommodative vergence \argence accommodation) should be
decreased in order to provide efficient oculomagsponses. The possible adaptation of the
crosslinks after stereoscopic activity has thusnbescussed (Rushton & Riddell, 1999).
Stereoscopic viewing conditions therefore induce @ulomotor demand related to
accommodation error correction that is supposedeoerate visual fatigue consecutively
(Lambooij et al. 2010). This anomalous oculomog&spionse entailing visual symptoms could
be an accommodative overshoot induced by the veegedemand that requires
accommodative correction (Okada et al. 2006; Teriial. 2008; Fukushima et al. 2009).
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Visual fatigue would however take place only whia visual system cannot adapt to this
viewing condition (Schor, 2009).

Stereoscopic depth perception is actually basedoirmcular disparity that induces significant
vergence responses when the vergence demand exiteedsdividual limit of Panum’s
fusional area, the zone around the fixation poitierg single vision is possible. As for
vergence, there is a range of distances for wiietatcommodation system does not perform
re-adjustment because no retinal defocus is detetites is the depth-of-field (Campbell &
Westheimer, 1959). The depth-of-field is the progect of the depth-of-focus of the eye in
object space. In mathematical models of dual ictea between vergence and
accommodation, the depth-of-field is the dead spddbe accommodation system feedback
loop (Hung, 1998). In other words, this componans as a threshold function and allows the
accommodative system to send motor commands tcstathe shape of the eye lens for
minimizing retinal defocus on the region of intéress a consequence, one way to minimize
the activity of both the accommodative vergence #mal blur-driven components is to
increase the depth-of-focus of the eyes or, alterelg, to provide stimulation without fine
spatial frequency information. It is thus possitderender the accommodation system open-
loop by presenting stimuli with image blurring fahich observers cannot perform precise
accommodative responses (Okada et al., 2006). dStwpic viewing conditions presenting
low spatial frequencies have furthermore shownrtwide greater fusion capacities (Schor et
al., 1984). Another way is to place observers mhple viewing conditions because wearing
pinhole removes defocus information contained & ghojection onto the retina (Rosenfield,
Ciuffreda & Hung, 1991). It is however difficult tose such pinhole system in binocular
vision where vergence and version movements angireshbecause the holes must remain
aligned with the visual axes. As an attempt towsirgent this, some researchers used “aerobic
glasses” to allow the eyes to perform eye movem@risby, Buckley & Horsman, 1995).
The uses of pinholes or image blurring do not hawvelirectly manipulate the depth-of-focus
of the eyes (i.e. it depends on pupil aperture), dimerefore strongly impact the perceived
visual information. For practical use, image blgrihighly suffers from the dramatic change
of sharpness in the visual scene and may be armdginsee when performed on the
fovealized parts. Pinhole viewing endures bothithprecision of the holes alignment with
the visual axes and the dramatic reduction of lightering through the pupil aperture. In
addition, as the available light decreases on #ima, the pupil size aperture may also
increase in reaction to the loss of luminance. &g could also place the accommodation

system in resting state that does not necessafigct the normal behavior of the oculomotor
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system. As a consequence, the objective of theepretudy is to manipulate the depth-of-
focus of the eyes so as to increase the blur detetttreshold leading the accommodation

system to tolerate a larger range of disparityt@neoscopic viewing conditions.

Pupillary responses may arise following changethénlighting conditions, the proximity of
the target and the emotional state of observergr@assi, 2000). The light reflex depends on
lighting conditions and produces constriction doentense light or dilation with dim light.
The pupil response to light is predominant andecsically due to the stimulation of retinal
receptors (rod, cone and melanopsin pigments) digbhcast onto the retina (Viénot et al.,
2010). Pupil aperture size is the predominant factwer the depth-of-focus of the eye.
Geometrical optics predicts that the depth-of-fomasies proportionally with the pupil
aperture size but, however, empirical works havawshthat large pupil sizes in fact behave
as smaller pupil sizes in terms of depth-of-fodDarqpbell, 1957). In general, as the circle of
confusion grows linearly with the pupil size, itegpected that the larger the pupil size, the

smaller is the depth-of-focus.

Using a more ecological method, the present stirdg at varying the depth-of-focus of the
eye so as to observe the resulting changes onlwseomfort in stereoscopic displays.
Variations in lighting conditions therefore affettte focus range of accommodation and,
therein, may influence viewing comfort of stereqscostimuli. Here is investigated the
general benefits of increasing the depth-of-foduthe eyes for improving visual comfort. As
such, we used a stereoscopic visual search paradigmt forth the effect of changing the
depth-of-focus limits and evaluated those limitshwdifferent lighting conditions. In order to
vary the pupil aperture, we used a peripheral wingime located in front of the screen which
was illuminated by a video-projector. The visu&ldi containing the stimuli was unchanged
S0 as to avoid any attention or dazzling effectwiihin the depth-of-field, accommodation
response is unnecessary and that the less thegigilthe more is the depth-of-field, a well
lit environment was supposed to entail less vislistomfort as less occurrence of conflict

between accommodation and vergence should occur.
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4.2 Method

4.2.1 Observers

A total of seven observers took part in the ergitely. One participant was discarded because
of large difficulties in fusing the stimuli duringe experimentation. Our selection provided a
full counterbalanced group of participants (on ager32.8 years old, SD = 10.1). All except
one author were unaware of the experimental hygetheAll had normal stereoacuity as
assessed by the stereo-test of the vision testsio(ie, FIM-Medical). All had normal vision
possibly thanks to their usual optical correctiofBey gave their informed consent before

beginning the experiment.
4.2.2 Apparatus

Participants sat comfortably in a chair within ancest which was placed at two meters from
the display (Hyundai S465D 46" HDTV LCD Polarizedbnitor). In order to vary the pupil
size, a video-projector (Optoma EP747) was setagdeljust behind the observer (see Figure
4.1). The light stemming from the projector illurated a large white panel (90 x 100 cm)
placed in front of the observer. This white pameluded an elliptical aperture (about 15 cm,
cut in the paper sheet) in order to leave the ceoftehe visual field unaffected by the

luminance.

<«——— projector
Iluminated frame

/ IV Figure 4.1: Schematic representation

hole
/ of the experimental apparatus used
in the study. Observers seated facing
the 3D display. The illuminated

frame was placed in between.

Drawing is not to scale.

Eyelink
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4.2.3 Stimuli

Stimuli were vertical grating patterns (three \aatiwhite bars) that were rotated in oppo
vertical directions in each eye and, thereby whesed providing the sensation of an appa
rotation around the horizontal axis (e.g. positii&arity ontop, negative at the bottom). T
grating patterns were rotated on the vertical byiamount of 1, 2, 3, 4 or 5 degrees. For ¢
trial, five stimuli were simultaneously presentet@ding to a pentagonal spatial distribut
(see Figure 4.2). Each grag pattern was displayed at one of the five pdegindom dept
locations. The visual scene was thus composedvef dtimuli randomly assigned to fir
simulated distances which were selected from twssibte ranges of disparities: the la
range of disparities {-80 40 ; 0 ; +40 ; +80 } arcmin and the small rangelisparities -60 ;
-30; 0; +30 ; +60 } arcmin. These two ranges apdrity were selected because the lo
remained in the advised “one degree of comforttlifliambooij et al., 209) and the other

was expected to be more annoying for the visudegay:

Figure 4.2: Schematic oblique view of the sterepgcwisual scene. The scene contains
grating patterns located according to a pentagagalt. They are assigned to fivossible
depth locations relative to the screen plane wtiereentral fixation target (the white dit

lies.

The participants were instructed to “spot the odd out”, in other words, they had to find

quickly as possible which of the five stimuli walarged in the opposite depth directi
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Stimuli were viewed under tow different lightingrmbtions: the high luminance condition
where the projected white light on the frame haldirainance of 400 cd.thand, the low
luminance condition where the frame was not illumbéa. The luminance of the display was
also decreased so as to limit the lighting effeoinf the display and to reach large value of
pupil diameter in the low luminance condition. Edchl was repeated ten times leading to a
total of 100 trials (2 blurring x 2 ranges of digpax 5 angles x 2 luminance levels).

4.2.4 Procedure

Increasing luminance and decreasing pupil sizeaxpscted to increase the depth-of-focus of
the eye. As with a larger depth-of-focus the cahtlietween accommodation and vergence is
minimized, we expected find significant decreasevietving discomfort and increase in the
performances in the visual task. The two sessidrignsinance were run independently, on
two different days, so as to keep the pupil sizgr@xmately similar during the same session
of illumination. The two levels of illumination wercounterbalanced across participants. At
the onset of each experimental session, the vamiati the pupil size aperture in response to
illumination was measured. Observers looked atxatiin cross that was displayed in the
middle of the screen plane while the pupil sizethed right eye was measured through a
camera capture. The measurement was made afteateffi duration of two minutes so that
the pupil size was stabilized and adapted to tlogepted diffused light. After some training
trials, the participants began the experimentadisas Each trial was followed by the rating of
visual discomfort on a five points Likert scale fyeomfortable — comfortable — moderate —

uncomfortable — very uncomfortable).

4.3 Results

The analysis performed on the pupil aperture setevéen the low luminance condition and
the high luminance condition for the seven partiois revealed a significant effect of
lighting condition (t=10.78, p<0.001); the pupiksiwas decreased in the high luminance
condition (on average 3.6 mm, SD=0.46) as comptoetie low luminance condition (on
average 6.2 mm, SD=0.97). This result is preseoteligure 4.3.

The analyses performed on the discomfort ratingwsidoa slight effect of the lighting
condition (F(1,345)=20.2, p<0.001); the discomfdecreased of about 4.3 % in the high

luminance condition as compared to the low lumireacendition. The disparity range did not
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provide significant differences except a tendertbg discomfort appeared to increase with
large disparities as compared to small dispar{f€$,345)=3.1, p=0.08). The analyses did not
provide any effect of interaction between the Jalga and no effect of the rotation angle of
the gratings.

The analyses performed on the stereo performamsesled a strong effect of the rotation
angle of the gratings (F(4,345)=19.6, p<0.0001)wshg that the percentage of correct
responses decreased when the rotation angle (hedgfdre the depth difference) was
decreased. No effect of lighting condition was obsé (F(1, 345)=1.2, p>0.05) but an
interaction effect between the luminance condiaon the rotation angle showed a decrease
in the percentage of correct response for theiootangle of one degree (F(4, 345)=2.7,
p<0.05). No effect of the disparity range was aiedi (F(1, 345)=0.3, p>0.05) and no effect
of interaction could also be put forth with theatown angle (F(4, 345)=2.1, p>0.05).

8
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Figure 4.3: This figure represents the averaged pdigmeters of both eyes measured at the
onset of each luminance condition for the sevetigyaants (represented by different symbols
(0)). HL is the results for the high luminance cibioth and LL for the low luminance

condition.

Supplementary analyses performed on the reactioe provided a significant difference
between the possible values of the rotation anfytbeo gratings (F(4,345)=49.1, p<0.0001);
the less the angle, the longer was the reactioa. thrsignificant difference was also observed
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between the lighting condition (F(1,345)=7.3, p40);Qhe reaction time was decreased in the
high luminance condition as compared to the low ihamce condition. However, no

significant effect was observed for the disparégge (F(1,345)=0.7, p>0.05).

4.4 Discussion

The main objective of this exploratory study wasitwestigate the general benefits of
optically increasing the depth-of-focus of the efl@®ugh the use of peripheral illumination
and its potential relation to the displayed depibations and the subjective discomfort.
Hence, we used a stereoscopic visual search paradigut forth the effect of changing the
limits of the depth-of-focus and assessed thosksliwith two different lighting conditions. In
order to vary the pupil aperture size, we desigaespecific experimental apparatus that
contained a peripheral white frame located in frohthe screen that was illuminated by a
video-projector. By changing the luminance of tedlected light, the pupil size could be
varied and because a circular part was not illutechan the center of the visual field,
observers could perform the task precisely, avgidiazzling effect. Participants thus had to
find one stimulus among five, the four others bestemted in the opposite direction, and then

to report the subjective discomfort felt when exjpig the visual scene.

The results obtained on the discomfort rating, eféiney provided some significant effects,
did not show strong significant differences. Indegach types of subjective reports usually
show large intra- and inter-subject variances drateffore require a consistent number of
participants so as to provide stronger and moriablel statistical effects. However, we
surprisingly found that the effect of the dispanighge was not much more important. The
reason may be that the range of disparity usedis dtudy was not sufficiently large to
provide strong effect on discomfort. Moreover, mAtalividual variance could have
weakened the effect. This inter-individual varighil may arise from inter-individual
differences in the ability to fuse both views dgrithe experiment. Some small pools of
participants have already shown that the use oflsarage of disparities did not powerfully
affect visual comfort in stereoscopic displays (€gli, 1998). The difficulty of choosing the
disparity range resides in the need for a comprermeween a set of disparity fusable for all
participants and a sufficiently large set of dijies so as to produce discomfort or fatigue of

the visual system. But, as it was mentioned eartlee definition of “large” and “small”
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stereoscopic demand is idiosyncratic to the indi@idHowarth, 2011) and this is what makes
difficult the study of subjective discomfort in stepsis.

A second category of results was the effects obthon the stereoscopic visual search task.
The difficulty of this task was shown to increasghwiiner depth difference of the slanted
gratings as it could be observed from the decregatiee percentage of correct responses and
the increase of the reaction times. When obserwen® facing fine depth rotations, the
luminance condition appeared to have a positivecefin the percentage of correct responses
with high peripheral luminance. However, this bénebuld be due to an attentional effect;
high luminance could have forced observers to raainntensely their attention on the task
as compared to low luminance. This possibilitylsbaupported by the benefits found on the

reaction time.

Finally, the lack of effects we obtained by mangting the disparity range could also be
explained by the presence in each luminance comddf the frame that was used to reflect
the projected light intended to vary the pupil &e. This rectangular white frame included a
circular aperture that allowed the participantsée the display in order to perform the task.
However, due to the limited size of this circulgredure, it is possible that participants
experienced a pinhole effect on accommodation ascdn be observed when they perform a
spatial task by looking through distant holes (ddgnessy & Leibowitz, 1971). As a
consequence, if accommodation was affected botbvinluminance condition and in high
luminance condition by the peripheral frame usedeftect the light that had to change the
pupil size; this may be the reason why we failedlaerving a strong effect of the range of
disparities. To conclude, even though the experiaieset-up really affected the puplil size
aperture, this study does not provide strong enaarghirical elements to identify an effect

due to the increase of the depth-of-focus.
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The study of visual discomfort and fatigue in stee®pic displays seems to require a
consistent number of participants if the major expental variable measured is highly
subjective. Even though this experiment did novl® strong significant results and suitable
control conditions, this was a first step to marapel the pupil size aperture in order to
investigate the role of the depth-of-focus in dep#rception. Indeed, in the following
chapter, the presented studies used a similar agipréo vary the pupil size but the
experimental set-up was optimized. For example]dbe of contrast due to miosis with high
luminance was compensated, the non-illuminatedtagem projected light was increased to
avoid some pinhole effects and, the light was ptep onto a diffuser that was located on the
side of the participants, reflected by a beam teplifThe following chapter reports the study
of 3D shape perception based on binocular disparitglation to the depth-of-focus of the
eyes.
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Chapter 5. The weight of accommodation in 3D shape

perception with light-modulated depth-of-focus

5.1 Introduction

A well known fact about stereoscopic vision is thatceived depth from stereopsis suffers
from misestimation of binocular disparity infornati (e.g. Adams & Mamassian, 2004;
Johnston, 1991). Binocular disparity can provide tamambiguous cue to depth if it is
correctly scaled by a proper estimate of the egoceniewing distance (Garding, Porrill,
Mayhew & Frisby, 1995). This estimate of viewingstdince is presumably relying on the
actual vergence and accommodative cues (Watt, pidienst & Banks, 2005; MonWilliams
& Tresilian, 2000), and on the size ratios of hontal and vertical disparities (Rogers &
Bradshaw, 1995), but the accuracy of this estimaatk the information used for scaling are
distance-dependent (Domini, Caudek & Tassinarig2@utting & Vishton, 1995). The main
distinction between stereoscopic and real-worldd@mns of observation is considered to be
the mismatch between the stimulus-to-accommodadioth the stimulus-to-vergence. This
gives rise to at least two consequences: one Hiraitects the retinal signal whereas the other
indirectly influences the extra-retinal signal ahds the oculomotor activity. By presenting
disparate information for the left and right eyeas @ flat display, a 3D structure may be
specified but, the corresponding retinal blur geatlis discrepant with the stimulation. This
fact has been considered as a potential originhef rhisestimation of the 3D structure
simulated in stereoscopic depth (Hoffman, GirshiBkeley & Banks, 2008; Watt et al.,
2005). A few studies revealed that focus cues cbrtilty more than range information about
distance and even provide quantitative informatedsout the egocentric distance (e.qg.
Vishwanath & Blaser, 2010). The second consequeon®s from the indirect influence of
the incorrect blur information in stereoscopic ewyss on the synkinesis (associated
movements) between accommodation and vergencensygterisby, Buckley & Horsman,
1995). In natural viewing conditions, accommodateamd vergence responses have been
shown to be reciprocally coupled (Schor, 1992); samberactive neural processes ensure that
both eye-movements react to either signal (Semn&okung, 1981). As a matter of fact,

changes in the activity of the blur-driven and thsgparity-driven components mechanisms
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could alter the performance of vergence and le#tereito perceived distortions and/or to

visual fatigue and discomfort.

Perceiving precise 3D structure from stereopsis been questioned in a wide literature
investigating stereoscopic depth constancy (e.pnston, 1991; Ritter, 1977; Wallach &
Zuckerman, 1963), exploring to which extent thecpared depth from binocular disparities
remains the same when the viewing distance vafiest depth constancy was observed when
the construction of a 3D perceptual structure waslved as opposed to when observers
performed a disparity matching task (Glennerstargd®s & Bradshaw, 1996; Johnston,
1991). A concrete example was provided in a stugiggustereoscopic elliptical half-cylinder
(Johnston, 1991), in which was varied the distan€ethe screen plane depicting the
stereograms. It was found that percepts were etedgst close viewing distance, accurate at
intermediate distance and flattened at far distarideese perceived distortions were
interpreted as the consequence of using an errenemasure of egocentric distance for
scaling horizontal disparities because observesp@nceived the 3D shape specified only by
disparity information in a way that was relatedthe viewing distance. Watt et al. (2005)
reported other effects of perceptual distortionskdd to the variations of the vergence
distance (the distance induced by horizontal digpa) with accommodation distance fixated.
When the simulated (vergence) distance was less tthet of the accommodation distance
(crossed disparities), observers over-estimatedepéh of the 3D shape, whereas they under-
estimated depth when the simulated distance waerlahan the accommodation distance
(uncrossed disparities). More specifically, a righhgle displayed in an open-book
configuration with an intended distance nearenttiee projection plane appeared smaller
than 90 degrees (acute) because the percept wagaedd in depth. When the right angle is
now displayed for an intended distance locatedhéarthan the projection plane, the angle is
then seen flatter (obtuse). At this stage, it istlvmoting that 3D estimations for congruent
accommodation and vergence distances were drégtinadre precise than those with
disparate accommodation and vergence distances phehomenon has been attributed to the
indirect effect of focus cues throughout the cauplof accommodation and vergence; focus
cues could influence vergence through the accomtivedaergence mechanism. These
results have also been reproduced in an experimgng a multiple-focal-plane display
enabling appropriate control conditions (Hoffmanaét 2008). The authors also observed
longer reaction times with incongruent accommocdhatnd vergence distances, suggesting
that the decoupling between accommodation and meggsystems lead to greater difficulties

to fuse. By converting the results of 3D estimaimequivalent distances, the authors showed
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that the distance of objects displayed stereosabipifor an intended location nearer than the
accommodation distance is overestimated and urtdeeded for locations beyond the

accommodation distance plane.

The literature reviewed so far suggests that retoyedepth from stereopsis requires the
establishment of an egocentric distance mainlykbdn oculomotor factors. In the case of
stereoscopy, people would misestimate depth becanseof the sources of information
conveys flatness and, because of the existence ragslmk between vergence and
accommodation. The first assertion was labelethecue hypothesis and supports the idea
that the lack of correct blur gradient informati@ critical for perceiving depth from
stereopsis with veridicality. The second statenséeins from the modeling of the synkinesis
between accommodation and vergence and was lathedaddirect effect of focus cues as it
may impact the vergence system (Watt et al., 200%9.idea suggested in order to test these
hypotheses was to constrain accommodation by asp@uple wearing pinhole during a
stereoscopic task (Hogervorst & Eagle, 2000; Frigmckley & Horsman, 1995). By looking
through a pair of pinholes, the retinal projectafrthe visual object becomes sharp, and the
blur circles information is suppressed or dimingh@Vard & Charman, 1987). If
accommodation thus would participate in the systenhstortions, the pinhole condition of
observation should cancel the effect. HogervorsE&gle (2000) tested this condition of
observation on one observer and did not find afgcefthey concluded accommodation has
no effect on 3D estimation of dihedral angle. Fyigh al. (1995) dedicated a set of three
experiments so as to investigate the effect of g@alviewing of real 3D and stereograms
shapes. In a previous study, Buckley and Frisby¥3l%had showed a surface-orientation
anisotropy in the perception of 3D ridges and, morgortant in the scope of our study, that
disparity cues dominated texture cues in all réiahidi whereas they did not do so in all
stereograms. From these results, the motivatioesgdarchers was then to investigate whether
this anisotropy and the weakness of stereo custereoscopic conditions as compared to real
world conditions of observation were related toublur cues (Frisby et al., 1995). In the
first experiment, in order to render accommodatpen-loop, they used “aerobic glasses” as
pinhole viewing apparatus that consisted of aligheacular arrays of pinholes of 0.75 mm
diameters set approximately 3 mm apart. The auttuansd some evidence that the surface-
orientation anisotropy (change in cue weightingueein disparity and texture as a function of
stimulus orientation) in the perception of reabed could be related to the inappropriate blur
cues. Such incorrect cues would weaken the effichtlye disparity cue to convey depth and

would leave a greater role to texture cues. In laroexperiment, they tested the pinhole
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arrays for the perception of stereoscopic simulatgges. The prediction was that disparity
signal should be stronger with pinhole viewing dersograms, assuming that the
accommodation open-loop conditions are therebynattia and the blur cues removed. It was
shown that pinhole viewing neither affected thesatrtopy nor the perceived depth of
simulated ridges and, as a consequence, in thestbasresults were interpreted against the
blur-cue hypothesis. According to the authors, wwsg the possible role of resting
accommodation however still supports the latterdtlyesis because the reference egocentric
distance taken into account for estimating stimabuld approximate the fixated
accommodation distance related to dark focus. | &ttt et al. (2005) found a significant
contribution of focus cues (accommodation and attbiur) in the estimation of simulated
right angle. As a consequence, they re-interprétedresults by Frisby et al. (1995). They
concluded that the method of pinhole is not sugdbt studying blur cues effect. Indeed, the
decreased perceived depth of real ridges with péenkiewing could have been due to an
increase of the depth of focus — the focus rangevfoch vision remains sharp — causing a

greater signal to flatness.

As it was indicated in the beginning of this intuation, some neural crosslinks exist that
allow accommodation and vergence to react bottetioal disparity and to defocus (Hung,
Ciuffreda & Rosenfield, 1996; Schor, 1986; Semmi&wung, 1981). In this way, in the
case of stereopsis, when the depth-of-focus i®ased, the conflict between accommodation
and vergence should be reduced; accommodationnssEhould be unnecessary. In Frisby
et al. (1995), the lack of results in the stereogr@ondition is surprising because an indirect
effect could thus have resulted from the statdnefaccommodative lens that could be used as
a signal for estimating the scaling distance. H@avethe absence of effect of pinhole viewing
and the slight decrease in perceived depth onithelaed stimuli could have also been due
to the pinhole apparatus. As a matter of fact, is¢\@ints should be put forth concerning the
use of such pinhole arrays. The misalignment ohibles with the visual axis could have had
some consequences on eye movements and could sitler invisible some parts of the
visual stimulus or make the light coming from seenoles contributing to the retinal
projection. The misalignment of the holes as wedhtes a chief ray not aligned with the eye
optical axis, displacing the image on the retina tlue.g. spherical aberration. Another point
to note is the fact that if the lighting level istnrcompensated, the eye pupil will increase
behind the partially occluding surface. The pumiédure of the eye may be larger because
placed behind the array of pinholes which dimindgsttee light entering in the eye, and so the

amount of light casting the melanopsin receptospaasible for the pupil light reflex (Viénot,
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Bailacq & Rohellec, 2010). As a consequence, tloe tfzat observers were rather placed in
guasi-open-loop conditions must be taken into astouexplaining the absence of results for

stereoscopic simulated ridges.

The use of pinholes shows that accommodation iglered open-loop and that the
accommodation system may consequently adopt itmgestate (Ward and Charman, 1987).
This lessens the interest in using pinholes becaatiger than simply removing the blur cue,
pinhole viewing could affect the oculomotor conttion to distance estimate (Frisby et al.,
1995). As a consequence, a more relevant and ecalagay to affect the accommodation
response is to directly manipulate the depth-otifoof the eyes. One way to change the
depth-of-focus of the eyes without affecting norroeldocular eye movements is to vary the
pupil size of the eyes. The pupil aperture is diyeconnected to the depth-of-focus of the
eyes in such a way that decreasing the pupil sileoptically increase the depth-of-focus
(see figure 1 for example). By extending the degftfecus through the pupil size
manipulation, the tolerance for the accommodatigstesn is increased and the blur cue is
rendered less discrepant with the viewing situatioraddition, as the accommodation system
does not take its resting position, the vergenséesy is unaffected.

Even though the depth-of-focus of the human eyenép on many parameters, it is possible
to consider two simple parameters for approximati@mely the pupil diameter and the blur
circle. Considering the eye as a simple thin opsgatem, the depth of focus can be defined
as the difference between the plane of perfectalpfocus on the retina and the plane that

produces the just-detectable blur circle on theagiGreen, Powers & Banks, 1980).

Hence, the depth-of-focus:
AD =%£(n/ f —n/(f +7)),

wheren is the refractive index of the eyeis the focal length of the eye afds the amount
required to move the focal plane on the out-of-foauage point. In addition, from Figure
5.1, on can derive the following relation:

AD =zbcn/P.f,
wherebc is the extent of the blur circle amlis the pupil diameter. It can be seen that the
depth-of-focus is inversely proportional to the p@aperture size. Decreasing twice the pupil

aperture will theoretically increase twice the dhept-focus. However, according to Campbell

(1957), the eyes' pupil gives larger depth-of-foassif the pupil diameter is smaller and,
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therefore larger depth-of-focus can be expectectcaspared with the one that can be
estimated using this optical model.

object
plane lens plane out-of-focus
retina plane plane
Rl = £
—== I -
__________._-—-—-———;_;_"_'!___.—V l
A )

Figure 5.1: Optical representation of the effectimdinging the pupil aperture (P) on the
retinal projection, the blur circle (bc). In thisrdiguration, an object at theoretical infinity is
perfectly focused on the retina (retina plane).eobp is at an out-of-focus distance (D) and
creates a blur circle (bc) on the retina plane bgeats conjugate projection (i) lies on another
plane than the one of the retina. Comparing theobédcus blur circle size with the size of
the blur spot on the retina defines the depth-oti$o The green lines configuration represents
the effect for a pupil aperture that is twice agbms the black lines configuration: the blur

circle is half.

Contrary to the aim of Frisby et al. (1995), th¢eabve of the present study does not consist
in inferring cue-integration model of real worldsan conditions but to account for the
misestimations that are usually reported in permgighape from stereopsis. Here the focus is
put on the contribution of the accommodation signailelation to the depth-of-focus of the
eye in the estimation of stereoscopic 3D shapet @{atl. (2005) found that the bias direction
in judging 3D shape with congruent but weak textsignal is dependent on the vergence
distance with an indirect effect of the accommamtatilistance. Thus, stereo-object depicted
at a vergence distance induced by crossed digmi#ti perceived elongated in depth while
object presented at a vergence distance inducathtipssed disparities is seen flatter. The
results of Frisby et al. (1995) did not show tleadency as they did not vary the vergence
distance. Here, the contribution of accommodatioBD shape perception is investigated by
observing whether people can correctly estimate8iheshape of a displayed stereogram as a
function of the vergence distance and the possédiended depth-of-focus. In a first
experiment, we investigated the effect of decreptie pupil size with lighting conditions on
3D shape estimation using stereograms of dihedndical angle. In a second experiment, we
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used the same type of apparatus to study the effaacreasing the depth-of-focus through

lighting conditions when the accommodation and &eog distances were varied. The
modulation of the depth-of-focus with different Higng conditions has the advantage of
removing a consistent part of blur cue in the Visignal and, contrary to the use of pinhole,
will not place the accommodation system in itsingsstate (or dark focus), thereby leaving
the vergence system unaffected. Considering théldarontribution of focus cues to depth

perception (direct vs. indirect), changes in accaaaion would produce two potential

effects on the viewing distance estimate: (1) deftfocus could in itself act as a distance
cue and, (2) increasing depth-of-focus could distirmccommodation-vergence conflict. The
effect of focus cues should be larger with strongreoscopic demand (i.e. distances
induced by disparity should impact judgment of 3taEe) and, decreasing the pupil size
should decrease this vergence distance effect beaafuthe increase of the depth-of-focus
(i.e. due to decreasing pupil size) and the deeredsthe mismatch between focus and
vergence cues. The overall objective of this expent is to study whether an increase of the
depth-of-focus of the eyes could reduce the weajhthe accommodation signal and thus
affect the perception of 3D shape from binoculapdrity. Conflict between focus cues and
vergence cues could be directly dependent on tpthdad-focus which manipulation could

have the potential to overcome the difficultieSBf displays.
5.2. Experiment 1

5.2.1 Method

5.2.1.1 Observers

A total of 20 observers took part in the entiredgtuAll had normal stereoacuity as attested
using the Randot StereoTest (Stereo Optical Co)ramchal vision possibly thanks to their
usual optical corrections. Three other participantse discarded because of either large
difficulties in fusing the stimuli during the expmentation or inability to perceive the 3D
structure. Our selection provided a full counteabakd group of participants (on average
32.8 years old, SD = 10.1 years old). They gave thiormed consent before beginning the

experiment.
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5.2.1.2 Apparatus

Participants sat comfortably in a chair within ancest which was placed at 1.3 iers from
the display (Hyundai S465D 46” HDTV LCD Polarizetbnitor). To minimize crosstalk, w
placed participant eyes on the axis perpendiculahé center of the screen. We used

computers in this experiment, the first displayeD 8ontent using Mtlab and the
Psychtoolbox extensions (Brainard, 1997), the se@lowed us to control the progress
the experiment. Participants wore polarized glaseekise left / right views and see |1
content in depth. In order to vary the pupil siaejidec-projector (Optoma EP747) was :
just beside on the right of the observer (see Ei@)r The light stemming from the projec
went across a diffuser (36.4 x 31.5 cm) in fronitoThen, the diffused light was reflected

a beam splitter whose center ' placed at 50 cm from the eyes of the observer hsu
orientation was 45 degrees so that the diffuséectefd light appeared to come from the fr
In the condition of high luminance, the projectight consisted of a white rectangle (35 x
cm) in which a black elliptical aperture (24.8 x 14.8 deg)ewas superimposed to leave

center of the visual field unaffected by luminan€ke size of this aperture was chosen I

enough to avoid the pinhole effect on accommoddggom Henessy & Leibovz, 1971).

Figure 5.2: Schematic representation of
experimental apparatus used in the st

In this setup, white light is projected on

a diffuser; the subsequent diffused ligh

aue|d usauds

reflected on the beam splitter to illumin:
the entrance pupil dhe two eyes. Not
that the projected light contained a -

illuminated central elliptical part fc

e | diffuser

observers to be able to see with adeq
contrast the stereoscopic display place
- Projector front of them. LE and RE refer to Left E
and Right Eye, BS to Beanplitter.

Drawing is not to scal
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5.2.1.3 Stimuli

Participants had to judge the angle of a vertida¢dron (as in an open-book configuration)
which was depicted using random-dot stereogramss $timulus has already been used
elsewhere and showed high reliability in accountioigthe capacity to perceive 3D shape
(Hoffman et al. 2008, Watt et al. 2005). The tasis\wo fixate a small fixation cross (53 arc
min) which was placed in the center of the dihedand then to judge whether the displayed
dihedron angle was smaller or larger than 90°.i¢paints were tested during different days
for two conditions of luminance and had to givegoeent both for a sharp stimulus and for a
blurred stimulus. The level of blur of the dihedrangle was randomly displayed and
generated by applying an uniform averaging fil&b§-8 filter containing equal weights); we
could therefore analyze and compare the effecteggmting stimuli without high frequencies
to stimulus conditions with large depth-of-focuse(iwith a decreased blur gradient). In the
blur condition, defocus could not be used as degatue because it was uniform. The dot
density for the dihedron was 0.7 dots/deg2, withidth of 9.2 degrees of visual angle and a
height of 4.2 degrees. Dihedron dots angular sias Q26 degrees; the dot density of the
background was 6.7 dots/deg2 background dots angud® was 0.1 degrees. In the
experimental part, the fixation cross could be ldigpd at three possible intended depth
locations from the screen plane (0, 200 and 340 mvmle the parts of the hinge always
appeared in front of it. As a consequence, thetiposin depth of the fixation cross created
stereoscopic demand of 0, 0.14 and 0.27 Dioptejsa(idl, because the averaged peak-to-
through of the angle was 0.07 D, the maximum ssagoic demand could attain 0.34 D.
Hence, considering a 0.22 D depth-of-focus estichéte a 3 mm pupil aperture (Campbell,
1957), the two first depth locations of this expent remained in the depth-of-field instead
of the third one. Before each experimental sessiencarried out a familiarization task (with
physical model and audio feedback and then only wie audio feedback) during which
observers had to obtain a score of 90% in juddgmegdihedron angle. For the familiarization
task, we used the method of constant stimuli aedegted dihedron angles in the range of 81
to 99° (10 stimuli intensities separated by 2 degrand the whole repeated four times until
participants reached an expected score). Each a®placed relative to the cyclopean eye by
projective geometry. For the experimental sesstmmangles of each dihedron were displayed
according to an adaptive staircase procedure (Acateld Stochastic Approximation, Kesten
1958). This procedure allowed us to estimate thatpd subjective equality (PSE) and the

slope at this point for each block and session. mh&imal number of repetitions was set to
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15 for each staircase. During one illumination lesession, observers participated to 2
threshold estimations (25% and 75%) using 2 ste@g€done ascending & one descending)
per threshold estimation for a total of 60 trialkher for the sharp and the blurred stimuli (a
total of 120 trials). This procedure was repeatdin®s so as to obtain 3 estimations of the

psychometric function for each possible depth liocat
5.2.1.4 Procedure

Two conditions of illumination were set up in ordervary the pupil size; we labeled them
the high luminance and the low luminance condi{@®00 cd/m2 for the white light reflected
on the diffuser periphery and 0 cd/m2 in absencdlwhination). It is worth noting that
changing the participant’s pupil aperture affedtesl perceived contrast of the stimuli simply
because less light enters in the eye with a deedepapil size. This is the reason why we
carefully adjusted the luminance of the stimuli@ding to a standard RGB model of the
display EOTF response. The objective of this tramsfwas to keep the same perceived
visual signal between the high and low luminanceddmns for the central visual field. The
maximum luminance on the display of black, gray ardte points was measured using the
Minolta Colorimeter (CS-200) and, considering timathis setup, the mean pupil size is half
in the high luminance condition as compared toltle luminance condition, the luminance
needed for the low luminance condition were comgputégh a gamma curve transfer function
adapted to our display. We subjectively checkedoailteomes of these transforms by asking

several participants to compare the perceived ashin the two conditions.

Before each condition of illumination, observerr@d out the training regime as described
above. Each session was run independently, on iffeveht days, so as to keep the pupil size
approximately similar during the same sessionlofmination. The two levels of illumination
were counterbalanced across participants. At theetonf each experimental session, the
variation of the pupil size aperture in responsealltonination was measured. Observers
looked at a fixation cross that was displayed mntiddle of the screen plane while the pupil
size of the right eye was measured through a cacegture. The measurement was made
after a fixation duration of two minutes in suchvay the pupil size was stabilized and
adapted to the projected diffused light.
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5.2.2 Results

The condition of illumination had a significant @ft on the pupil size aperture (t=17.9,
df=19, p<0.001). On average, the pupil size wasdthln the high luminance condition (1.4
mm, SD=0.17) as compared to the low luminance ¢mmd{3 mm, SD=0.44). Psychometric
functions were fitted with cumulative Gaussian @swn the probability distribution and the
points of subjective equality of the dihedron angkimation were derived using probit
analysis (PSE, the 50% point on the psychometnctfan). An example of one participant
can be found in Figure 3. The analysis performedhenPSEs for the twenty participants
revealed a significant effect of vergence distat¢g2,38)=47.62, p<0.0001); as the displayed
hinge angle gets closer, it appeared more stretametkpth. A significant effect of the
lighting condition was also observed (F(1,19)=8.650.01) leading to a decrease in the
displayed angle required to perceive a right ariglehe high luminance condition as
compared to the low luminance condition. The inttom effect between the vergence
distance condition and the lighting condition wad significant (F(2,38)=0.67, p>0.05). A
slight blur effect was also obtained (F(1,19)=8.p20.05); the perceived hinge angle was
perceived flatter when it was blurred as compardétl whe sharp stimulus. The interaction
between the blur condition and the vergence disgmwas not significant (F(2,38)=0.23,
p>0.05). However, we found an interaction effectwaen the blur condition and lighting
condition (F(1,19)=24.76, p<0.001); the lightingnddion effect was greater (the dihedral
angle was perceived flatter for high luminancetredato low luminance condition) when the
stimulus was blurred. No second order interactifiece was observed between the blur
condition, the lighting condition and the vergertistances (F(2,38)=0.54, p>0.05). These

results are summarized in Figure 4.
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Figure 5.3: Example psychometric functions for observer at an accommodation distance
of 130 cm and for three vergence distances%£[.30, 110 or 96 cm). The left figure

corresponds to the results for the low luminang&dden and the right figure concerns the
results for the high luminance condition. The pmijpa of trials in which the observer

responded “greater than 90°” is plotted as a fonctif the dihedral angle. Vertical dashed

lines correspond to the estimated PSEs.
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Figure 5.4: This figure represents the averagedsR$Ee twenty participants as a function
of the vergence distances induced by disparity,(120 or 96 cm) both for the low
luminance condition (corresponding to large pupildark red) and the high luminance
(corresponding to small pupil, in dark gray). Th# panel (A) represents the results for the
blurred stimulus and the right panel (B) represémsresults for the sharp dihedral angle. The
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left figure corresponds to the results for the laminance condition and the right figure
concerns the results for the high luminance coowlitPSEs going down means perceiving
fixed dihedral angle stimuli as flatter as distamoeases. Solid diagonal lines are linear
regression lines performed on the averaged PSEdlw¢hree possible vergence distances.

Error bars denote the standard error of means.

The slope of psychometric function describes tmsisigity of the participant to the effect of
changing stimulus intensity; the steeper the sldpe,better the discrimination between the
possible values of the stimulus. Conversely, a leWalslope will indicate coarse
discrimination of stimulus intensity changes. Hensgpplementary analyses performed on
the slope of the PSEs (defined as the slope attahgent of the PSE) for the twenty
participants revealed no effect of vergence digtaran the slope but a tendency to decrease
(F(2,38)=2,68, p=0.08). Conversely, an effect a¢ thiur condition showed an increase in
slope value when the stimulus was blurred as coedpdo the non blurred stimulus
(F(1,19)=7.50, p<0.05) and an effect of the lightoonditions showing an increase in slope
value in high luminance as compared to low lumimaoandition (F(1,19)=10.38, p<0.005).
As for the analysis on the PSEs, the interactidacefbetween the blur condition and the
lighting condition was significant (F(1,19)=5.19%(05). Other analyses performed between
the position of the maximum reaction time and tl&ERhowed interesting results presented
in Figure 5.5. For the two conditions (Luminance Bur), the position of the maximum
reaction time (relative to the stimulus intensity degree) is plotted as a function of the
estimated PSEs for each participant and the thezgemce distances. In normal viewing
conditions, the position of the maximum reactiondiand the PSE are correlated because the
difficulty to make a decision is normally maximalrfthe stimulus intensity for which the
participant cannot say if the angle is smalleragér than 90 degrees. The coefficients of
correlation are reported and show to be decreasethé third vergence distance (i.e. the
maximum stereoscopic demand) specifically wherdémgh-of-focus is small (low luminance
condition: panels A and B) as compared to wherddph-of-focus is large (high luminance

condition: panels C and D).
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Figure 5.5: This figure represents the positiothefmaximum reaction time (RT) as a
function of the estimated PSE of the twenty pastais for each vergence distance induced
by disparity: 1 = 130 (in black), . = 110 (in gray) or 3 = 96 cm (in dark cyan). Panel A
represents the results for blurred stimulus inldkaeluminance condition, panel B represents
the results for the sharp stimulus in the low luanice condition, panel C represents the
results for the blurred stimulus in high luminamoadition and panel D represents the results
for the sharp stimulus in the high luminance caonditDashed diagonal lines are perfects
matches between maximum reaction time positionR8id. The figure also provides for each
distance the Spearman coefficient of correlatidincarelations significant, p<0.05).
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5.2.3 Discussion

The objective of this first experiment was to invgste whether a change in pupil size could
affect the perception of 3D shape in stereoscomwing conditions where the vergence
distances induced with crossed disparities weriedaindeed, several pieces of experimental
evidence suggest that the source of informatiomftbe extra-ocular vergence muscles and
accommodation muscles can be used in the estinfateewing distance (i.e., Watt et al.
2005; MonWilliams & Tresilian, 2000). In additiothe accommodation system is known as
being under the control of feedback loop and thests to defocus blur when its amount
becomes detectable in spite of the visual systdenaace (i.e. the depth-of-focus). Because
the use of pinhole can affect both the vergence sththe eyes due to misalignment of the
visual axes with the pinhole eyelet and the tomatesof accommodation, the present study
proposed to change the pupil aperture size usimjnince changes. In order to weaken the
potential dazzling effect, only the peripheral pafrthe visual field was enlightened. Hence,
two lighting conditions were used to provide eitlaetarge pupil aperture (an average of 3
mm) or a small pupil aperture (an average of 1.4) ntiherefore providing a change in pupil
size with a factor close to two. The loss of costti the observed stimulus was consequently
compensated by increasing the luminance level ®fdibplayed content after measuring the
normal luminance levels of the display so as t@gmé closely similar perceived contrasts. In
addition, we also manipulated the amount of imalyge im the stimulus to investigate the
potential changes given its propensity in rendetimg accommodation system open-loop
(Schor et al., 1984).

In the present experiment, participants were askepidge whether a dihedral angle was
acute or obtuse for three possible virtual distanedront of the screen plane. It was expected
an effect of the distances induced by disparityttom ability to judge 3D shape as it was
previously reported (e.g. Hoffman et al., 2008)sekond expectation was that decreasing the
pupil size by illuminating the peripheral field sho affect 3D shape perception because of
the role of accommodation in interpreting 3D stowet (Watt et al., 2005). The vergence
distance had a significant effect on observerslitglto judge the dihedral angle as a right
angle, and also showed a tendency for decreasmggetisitivity in judgment with the increase
in virtual distance from the screen plane. Spedlifyc the dihedral angle was perceived more
and more compressed (i.e. the PSE is stretched) tileeobserver-stimulus distance induced

by disparity (vergence distance) was reduced the.stereoscopic demand is increased). The

140



Vienne Cyril - Thése de doctorat - 2013

depth was overestimated because, as the angleudgedj flatter to mediate a right angle, the
amount of disparity was smaller and sufficient toyide the intended perception. Hence, the
results obtained on the PSEs indicated a gene@kase in the underestimation of the
dihedral angle with the increase in luminance & pleripheral visual field. This effect was
accompanied by an increase in sensitivity in tlgh huminance condition as compared to the
low luminance condition, attesting that the higimiomance condition effect could not be
merely reduced to a contrast effect on stereopsisrestingly, these results indicated that
increasing the depth-of-focus of the eyes by illating the peripheral field of view
potentially reduces the overestimation of depth thabserved for crossed disparity-induced
objects and is moreover accompanied by an incrieasnsitivity. Even though an interaction
effect between the vergence distance condition #med lighting condition could have

reinforced this interpretation, we did not obsesueh an effect.

In addition, image blurring showed an effect on pleeceived hinge angle in such a way that
observers perceived the angle flatter (less unterat®d). This effect was accompanied by
an increase in sensitivity (slope at PSE) for l@drstimuli as compared to sharp ones,
supporting that blurring could not be reduced sinaple issue of contrast effect on stereopsis.
Interestingly, an interaction effect was reportetilieen the image blurring condition and the
luminance condition both for the PSE and the sityit In the high luminance condition as
compared to the low luminance condition, dihedragles were perceived flatter, observers
were more likely to detect a fine difference betwélge stimulus variation and these effects
were larger when the stimulus was blurred. Thisetfoee suggests that image blurring and
high peripheral luminance were complementary fduoing the overestimation of depth from
binocular disparity with an increased certaintyha response due to the increased sensitivity

to the stimulus variation.

A graphical analysis performed between the positibthe maximum reaction time and the
PSEs provided results supporting the fact thatltineinance condition really affected the
extent of the depth-of-focus. In two forced-chaiasks where observers are asked to respond
as quickly as possible, when the reaction timeitigion and the probability of response are
plotted against the stimulus intensity, the pogitd the maximum reaction time and the PSE
coincided and are normally correlated. From Figuré can be seen that overall coefficients
of correlation between the position of the maximrgaction time and the PSE are high at
least for the first and the second vergence disg(respectively, 130 and 110 cm). A striking

difference can be noted for the third vergenceadist (the strongest stereoscopic demand).
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Indeed, the coefficients of correlation betweengasition of the maximum reaction time and
the PSE decreased in the two low luminance comditishereas they were more stable in the
two high luminance conditions. This graphical asaysupports the idea that the increased
luminance expected to increase the depth-of-fottiseneyes seemed to have an effect on the
way observers responded to the task. This resu#t luggests that increasing the depth-of-
focus probably improves the way observers estirBatshape.

In summary, decreasing the pupil size by increagmegipheral luminance affects the
estimation of 3D shape such that overestimatedeangl front of the screen tend to be less
overestimated and observers become more sensitistntulus variation. This general result
could be related either to depth-of-focus or caitrigsues, but the results obtained on
observers’ sensitivity (on the slopes at PSE) aadtion times suggest that the increase of the
DOF could better be the reason for this change.gémblurring on one side and light-
modulated depth-of-focus on the other side can lémd to the same effect but, however, the
present study does not provide any result that evinal consistent with the fact that both
effects share the same cause. The results ofitsi®kperiment need to be attested by further
experimental evidences because increasing the-@¢id through lighting conditions may
have also engendered a dazzling effect, therebyiging this bias direction. As a
consequence, we conducted a second experimenexhatines the effect of manipulating

vergence and accommodation distances and variedrigdulated depth-of-focus.
5.3 Experiment 2

5.3.1 Method

5.3.1.1 Observers

A total of five participants: three out of the tvwemprevious observers and two new took part
in the entire study. They were on average 36 yelak¢SD = 11 years old). All had normal
stereoacuity as attested using the Randot Stere¢Stwseo Optical Co) and normal vision
possibly thanks to their usual optical correctionBey gave their informed consent before

beginning the experiment.
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5.3.1.2 Stimuli

Participants had to judge the same stimuli as ipeirent 1. Participants were identically
tested on different days for two conditions of lnamice and provided judgment only for
sharp stimuli. In this experiment, we varied bolte taccommodation distance (screen-
constrained distance) and the vergence distans&fdie induced by binocular disparity) and
tested all possible combinations. The accommodatistance was manipulated by displacing
the screen display distance and the correspondingence distance was then computed for
this distance. The three possible viewing distarfiegative to the fixation cross) were 96, 130
and 201 cm and, there were therefore nine possiimeulus conditions. Angles of each
dihedron were displayed according to an adapt&iecsise procedure (Accelerated Stochastic
Approximation, Kesten 1958). This procedure allowsdto estimate the point of subjective
equality (PSE) and the slope at this point for dalock and session. The maximal number of
repetitions was set to fifteen for each stairca3aring one illumination level session,
observers participated to two threshold estimat(@88 and 75%) using two staircases (one
ascending & one descending) per threshold estimatiw a total of sixty trials. This
procedure was repeated nine times so as to obitegée testimations of the psychometric
function for each possible viewing distance. Thela@yean angular size of the dihedron was
kept constant across distances.

5.3.1.3 Procedure

Each lighting condition was run independently, wo tifferent days, so as to keep the pupil
size approximately similar during the same sessioilumination. The experiment was run
by block of accommodation distance, but the ordgpresentation of the vergence distance

and the accommodation distance was randomly sdle€etg.2 Results
5.3.2.1 Effect of lighting conditions over diffetenewing conditions

From the PSE estimates, we calculated the equivabating distance for each participant
and each vergence distance (see, i.e., Glenndrgigers & Bradshaw, 1996). The results can
be observed in Figure 6. The analysis performedhese equivalent distances for the five
participants were made independently for the twhbting conditions. In the low luminance

condition (Figure 6 — panel A), the analysis reedak significant effect of vergence distance
(F(2,8)=74.26, p<0.0001); the estimated scalingadises increased significantly with the
vergence distance. The analysis also providedfaotedf the accommodation distance on the
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scaling distance (F(2,8)=10.85, p<0.01); the sgalilistance increased with the screen-
constrained accommodation distance. More interglstirve obtained an interaction effect
between the accommodation distance and vergendandés conditions (F(4,16)=3.24,
p<0.05). Multiple pairwise comparisons were perfedrand provided results that can be
summarized as follows: when considering a giveroernodation distance, dihedral angle
displayed in front of the screen plane is perceineate acute (i.e. the scaling distance is
shorter than the accommodation distance) and atigfgdayed behind the screen plane is
perceived more obtuse (i.e. the scaling distantager than the accommodation distance) as
compared to the one displayed close to the scrieere pFrom Figure 6 — panel A, it can also
be seen that the slope of the linear regressies lior the accommodation distancBg € 96,
130 or 201 cm have slope values of: 0.79, 0.470a8d cm, respectively) are more shallow
than for matched accommodation and vergence dissafg = Dy, slope value: 1.08 ch),
therein providing the accommodation distance effacaddition to the vergence distance
effect. In the high luminance condition (Figure 6panel B), the analysis revealed a
significant effect of vergence distance (F(2,8)%33.p<0.0002); the estimated scaling
distances increased significantly with the vergedistance. However, the analysis did not
provide an effect of the accommodation distancetlon scaling distance (F(2,8)=0.12,
p>0.05). An interaction effect was observed betwtenaccommodation distance and the
vergence distance conditions (F(4,16)=6.37, p<0.Ba)rwise comparisons did not provide
this time any effect between the accommodatioradcsts for the three possible vergence
distances as for the low luminance condition bw tlergence distance effect affected
unequally the scaling distance in the three accodation distance levels. This result can also
be observed from the slope of the linear regredsies for the accommodation distancBg (

= 96, 130 or 201 cm have slope values of: 0.878 @2d 0.51 ci, respectively) that are
closer to the one of the matched accommodatiorvargknce distanc®fg = Dy, slope value:
0.68 cnt).
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Figure 5.6: Scaling Distance as a function of vecgedistance induced by disparity for the
averaged results of the five observers who padtieighin the experiment. The left panel (A)
represents the results for the low luminance cadiflarge pupil) and the right panel (B)
represents the results for the high luminance ¢mmd{small pupil). The data for the closest
accommodation distance (96 cm) are representelddk, lthe data for the intermediate
accommodation distance (130 cm) are representgebinand the data for the largest
accommodation distance (201 cm) are representdarincyan. The dashed gray line
represents perfect depth constancy. The diagosakedablue line (R = Dy) represents the
averaged estimation for pseudo-matched accommadantid vergence distances.

Supplementary analyses performed on the slope efPtBEs (defined as the slope at the
tangent of the PSE) for the five participants rés@ano effect of vergence distances on the
slope in the low luminance condition and in thehhigminance condition but, a trend for both
conditions (F(2,8)=3,58, p=0.077 and F(2,8)=3,98).p64). No effect of the accommodation
distance was observed in the low luminance comdi{ie(2,8)=0.10, p>0.05) but again, a
trend was found in the high luminance conditior2(8)=4.21, p=0.056). No interaction effect
was observed between the accommodation distancéitioonand the vergence distance
condition neither in the low luminance conditionrnio the high luminance condition
(F(4,16)=0.39, p>0.05 and F(4,16)=1.21, p>0.05eetpely).

It is possible to describe the extent to which vfseial system used the distance signal (i.e.
accommodation and vergence) from the slopes offittezl lines of each observer as for

example the regression lines that can be founthebmean in Figure 6. A value of one refers
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to perfect depth constancy and value above onegmonds to ov-constancy while valu
below one indicates undepnstancy. The results on depth constancy for easkerver ir
each condition are shown in Figure 7. analyses realized on the slopes of the fitted |
for each participants did not reveal an effectiefwng condition (F(3, 16)=0.25, p>0.05) t
showed an effect of lighting condition (F(1, 16)#&,. p<0.02); depth constancy decrease
high luminancecondition as compared to low luminance conditiohe Tinteraction effec
between the viewing conditions and the lighting dibans was not significant (F(.
16)=2.20, p>0.05).
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Figure 5.7: Stereoscopic depth constancy as aifumof the possiblviewing conditions Da
=96, 130 or 201 cm arfd = Dy). The left panel (A) represents the results for tve
luminance condition (large pupil) and the right @la8) represents the results for the h
luminance condition (small pupilOn abscissa arepresented the values for the differ
viewing conditions. On ordinate are represented/étees for the slopes of the lines fitti
the relationship between the scaling distancesdwérgence distances (induced by dispa
for each participant. Thdifferent colored symbols indicate different alvees and the sta

correspond to the averaged values. Vertical ermos denote the standard errors of the m

5.3.2.1 Effect of pinhole viewir

A gualitative analysis is here proposed on thesbaithe graphical analysis obtained for t
out of the five participantddence, two participants participated a new timeéhaexperimen
but wore the aerobic glasses (binocular arrays inhgbes of 0.75 mm diameters :
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approximately 3 mm apart) during3D judgment task that wassed in a past study (s
Frisby, Buckley & Horsman, 199!
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Figure 5.7: Scaling Distance as a function of vecgedistance induced by disparity for t
observers who participated in the experiment. Tdta br the closeaccommodatiol
distance (96 cm) are represented in black, thefdathe intermediate accommodati

distance (130 cm) are represented in grey anddteefdr the largest accommodation dists
(201 cm) are represented in dark cyan. The dastagdige iepresents perfect def
constancy. The diagonal dashed blue lina = Dy) represents the averaged estimatior

pseudomatched accommodation and vergence diste

What can be seen from this graphical analysis, amparison to the averaged resi
preented in Figure 5.6 that the regression lines sgued here show slopes that seem r
smaller than that in the low luminance conditiorcgpt for the second participant for f
estimations with the third accommodation distarDa = 201 cm). In addion, the results
show that these two observers, by wearing aerdagsgs, estimated the dihedral angle wi

scaling distance that was on average around 1.4rs

5.3.3 Discussion

The objective of this second experiment was to stigate whether a ange in pupil size
aperture could affect the perception of 3D shapetereoscopic viewing conditions tt
varied both the accommodation distance and the emermy distance with crossed ¢

uncrossed disparities. The major hypothesis of ¢éxigeriment we that an increase of tt
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depth-of-focus of the eyes could reduce the weafhthe accommodation signal and thus
affect the perception of 3D shape from binoculaspdrity. It was also expected that
estimations would not be affected by the effecthef resting position of accommodation on
vergence. The PSEs estimated from this experimen¢ wonverted in scaling distance (the
distance at which the disparity pattern specifightrangle) both to study what is the possible
distance used to scale disparity and how accomnoodahd vergence signals contribute to
its estimate. Indeed, the linear regression linbgined by fitting the PSEs for each
accommodation distance can be used to interpret ctr@ribution of vergence and

accommodation in the final estimate of scaling afise. For example, on Figure 5.6, the
closer the slope of the regression line is to dhe, more the visual system relied on the
vergence information. Conversely, the closer tlopeslof line was to zero, the more the

accommodation signal was used to interpret thergrdlstance.

When considering the low luminance condition (paAebf the Figure 5.6), the results
showed that the scaling distance used for the astm of the pseudo-matched
accommodation and vergence distanceg €DDy) was on average overestimated but the
slope for this condition was close to one, meativag observers reached depth constancy in
this condition. However, the results for the tho#ieer conditions (accommodation distance at
130, 110 and 96 cm) showed slopes being smallen thee, indicating the effect of
accommodation that counteracted the vergence desagffect. Indeed, the effect of vergence
distances was observed in such a way that therl#rgevergence distance, the larger was the
scaling distances. In addition, accommodation agrgience interacted such that the stimuli
displayed with crossed disparity tended to be atemated in depth (the hinge angle is
perceived more acute because the scaling distanoaderestimated) and those displayed
with uncrossed disparity appeared underestimatell{inge angle is perceived more obtuse
because the scaling distance is overestimated)rapared with the matched accommodation-
vergence signals. More specifically, the estimatiorade when accommodation and vergence
distances are incongruent resembled a compromisesbe the two sources of information.
Even though the effect is rather slight in this exment due to the use of small stereoscopic
demands, the present results replicated for lakgewing distances those obtained by
Hoffman et al. (2008) and Watt et al. (2005) foorslviewing distances.

Now, considering the high luminance condition (ddef the Figure 6), the results showed
that the slope of the linear regression line pentd on the scaling distances used for the

estimation of the matched accommodation and vemgethstances (P = Dy) was more
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shallow than in the low luminance condition, indiog for observers a kind of loss in depth
constancy. However, the results for the three otoeditions (accommodation distance at
130, 110 and 96 cm) showed slopes being this tilmgec to the condition with matched
accommodation and vergence distances (da = dugaitin that the effect of accommodation
was minimized. There was moreover no more sigmfig@commodation effect whereas the
effect of vergence distances remained. In this tmmj the estimations made when
accommodation and vergence distances were incomgdig@ not strongly differ from that
when both signals were paired. The increase ofdigth-of-focus seemed to reduce the
weight of the accommodation signal in the estinadt¢he distance used to scale binocular
disparity because the linear regression lines &mheset of accommodation distances nearly
lie on the same diagonal line (i.e. the pairwisenparisions revealed no accommodation

effect for each vergence distance).

The results in Figure 5.7 and the accompanyingsttatl data indicated that, on average,
depth constancy was more easily reached with alsdegdth-of-focus (low peripheral

luminance) than with a larger one (high periphdtahinance). More specifically, these

results showed that performances were poorer vaitbel depth-of-focus, suggesting that
accommodation does not contribute anymore to thimate of scaling distance or at least that
the contribution of one signal is weakened. Theregse in these performances can be
explained by the fact that depth constancy is aliffito obtain on the basis of vergence
information alone (Tresilian, Mon-Williams and Kgll1999) — reducing the available cues
have often shown to decrease performances relatddtance perception in a number of task,
specifically in depth perception (Kinnapas, 1968hese results overall support the
conclusion that accommodation and focus cues plegyarole in perceiving 3D shape with

precision even for viewing distances up to two msete

A quick comparison was also made between the segulthe low luminance condition and
the estimations made during the wearing of aerglasses. We observed that the slopes of
the regression lines performed on the scaling nitgts: for each accommodation distance were
smaller with the aerobic glasses and for some acwmhative distances were very close to
zero. This observation highly supports the fact thase two observers, by wearing aerobic
glasses, estimated the dihedral angle with a gralistance that was on average around 1.1
meters. However, as it was suggested in the inttomiu of this report, the loss of luminance
due to these glasses may have reduced the peramwdcst in such a way, the pattern of

depth that was required to perceive a right angtetb be increased, even in the condition of
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matched accommodation and vergence distances. Howaey these glasses did not appear to
us a suitable way to test our hypothesis, it istivapting that they indeed appeared to remove
the blur information in the perceived visual scenespite of other inconvenient (i.e. the

adopted resting state of accommaodation).

5.4. General Discussion

The two experiments in this report were designedrder to investigate the perception of 3D
shape of random-dot stereograms for several accadatoo distances and vergence
distances displayed with crossed or uncrossed rligsa The objective was twofold: to
replicate previous results on the impact of intengcvergence and accommodation signals on
3D shape perception for larger viewing distances, &m study the effect of increasing the
depth-of-focus of the eyes on the ability to irdescaling distance for binocular disparity. For
this purpose, we presented stimuli whose percedisiinces were varying by changing the
vergence distance and/or the accommodation distare first experiment only varied the
vergence distances but obtained interesting rebyltstudying a large pool of participants.
The second experiment provided a complete set @iiag conditions for three possible
vergence/accommodation distances. In these two riexpets, the peripheral luminance
projected in the visual field was varied so ashange the pupil aperture size and, therefore

the depth-of-focus of the eyes.

As accommodation and vergence are involved in esing viewing distance, the motivation
of experiment 1 for detailing the effect on 3D mesttion for a set of vergence distances
displayed within or beyond the depth-of-field comfesm the question of whether the
assigned weights to accommodation may change withence distance. Models of sensory
integration of the sources of information for dep#rception describe the cue-combination as
a weighted linear model (Landy, Maloney, JohnstoiY@&ung, 1995 Perceived depth from
stereopsis depends on the combination of at leastypes of cue, namely the disparity and
the accommodation sources of information. When ngeoaent with the vergence distance,
accommodation leads to misestimation in the finBl 8hape percept because spatial
frequency specifies the display region. PerceivedsBape from binocular disparity was thus
consistently affected by the variations of the eeie distance induced by disparity in both of
our experiments. Specifically, as the vergenceads# became smaller the estimations of
depth were overestimated as if the scaling distaraeoverestimated. In the first experiment,
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we observed particular effect on the perceived BBps, the observer sensitivity and the
reaction times distribution as a function of imabgkirring and peripheral luminance
conditions, thereby suggesting that the distancsd u® scale binocular disparities was
strongly influenced by the accommodation systenthénsecond experiment, we found in the
low peripheral luminance condition (large pupil &amdall depth-of-focus) that when vergence
and accommodation did not specify the same distahey led to estimations reflecting a
possible compromise between the two signals. Inhiga peripheral luminance condition
(small pupil and large depth-of-focus), this “commise effect” was minimized and
consistent with the vergence signal and, depthtaong was reduced. This latter observation
suggests that, in this case, the weight attribtdeitie accommodation signal was weakened

as compared to the first condition.

It has been supposed that when the accommodatistensyis under open-loop viewing
condition, observers may use the accommodativéngestate (e.g. the resting position in
dark) in conjonction to other signal (e.g. the \erce signal and focus cues) to depth
perception (Frisby, Buckley & Horsman, 1993; Owénkeibowitz, 1976) and, somehow in
the estimation of the egocentric viewing distanogleed, when no defocus information is
available for the accommodation system, it mayvaet® an intermediate resting distance that
is on average around 67 cm (Leibowitz & Owens, }19&8en though large inter-individual
differences exist. As compared to studies that ymedole viewing in 3D shape estimation
task (Hogervorst & Eagle, 1998; Frisby, Buckley &msman, 1993), our study aimed at
increasing the depth-of-focus of the eyes in otdeobserve the potential consequences on
depth perception. Even though the use of pinhaiéstlae use of peripheral luminance lead to
a decrease in blur circle, two main differences banfound out in relation to the visual

system.

The first is that the use of pinhole may incredse pupil size of the eyes due to a loss of
perceived luminance. The second is that pinholeinig suppresses all defocus information
and, therefore may lead to render the accommodayistem open-loop, affecting the neural-
crosslinks between accommodation and vergence.h®ncontrary, the use of peripheral
luminance seems more ecological in the sense lieainteractions between accommodation
and vergence are preserved (i.e. there is no effabe resting position of accommodation on
vergence); however, this could be the reason whyatttommodation effects presented here

are rather small.
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5.5. Conclusion

The effect of peripheral luminance on pupil sizd,ahereby on the depth-of-focus, suggests
an important role played in stereoscopic viewingndibons by focus cues and
accommodation, strongly linked to the synkinesisveen accommodation and vergence. The
present experiment is thus an extension of previstuslies that showed an effect of
accommodation on perceived depth from stereopffiithn et al., 2008; Watt et al., 2005).
The results of this experiment also emphasize #loe that the accommodation distance in
stereoscopic viewing conditions is not boundechtodcreen plane position and, therefore the
effect of accommodation distance is strongly depahan the depth-of-focus of the eyes.
Egocentric distance perception may be based oremeegsignal, specifically in absence of
retinal information (Mon-Williams & Tresilian, 1999In that, the effect of accommodation
could be obtained on the basis of accommodativgevee (Mon-Williams & Tresilian,
2000). By increasing the depth-of-focus of the ey#se accommodative vergence
contribution to the final vergence response is weakl and, therefore the accommodation
weight to distance perception is diminished.
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Accommodation and vergence signals are two poteatces of information in stereopsis
when the viewing distance does not exceed a fevenneThese two sources of information
seem to affect the final perception of object 3@ specified by binocular disparity in such
a way that the distance used to scale these diggais overestimated or underestimated. It
has thus been shown that displaying object witlpatisy-induced vergence distance could
lead observers to overestimate object depth disglayth crossed disparity (closer distances)
and to underestimate object depth with uncrossedpadty (larger distances).
Accommodation could also influence depth percepiicthe estimation of scaling distance
results from a compromise between the vergencartistand the accommodation (screen-
constrained) distance. The contribution of thiddgtabout the depth-of-focus was to show
that the role of focus cues in the final estimdt8[@ shape is reduced by increasing the depth-
of-focus of the eyes. With an increased depth-ot#fp depth constancy also appeared
reduced because the available visual informatios &so reduced. As there are no blur cues
contained in stereograms, the influence of acconathaa on the perception of 3D shape
could thus be the results of the information frdme state of oculomotor muscles of the

accommodation system.

The results of the present study have strong madtnplications on possible way to improve
stereoscopic experience. The first is that the wgaof pinholes is not adapted in order to
correct the misestimations obtained in 3D shapenasibn task. Indeed, even though pinholes
removed the blurred circle that is used by the alissystem and affects both the
accommodation response and the vergence respbeyemay also impact the tonic state of
accommodation and decrease the light entering & dyes. For this reason, the
accommodation system will continue to impact theygace response so as to yield persisting
biased perception. The second implication concehes highlight this study provided
concerning the dependence of the oculomotor sysianthe depth-of-focus of the eye.
Although it is difficult to create an efficient ggsn that could increase the depth-of-focus
without corollary effects, it is worth noting thide lighting conditions may play a potent role
when watching stereoscopic displays (e.g. the dbdigiht due to the glasses). This assertion
is true for short viewing distance because theldepfocus increases proportionally with the

accommodation distance.

What can be derived from these observations isdbpth perception from stereopsis shows

strong perceptual distortions that are mediatednwtie visual scene contains different
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induced vergence distances other than the screee p¢gion. This effect can be explained by
the tendency for the visual system to use a scdhntpr (i.e. depth-to-width ratio) when
interpreting the stereoscopic visual scene. Thatireg factor seems to be linked to the state of
accommodation because it can be observed in stengosdisplays that do not mediate
defocus information. As a consequence, the follgwehapter proposes the study of a non-
comprehensive body of arguments that are eith&var or not of extra-retinal contribution
to distance and depth perception. The idea isttigiscaling factor could be due to the shape
of the eye-lens that transforms the retinal prapacor to the sensorimotor feedback from the

ciliary muscles.
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Chapter 6. Perceptual bias in stereopsis & Optical models of

the eye

6.1 Introduction

Binocular disparity provides an ambiguous cue totli@erception because the interpretation
of depth from stereopsis is strongly dependentiewing distance: any pair of points on the
retina gives rise to an infinite possibility of diepelations (Kaufman, 1974). A pioneer study
has shown that perceived depth from stereopsisnisistently overestimated at near distance
and underestimated at far distance (Johnston, 19Bh)s contraction bias has been
interpreted as the consequence of using impovetigiseal stimulation, but also as the use of
an incorrect estimate of scaling distance (Johns@umming & Landy, 1994; Johnston,
1991). A consistent body of studies provided expental evidences that when the
information from the state of ocular muscles (vetgence and accommodation) is the lone
cue to estimate a spatial extent, this contractias is amplified (e.g. Foley, 1980).
Moreover, when objects are presented in isolattuservers tended to estimate objects at an
intermediate distance, this has been labeled thectBc distance tendency” (Gogel & Tietz,
1973; Gogel, 1969). This phenomenon has thus beggested as a basis for the poor depth

constancy in 3D shape perception from stereopsis.

By comparing estimations of 3D shape from stereopsiconditions where accommodation
and vergence distances were matched or mismatcbad,study and two previous others
(Hoffman et al., 2008; Watt et al., 2005) concludeat focus cues may play a potent role to
establish the egocentric distance presumably usestdle binocular disparities. Indeed, by
converting perceptual thresholds into estimatedirggalistances, the inferred distance was
shown to be overestimated when the vergence diestaas smaller than the accommodation
distance and underestimated when the vergencendéstaas larger than the accommodation
distance. In other words and in the case of steogns displays, objects displayed in front of
the screen plane are overestimated in depth whelgests displayed behind the screen plane
are underestimated in depth. The contraction bibserwed by varying together the
accommodation and vergence distance was thus neyi/ increasing the stereoscopic
demand and, therefore the discrepancy betweercttmeramodation and vergence distances.
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Related to the present effect of accommodatiohasiisjudgment often observed of apparent
size and distance of object subtending a fixed eaiagl measured from the eye (Holway &
Boring, 1941). The example, in stereopsis can semwmed by simply increasing or decreasing
the shift between the images/objects displayethiteft eye and for the right eye, inducing a
change in vergence angle. The image or object reepeed smaller with increasing
convergence and larger with decreasing convergangke. As a consequence, larger image
may indicate the object was nearer than its phislstance, while a smaller image may
suggest the object was further away (Charman & K#95). Similar to the effect of
accommodation inducing the use of an incorrectrsgalistance for stereopsis, the change in
apparent size with the change in the shift betwbertwo screen images could also involve
accommodation. In order to account for the contrdyuof accommodation in misestimating
size and distance, two main hypotheses on theof@decommodation in providing significant
visual information that are not related to the ldiicle hypothesis have been put forward. In

the next sub-section, these two hypotheses areilbded@nd confronted.
6.2 Origin of the scaling factor

Potential sources of distance information can lmdoin the retinal image however, the most
are ordinal or relative and, therefore cannot iagicwhere an object is located in the
environment. The uses of extra-retinal informatiimm vergence and accommodation can in
principle provide the basis for an egocentric distaperception, and thus allow for judgments
of depth relations. Accommodation can provide aatlinformation for close objects to the
observer thanks to the presence of blur defocudiggrathat helps interpreting stereopsis (e.g.
Hoffman & Banks, 2010). But, when these blur cues r@moved from the visual scene,
accommodation can still play a role (Frisby, Bugk$eHorsman, 1995) potentially thanks to
its extra-retinal contribution. Two main hypothegsésis account for the contribution of
accommodation in perceived size and distance:itsiei$ labeled the “zoom lens” hypothesis
(Roscoe, 1989) and the second is the “accommodafiieet” hypothesis (Lockhead and
Wolbarsht, 1989).

6.2.1 Optical effect of accommodation and the “zdens” hypothesis

The first hypothesis remains a retinal contributaomd concerns a category of effects that are
directly related to the change in the shape ofeyelens modifying the light beam cast onto
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the manner light is cast onto the retina. Indeled,ldasic idea is that accommodation change
may produce a significant shift in the nodal poiotghe eye that affects the retinal image
size. To this effect, could be added the fact thatoptical axis does not coincide with the
visual axis because the fovea is slightly towam tdmporal side as compared to the optical

axis symmetry axis of the eye, passing througtcémer of the pupil entrance.

The optical effects that have been considered pstential source of apparent size and
distance misestimation with varying viewing distasiccan be regrouped under the label
“optical effect of accommodation”. Mainly three asps have been discussed. The first is that
focusing on a near object can provide slightly éargetinal image size than when focusing
further away because the nodal points move forwétd accommodation (see Figure 6.1,
panel A). Optical simulations have been perfornwedrtravel the possible involvement of the
variations in eye-lens shape (e.g. Smith, Meehdba§, 1992). Even though the eye model
predicting accommodation dependent changes oraftetirage may be subject to limitations
due to huge inter-individual variability, it is wrnoting that such optical simulations did not
succeed in explaining the large effects observegarneived size and distance. This type of
optical simulation can be performed using an eyelehde.g. the Gullstrand’s eye) and a
retinal image formation model (e.g. using a sixdoaal points eye model); the optical data
used there, are represented in Table 6.1 fgEendices) and the six cardinal points model is

represented in Figure 6.1.

Another matter concerning the optical effects is gossibility that inappropriate levels of
accommodation may lead to changes in the retinayesize (Smith, Meehan & Day, 1992).
This possibility is directly related to the effege observed in stereoscopic conditions with
different virtual distances (i.e. distances indudsddisparity). Indeed, while vergence is
induced by binocular disparity mediated by two peledent images for the left and right
eyes, the accommodation system has to keep a #rousd the screen plane region and
depending on the depth-of-field. This viewing cdimh entailing an accommodation error
relative to the vergence response may impact tireatémage size.

Hence, the idea here was to explain the effectiddan stereoscopic viewing conditions for
matched accommodation and vergence distances (DA=D¥ mismatched accommodation
and vergence distances for a stereoscopic demaabooft -0.27 D (i.e. DA = 96 and DV =
201 cm) as it was observed in the previous experime the match condition (DA = DV =
96 cm), the scaling distance estimated was abdlici® whereas in the mismatch condition
(DA = 201, DV = 96 cm) the scaling distance wasaverage equal to 151 cm. The scaling
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distance was thus overestimated by 24.7 % and dlestign is then to know whether
optical effect of accommodation coulxplain this large shift.

A B

CORNEA | EYE-LENS

PP NN _* _* _E _é E .................................
T pes L T =
P P N N

Figure 6.1: Schematic representation of an optimafe formation model using six cardil
points. Panel A represents a schematic eye withper part corresponding to a rela:
accommodative state (distance vision) whil lower part represents an accommodated
(near vision). P and P’ are the position of thegpal points for object side and image ¢
respectively. N and N’ are the position of the riqutants for object side and image s
respectively. Panel B B schematic representation of the axes and liresngathrough th
schematic eye. The visual axis (VA) and the linsight (LOS) pass are cast onto the fo
center. The visual axis (dotted black line) passesugh the fovea and nodal poil
(respetively: N and N’). The line of sight (dotted grekeme) passes through the fovea and
entrance and exit pupil centers (respectively: & Bi). A represents the physical apert

stop center of the optical system, imaged on EEray ocular elemen on each side.

As for the effect coming from the accommodationng®y again the effects derived fr
optical simulation showed very small effects (0.3#«change in retinal image size for t-
0.27D stereoscopic demand that supposes no accaatiee@rra) that cannot account fi
the measured effect of misestimations of depths Tésult replicated the optical simulat
results of others that showed that the optical ceffdf accommodation is insufficient

explain misjudgments of size and distanceith, Meehan & Day, 1992).

A third issue in the optical effects potentially impactsige and distance perception conce
the wearing of corrective spectacles in observeéh @wmetropic eyes. Indeed, the correc
glasses presenting convergent powerrecting hyperopia) or divergent power (correct

myopia) creates a prismatic effect depending om pgbiwer. Hence, the wearing of correct
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glasses with negative power lenses would inducentimfication of the retinal image size
while correction with positive lenses would provakeagnification of the retinal image size.
In natural vision, observers generally adapt t® ttihange. However, wearing correction
glasses while watching stereoscopic visual sceneatfiact the stereoscopic demand in such
a way that intended displayed depth will not bemad in the same way if the correction
spectacles induce a change in the vergence angieoVer, a supplementary prismatic effect
happens when the eyes converge as the chief istddvior each eye depending on the

glasses refractive index and surface curvature.

6.2.2 Accommodation contribution from sensorimdeadback

The second hypothesis to explain how accommodatiate may affect size and distance
perception, concerns the influence of the extramaktsignal, namely the sensorimotor
feedback from the activity of the muscle organmatof the accommodation system. It has
been proposed that the perceived changes in sizdisteince could be related to the
accommodative effort, i.e. the neural signals imatng the ciliary body (Lockhead &
Wolbarsht, 1989). This assertion is supported hyes@xperimental studies on the use of
pinhole because it generates accommodation opgnfldogervorst & Eagle, 2000; Frisby,
Buckley & Horsman, 1995; Charman & Koh, 1995, Howé& Boring, 1941). For example,
Charman & Koh (1995) have shown that the wearingiaholes reduced the perceptual
errors in size matching. It is interesting to ntitat pinhole viewing also showed to increase
the range of errors in accommodation response desd weduces the propensity to
accommodate as object distance varies (Ward & Caayri987). Indeed, the use of pinhole
viewing may provoke the accommodation system topado level of accommodation
remaining close to the tonic/resting level as it ba observed in the dark (Ward & Charman,
1987; Hennessy et al., 1976). Other experimentatipoéation, such as the field-of-view
restriction has also shown to affect accommoda(iGun & Legge, 1987; Hennessy &
Leibowitz, 1971) and to reduce perceptual errorsiae perception with varying distance
(Charman & Koh, 1995; Holway & Boring, 1941). Evimough it was sometimes argued that
accommodative effort is not reliable enough to bedistance cue (Kunnapas, 1968;
Heinemann et al., 1959), other investigators supgdothe contribution of accommodation
together with the activity of convergence (Mon-\diths & Tresilian, 2000; Harvey and
Leibowitz, 1967; Leibowitz and Moore, 1966).
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It has thus been shown that accommodation contoibwid distance estimate may depend on
vergence (i.e. accommodative vergence) rather thesommodation (Mon-Williams &
Tresilian, 2000). Indeed, considering the neuredractions of accommodation and vergence,
it is possible that the visual system uses the ermsg signal stemming from the
accommodative response as a cue to distance. Astarrof fact, vergence was shown to be
effective as distance cue, at least for short \ngwdistance (Tresilian & Mon-Williams,
1999; Foley, 1980). Moreover, it was also shown tha vergence signal could be used to
scale binocular disparity (Bradshaw et al., 1996).contrast, Mon-Williams & Tresilian
(2000) have shown that observers had strong difficio perform a pointing task when
accommodation was the only distance cue availébleddition, they showed accommodation
signal was not reliable because observers failedake the task precisely when an additional
ambiguous cue was added in the visual scene. Tlusyconcluded that accommodation could
be used as a distance cue in full-cue environmahtiarough the contribution of the vergence

signal as a distance cue.

6.3 Conclusion

From these theoretical considerations, it appdeassthe accommodation state can participate
to size and distance perception. However, it isikeh that the indirect effect of
accommodation on depth perception originates fréva lens shape-dependent changes.
Rather, this phenomenon is more possibly expedeatise from the contribution of extra-
retinal information even if, some effects couldnstiEom the forces exerted on the retina by
the ciliary body for accommodating. This effect kkbmove the retina forward to the lens
and, therefore reduce the perceived image sizeubedass receptors would be stimulated
(Miles, 1975). However, this scaling factor appearsre probably due to psychological

factors rather than optical factors.

The interactions of vergence and accommodation shihat distance perception can be
indirectly influenced by accommodation in such a/wheat the activity of accommodation can
dramatically impact distance and depth perceptiespide the fact that accommodation does
not directly contribute to the distance percept (M@illiams & Tresilian, 2000). The design
of stereoscopic media that is expected to providecgptual veridical information must

consider these interactions and indirect effectsrder to avoid perceptual distortions.
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In the previous sub-part, some arguments have peeforward that apparently suggest that
the effects of accommodation in stereoscopic vigweonditions are related to the extra-
retinal information from muscles activity of thecacomodation system. The contribution of
accommodation as a cue to distance perceptiorfd@r.ecaling disparity) could be indirect, in
the sense that most of the effect would be mediayethe accommodative vergence neural
cross-link of the oculomotor system. This asserigovery important because it subtends that

the mismatch is rather in the motor than in thessaal component.

Considering these perceptual distortions arisingst@reoscopic viewing conditions, the
following part of this thesis was thus devotedtie study of the possible personalization of
stereoscopic media based on estimated perceptueghtiids. The major focus of the next
chapter is to investigate perceptual distortionsnaolving-in-depth stereoscopic objects and

their relations to perceived naturalness.
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Chapter 7. Distortion from stereopsis in motion-in-depth

with linear perspective

7.1 Introduction

Perception of 3D shape from stereopsis is knowretmaccurate (Watt et al., 2005; Johnston,
1991). These misperceptions can therefore alterréhism of a rendered visual content
(Vienne et al., 2013). Generally, when observeesasked to match the depth of an object to
its height, they report systematic depth overedtonaerrors at near distances and
underestimation at far distances while estimatgneaarly accurate for a 80 cm observation
distance (Johnston, 1991). It has also been shioatriliese systematic biases could arise with
vergence distances being induced by binocular diggsm (Watt et al., 2005). This
phenomenon strongly impacts the quality of expeeem stereopsis in such a way that
observers perceive stereoscopic objects as didtartd, moreover, that perceived shapes of
solid objects moving in depth may change considgraihile the physical displayed shape

remains the same (Scarfe & Hillis, 2006).

When motion is applied to visual objects (e.g. tiotg, systematic distortions tend to be
reduced (Brenner & Landy, 1999; Johnston, Cummingafdy, 1994), presumably because
apparent motion helps disambiguate disparity infdrom (Johnston, Cumming & Landy,
1994; Richards, 1985). In Brenner & Landy (1999rtigipants had to adjust the size and
shape of randomly textured ellipsoids so as to matctennis ball and could adjust the
simulated distance of the reference stimulus. Tpewided estimations that were largely
biased — far from veridicality — but, rotation dfet reference stimulus helped the matched
shape to be perceived more circular. Indeed, Rish§t985) suggested that motion and
stereopsis combined together should allow obsenwerscover correct 3D structure of the
visual object. Specifically, stereo cues are insight to provide an accurate estimate of depth
as the retinal projections can represent variougulan disparities depending on fixation
distance estimates. In the same way, structure-fration information cannot provide
unambiguous perception of shape since each paifenotion contains at least two possible
interpretations, one being the reflected imagéiefdther. However, when combined, each of
these two signals may eliminate the ambiguity & tther: disparity provides the sign to
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suppress the reflection ambiguity and motion yie¢lasrelation between points to weaken the
scaling distance dependency. Experimental evideseesied to support these considerations
(i.e. Johnston, Cumming & Landy, 1994). In a sefafr experiments, participants had to

match the depth to the height of hemi-cylinderseneed with stereo cues only, motion cues
only or with both signals together. The main resiilthis study is that stereo and motion cues
could interact together so as to provide greatpthdeonstancy, but the combination rule was
not balanced, the weight attributed to motion wasrall more important than the one of

disparity (Johnston, Cumming & Landy, 1994).

A majority of reports do not seem in agreement witle opinion that stereo-motion
combination offers veridicality. Hence, a large ypoof studies indicates that improving in
shape from stereo with motion cues confers onlghslimprovement and that veridical
perception is not necessarily achieved (Tittle &uBrstein, 1993; Bradshaw, Parton &
Glennester, 2000; Champion, Brenner, Mamassianndntins, 2004), indicating that stereo
with the addition of motion cues may not be suéfiti For instance, Bradshaw et al. (2000)
observed no effect of adding motion parallax tgdigy signal in a depth nulling task, a
depth matching task and an absolute 3D shape jutdgtask; performances were overall
worse in the latter condition that required obsesve recover the fixation distance used to
estimate absolute depth. Tittle et al. (1995) gswvided evidence that the combination of
disparity and motion cues did not noticeably chaBDeshape perception or, at least did not
allow accurate depth judgment of various stimulctswas the hemi-cylinder, the fronto-
parallel dihedral angle and the coplanar random sdleteograms. Among a set of four
experiments in their study, Norman et al. (1996jfgened an experiment where they
presented stimuli with disparity cues, motion c(resation) or both cues combined and stated
that performances on three observers were simikglyal for all three conditions with no
systematic effect indicating facilitation in penioance due to one or the other cue type.
Furthermore, it is interesting to note that twoentktudies also observed that disparity tended
to be predominant over motion in judging 3D shapw®envdisparity and motion specify
different depth structures (Rogers & Collett, 1989ttle & Braunstein, 1993). Lastly,
Champion et al. (2004) could not find any eviderafe transfer of viewing distance
information from motion to binocular cues across tbjects presented sequentially. Overall,
these findings suggest that disparity and motiomaia relatively independent for the

perception of 3D shape (Domini, Caudek & TassirZ006).
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Disparity and motion combination in judging 3D sbspghus remains unclear. As a matter of
fact, motions such as rotation and motion parati@x help the recovery of 3D structure only
under some circumstances (Brenner & Landy, 1998ntler instance was also investigated
concerning the case of motion in depth that wadistuin relation to participants’ ability in
depth constancy (Scarfe & Hibbard, 2006). ScarfdiBbard (2006) studied depth constancy
for random-dot hemi-cylinders that were eitheristat moving in depth and defined using
uncrossed disparities (i.e. located behind theesciqgdane). Their main objective was to
compare performances in stereo-matching from tla@g in information in a single moving
object with those in matching depth for objectsaled at different disparity-induced
distances. They first asked participants to perfamatching of elliptical cylinders and then
used disparity patterns corresponding to circwjdinders for participants to evaluate the part
of the stimuli used in the motion task. The movstignuli required eye version movements
because the motion path was shifted relative temiess’ midline (28 degrees). Their results
indicated that motion-in-depth was not sufficierd teach depth constancy because
approaching objects appeared to expand in depthemeding objects tended to contract with
motion as expected from the results for static @iirny Johnston (1991). In all cases, this
phenomenon created a potent perspective distattiamnmay be perceived even for slightly
different distances specified relative to the serglane (Vienne et al., 2013).

Here the major focus is put on the ability for aegi observer to reach depth constancy for
static virtual distances and for stimuli moving @ the observer. Crossed disparity-induced
motion-in-depth stimuli may constitute very potéattors of immersion in imaging displays
and, it is therefore worth investigating to whatest such stimuli may provide a vivid
experience of depth perception. Our first objectias thus to study the benefit of correcting
the disparities of the simulated scene accordingdividual thresholds of perceived depth-to-
width ratio for transparent rotating cylinders. Vdsked participants to estimate whether
cylinders were perceived as expanding or contrgatver a range of four virtual disparity-
induced distances. In a second condition, we askedsame participants to judge the
expansion/contraction of the same stimuli approsghoward them from the screen plane
position to one pre-determined fixation distancender to study whether observers can reach
the same perception of circular cylinders in motaanfor static stimuli. In agreement with
Scarfe & Hibbard (2006), results show that the givag information available in a moving
object did not suffice to reach depth constancy. we observed, stimuli needed to be
modulated to provide a better perception of obgtape, we investigated the perceived

naturalness of approaching cubes in two stimuluslitions, linear perspective and disparity
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being the provided cues. Given that stimuli comimnconflicting disparity-defined depth and
perspective can be expected to generate ratheerlatptortions, we designed a last

experiment to evaluate the propensity for obserieebe disturbed by such depth distortions.

7.2. Experiment 1

7.2.1 Method

7.2.1.1 Stimuli

Stimuli were random dot stereograms depicting parent elliptical cylinder, so that dots in
the front elliptical part and in the back elliptigaart were both visible (see Figure 7.1).
Stimuli were rendered using OpenGL so that theydcba carefully adjusted as a function of
simulated distance and cylinder depth. For creasitegeograms, the measured inter-ocular
distance of each participant was used. Stereogveens composed of 200 small white dots
that were previously defined randomly on a 2D gmexture itself used to texture-map the
cylinder. The cylinder axis was oriented in thetioat direction. In order to disambiguate the
disparity signal of the transparent cylinder, atioin about the vertical axis was applied, with
a mean velocity of about 45 deg.s-1 and a randadmatioa direction for each trial. The
cylinders could be located at four possible digganduced distances chosen such that all
participants could fuse the stimuli. These distancerresponded to fixation points being
nearer than the screen plane to one of four angliggarities: 0, 0.5, 1 and 1.5 degrees, that
is, 130, 110, 96 and 85 cm away from the partidigagyes, considering a standard pinhole
projection model. The radius and height of therzidir located in the screen plane were set to
5 cm and 10 cm; these lengths were adjusted wetinifiuced vergence distance so as to keep
the same size-distance ratio. Cylinder sizes wesglad/ed according to an adaptive double
staircase procedure in order to estimate the pbistibjective equality (PSE) and slope at this

point for each condition.
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Figure 7.1: The rotating transparent cylinders usegkperiment 1 arranged for cross fusi

It is worth noting that this stimulus was easiefuse when the cylinder was in rotati
7.2.1.2 Apparatus

Stimuli were viewed on a 46 in. monitor (Hyundai S465D 46" HDT\CD Polarizec
monitor) through polarized glasses. The monitor Wasmted 1.3 meters away from i
participants. The display resolution was 1920 xQLp&els. We minimized head movem:
by placing partigtants’ head in a chin and headrest. The centeheofdisplay screen wi
carefully aligned along the subject's midline; thetting together with the gray backgrot

and white dots allowed minimizing spatial cross
7.2.1.3 Participants

A total of five observers participated in the study. They werevamage 29.6 years old (SC
11.1). All had normal or corrected vision and preed stereoacuity thresholds less the
chosen criterion of 30 arc minutes as assessethéoyRindot Stereo Test. They géheir

informed consent before beginning the experin
7.2.1.4 General procedure

Participants were required to complete first tlatistcylinder task before running the mot
task given that thresholds in the first task weseduto compute the stimithat moved along
the line of sight in the second task. The estinmaiiothe static cylinder task was performn
by randomly counterbalancing the distance levelte $timuli were always presented on
subject’s midline. An adaptive double staircasecgdure was used both for the static «

moving-in-depth stimuli.
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Figure 7.2: Top view of the experimental layoutdusethe static task (A) and in the moti
task (B). The upper panel (A) represents the Mintiewing distances used in the static t
(130, 110, 96 and 85 cm). These vergence distancesimgriced by binocular disparitie
The lower panel represents the mo-in-depth along the line of sight that starts from
screen plane toward the fourth virtual distancedi®). The cylinders weralways rotating on

the vertical axis. Drawing is not to sci
7.2.1.5 The static cylinder te

Observers had to judge whether the depth diamétdreorotating cylinder was smaller
larger than its horizontal diameter. In other wottey had to jud¢ whether the cylinder we
contracted or expanded in depth. The cylinders witsplayed within an adaptive doul
staircase procedure consisting of two ascending @l descending staircases e
containing fifteen steps (a total of 60 trials wased t compute the PSE for each distan:
The initial value of the ascending staircase wdsts@ scaling of 0.7 whereas that of
descending staircase was 1.3, meaning that théagesp cylinder had a depth diameter t
varied from 70% to 130% of the lizontal diameter respective of the staircase doec
Participants had to look at a fixation cross arahtpress a button to initiate the sequence.
presentation time of the cylinder was 3 secondsphaudicipants had to respond as quickly

possible.
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7.2.1.6 The motion task

Observers had to judge whether the depth diametethe@ approaching cylinder was
contracting or expanding during its motion-in-defjthotion along the line of sight). The
motion always started at screen plane distance ¢i80and ran at constant velocity of about
11.3cm.8. Motion duration was 4 seconds. The stimulus et¢ated about the vertical axis.
At initial position, the scaling applied on the icgler depth was the one estimated in the first
task for the screen plane position. The cylindee shange during the motion along the line
of sight was displayed according to an adaptivebtibstaircase procedure consisting of two
ascending and two descending staircases each mogtaififteen steps. The
expansion/contraction change of cylinder depthni@r in depth) during the motion-in-
depth along the line of sight within a trial waslieed by performing a regression of the
perceptual thresholds onto distance for each obssrkesults estimated in the previous task.
Rather than a linear regression, we used a ratpoplyhomials as curve fitting as the fit was
better specifically for increasing distances. Tagor of polynomials used has the following

form: S(x)=(pllx+ p2)/(x+ql) where x is the distance between the centéhe object

and the screen plane (in mm) and S(x) is the cooreding depth-to-width ratio. The change
in coefficientpl will change the shape of the curve while keephysame starting point; an
increase in coefficientl produces an expansion of object depth while tloeedse produces

a contraction in the motion along the line of sigdgfore using the regression value estimated
from individual results during the first task, whecked that this fitting was correct and
provided sufficient quality of statistical adjustm€using adjusted R-square). Moreover, it is
important to note that this adjustment remainedsistent when the distribution was rather
linear. Hence, initial values of the ascending dedcending staircases were based on this
regression and this procedure was quite similaratying the object depth at final positions

between 0.3 and -0.3 as scaling factor.
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7.2.2 Results

7.2.2.1 The static cylinder task

The individual PSEs across each disparity-indueadence distances are presented in Figure
7.3. Exemplars of psychometric curves of each destare also represented for one observer.
A Friedman test realized on the PSEs across eatande revealed a significant effect of
distance on observers’ judgment of circularij2$14.44, df=3, p<0.01) even though the
magnitude of the effect was weak, as expected,ngilie slight dioptrical demand on the
observers. This aspect of the design was to agteht@ all observers could fuse the stimuli.
It should be noted that the effect of distance @ homogeneously distributed across
observers, indicating clear individual differencésdeed, two observers showed a marked
effect (03 and 05) whereas the two others provgtadller effects, especially one participant
(04).
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Figure 7.3: Individual and group results obtainedhie static cylinder task. The left panel
represents the probability to judge the transpaxaating cylinder as being expanded in
depth as a function of the displayed depth-to-widtio for one observer (03); the curves are
fitted with cumulative Gaussians. From this figutes effect of the disparity-induced
distances on the ability to perceive the rotatipiinder as expanded in depth can be
observed. The graphical estimation of the PSEdearbtained thanks to the four drop lines
(thin vertical lines). The right panel represeiis PSEs for all participants as a function of
the virtual distance between the cylinder and thieen plane. The averaged PSE is
represented in blue (error bars denote standandtd®y); note that the required depth to

perceive a circular cylinder is on average 13.4%lEnfor the largest distance to screen
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position (viewing distance of 85 cm) as compareth&screen plane position (viewi
distance of 130 cm). The horizontal dashed linresents the depth-toeidth ratio of nor

modulated cylinders.

The analysis performed on the slopes at the PSEght five participants revealed
significant effect of the dispariinduced distancey2=8.14, df=3, p<0.05); the sloj

significantly decreasd with increasing virtual distance from the scrpkame
7.2.2.2 The motion task

Psychometric functions (cumulative Gaussians) viigted to the proportion of “expande:
responses for the approaching cylinder, and PSIs exgracted for each observFigure 7.4
provides a comprehensive summary of the resultsenmotion task. From these results
can be seen that the presented cylinder depth lbeusbntracted when approaching so a
provide the perception of a circular cylinder introo-in-deph, therein replicated some of t
results by Scarfe & Hibbard (200¢
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Figure7.4: This figure provides a representatiwepesmetric function of the results of o
observer (01) (left panel) and the relationshipveein the dep-to-width ratio estimate in
the first task and those retrieved from the regoessbtained in the motion task (right pan
In the left panel, the data are fitted with a cumtive Gaussian: the grey drop dashed
allows retrieving the PSE, the black dashed lipeegentshe object shape that rema
physically identical during motion. On absciss&, thange in dep-to-width ratio indicate:
how the shape of the object is perceived contramtexkpanded during moti-in-depth. In
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the right panel, dots are pairs of scaling estichatem the static task and those retrieved on
the basis of the regression from the motion taskhEpair of dots corresponds to one specific
disparity-induced distance (M=4) for each obse(i5). The solid black line represents the
“perfect” correspondence between the estimatediR8te static task and those estimated in
the motion task. The dashed line corresponds tortear regression line performed on the
data.

We also extracted the scaling factors from themedion made in the motion task (on the
basis of the modulated object shape changes inonjo#ind plotted them as a function of
those estimated in the first task where cylindeesendisplayed static at fixated distances. The
correlation between the estimated scaling factortheé static and the moving task was 0.87
(Spearman coefficient, p<0.0001). The slope of linear regression performed on the
relationship between the scaling estimated fromignen-depth and those estimated for
static stimuli was 0.80. This could indicate alsligropensity for some observers to be more

sensitive to the distance effect for motion-in-tegtimuli than for static ones.

7.2.3 Discussion

In the present experiment, participants were askest to judge the circularity
(contraction/expansion in depth relative to horiabrdimension) of transparent rotating
cylinders defined by random-dot stereograms for fmssible virtual distances in front of the
screen plane. We expected to identify a signifiedfect of the disparity-induced distances on
the ability to judge 3D shape as it was previouslyorted (e.g. Hoffman et al., 2008). A
second task aimed at investigating whether obs&rgtereoscopic distortions were similar
for static and moving-in-depth transparent rotatoyjnders. Such a confirmative result is
very useful for knowing how to adjust content fack stereoscopic user, because this
indicates that (1) motion-in-depth is not suffidien itself to provide depth constancy and
therefore, that (2) adjustment through motion mayréalized according to static stimuli

estimations.

The disparity-induced distance had a significafeatfon perceiver’s ability to judge rotating
cylinders as circular, and also showed increasezkriainty in judgment given the effect
observed on the slopes at the PSE for each distdinig effect was rather small in this
experiment, possibly because the maximum vergeeceadd was low compared to studies in
which the observation distance was smaller (belbwer; e.g. Watt et al., 2005; Hoffman et

al., 2008) and where there was a stronger sterpicsdemand (beyond 1D). Hence, the effect
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of distance was significant but unfortunately canbe differentiated between an effect of
accommodation distance and an effect of vergerstartie, since we did not test the viewing
conditions with the corresponding accommodatioriadise. The effect on the slopes at the
PSE could either support an increase in task difficbecause of the increased vergence
demand with stereoscopic distances or, an increagedgment confidence due to the

increased stereoscopic distance providing a sontewh@mmon viewing condition (e.g.

mismatch between vergence and accommodation duesuld however be noted that these
results strongly support the possibility that sbemmpic object shapes can be adjusted

according to observer’s characteristics.

As compared to a disparity matching task — wherme dvgparity-defined objects at different
distances have to be matched (e.g. GlennerstegrB@ Bradshaw, 1996) — the 3D shape
judgment task concerns only one visual object oictvfat least two dimensions are used to
provide the judgment. When asked to judge the esiparcontraction of such a cylinder,
participants had to compare the horizontal dimengmdth) with the depth information, and
both of these dimensions need proper informatiooutlviewing distance in order to be
estimated and compared (Johnston, 1991). Therexgerimental evidences to support that
retinal size and disparities can be scaled accgrdirihe same viewing distance (van Damme
& Brenner, 1996). As a consequence, the originysfesnatic distortions in judging 3D shape
could be due to a bias in perceiving correctly Wiewing distance; this ability would be
dependent on the actual vergence and accommodstites (Watt et al. 2005; MonWilliams
& Tresilian, 2000), on the size ratios of horizdngad vertical disparities (Rogers &
Bradshaw, 1995), and on cognitive pictorial cueshsas familiar size or perspective (O'Leary
& Wallach, 1980). The overestimation of cylinderspth presented in this study could
therefore be the outcome of interacting vergentmated by disparities), accommodation
(constrained by the screen display distance aradutssn) and vertical disparities. An indirect
effect of accommodation cue is also possible gienmismatch with the vergence cue (Watt
et al., 2005).

In a second task, observers had to judge how obJeqpe could change during motion-in-
depth. They were asked to judge whether an appirgaaiotating cylinder expanded or
contracted in depth. They showed relatively goodopmances in doing the task precisely
when compared to previous static estimations, ag/shn Figure7. 4. The results provided
here are thus replicating part of those obtainedsbgrfe & Hibbard (2006) supporting the

conclusion that shape information from motion-irptiiedoes not improve the perception of
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3D shape from stereopsis. In addition, an approaclubject must be contracted to be
perceived as being constantly circular in depth, dhdrefore it is thus possible that even
though information about object change is availabie same distance could be used all
along the motion to scale object disparity. It &wimportant to note that contrary to Scarfe
& Hibbard (2006), the stimuli used in this studggent congruent angular size variation with
distance. The information contained in the objer¢ £hange, also called changing size or
size looming, can provide metric information, efgr, interceptive task (Montagne et al.,
2000) and, therefore could be a source of inforomator relative depth perception (Wann,
Mon-Williams, Mcintosh, Smyth & Milner, 2001). Loany is thus considered as a powerful
cue to motion-in-depth (Erkelens & Regan, 1986;dRe§ Beverley, 1978) and its absence in
the visual scene can reduce motion-in-depth pedarepiThe change in retinal size also
provided strong information about motion-in-deptit,bhowever, this was insufficient to
provide neither a correct estimate of distance aa@ontribution to the estimate of viewing
distance. In that, the present experiment showat ghrceptual estimation of 3D shape is
affected even for a small range of disparities 3Ddshape perception seems similar for static

and for moving stimuli.
7.3. Experiment 2

The role of binocular disparities in the perceptmindepth has been considerably studied
since the invention of the random-dot stereograRI3S); it provides a way to study the

relation of disparity to perceived depth by dispgydisparity in isolation (Julesz, 1971). It is
thus predominantly used in the study of 3D shapegmtion whereas it is difficult to

generalize all results from reduced-cue viewingdiions to natural (or cues-composed)
viewing conditions. The nature of stimulus is thather underestimated in laboratory tests;
random-dot stereograms are used to infer 3D shajedspth relation based on binocular
disparity. However, visual depth relation can ats derived from monocular perspective
cues such as linear perspective (Howard, 2002),ia.glant perception (Olson, 1974; Gillam,
1968; Freeman, 1966; Flock, 1965) and depth pemefrfiom monocular image (Saunders &
Backus, 2006). Linear perspective or, the convergesf lines, is a potent information that
recedes in the visual world but, in order to bedughis cue requires one fundamental
assumption of lines parallelism for the same sexfatang and Kubovy (1999) presented
cube-like line drawings in a monocular image. Thayied the relationships between the size

and the amount of perspective and asked partiggantentify the best cube. They observed
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a preference for images approaching the geomaetdiitien, but a wide range of stimuli were
identified as good cubes. The monocular informatfoom perspective can thus help
observers to perceive depth relation even thougls eme depicted on flat images. Stevens
and Brookes (1988) performed a study in which titeraction between linear perspective
and stereopsis was investigated, showing that dpptheption was dominated by linear
perspective rather than disparity when there werdradictory. On the other hand, it was
shown that adding texture information to random-steteograms increased perceived depth
(Johnston, Cumming & Parker, 1993). It thus sedrasih case of conflict between these two
sources of information, a compromise can be readeeending on the reliability of the cues
alone, even though in some conditions observergxparience bi-stability (van Ee, van Dam
& Erkelens, 2002). As a consequence, it remainget&known how cues can interact when
binocular disparities are incorrectly interpretgdiicreasing the disparity-induced distance of

the stimulus.

The main hypothesis of the next experiment was thegossibility that perceived distortion
from disparity in motion-in-depth could be affectby the available cues in the stimulus.
Indeed, stimuli with perspective monocular inforioat may reinforce the distortion as
compared to stimuli including only disparity infostion (i.e. random-dot stereogram). The
ability for observers to discriminate object shapanges in depth for two types of stimuli
was thus compared for stimuli that were eitherraloan-dot stereogram defined cube where
faces were defined by a texture of dots or anmedlicube defined by its edges intersecting at
each vertex. Each cube was transparent and colystatdating about its vertical axis. The
striking difference between these two stimuli isittlthe edges-defined one contained an
explicit linear perspective information with thenishing lines from the vertices strongly
informing the viewer of perspective distortion, wa@s the random-dots textured one
contained only disparity signals, a weak textufermation and an implicit perspective from
the shape defined by stereopsis. In that, it wasebed that the two stimuli would not convey

distortion from the disparity-induced distance wtle same strength.
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7.3.1. Method

7.3.1.1 Stimuli

In this experiment, the stimuli could be of two égpthey were either random dot stereograms
depicting transparent spinning cube (with dotshe front and in rear faces all visible) or
edges-defined transparent cube (that containedgsitoarse perspective and disparity cues,
see Figure 7.5). Again, stimuli were rendered usdpenGL: they could be adjusted as a
function of simulated distance and object deptmd®an-dot cubes were composed of 100
small white dots per face, defined by four pre-gatesl 2D textures used to texture-map the
cube. The cube was oriented with a constant tiltSoflegrees relative to the horizontal axis in
such a way that when approaching it did not appeaa fronto-parallel surface. Moreover, a
vertical rotation was applied, with a mean velodtyabout 45 deg.s-1 and a random rotation
direction from one trial to the next. The cube vabsays moving in depth and the estimated
scaling on the cylinder depth was chosen at stagimsition using the estimate computed in
the first task of experiment 1 for the screen plposition. The motion ended when it reached
the maximal fixation distance induced by 1.5 degreé angular disparity. The constant
velocity of the motion along the line of sight wabout 11.3cm.s-1. In opposition to the
previous task, here we used a constant stimuligoha® because we noticed some hysteresis
behavior. The task was to judge the naturalnesiseobbject displacement in motion-in-depth.
We decided to measure separately two points oestibae equality: unnatural-to-natural and
natural-to-unnatural. Specifically, stimuli were fided according to variations of the
coefficient of the regression done on the resuft®xperiment 1 for each observer. The
possible values were -0.45, -0.35, -0.25, -0.19)5,00.05, 0.15, 0.25, 0.35 and 0.45 for the
scaling factors. As a consequence, there were d@ssilie levels of object depth that were
repeated ten times, resulting in a total of 10&ldrfor each stimulus type.
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Figure 7.5: Pairs of stereoscopic views used iregrpent 2 and arranged for cross fusi
The upper stemscopic pair represents an outlined cube whosehapescan be perceiv
from apparent edges and from binocular disparitgmfused. The lower stereoscopic |
represents a cube defined by a ran-dot texture on each face; its 3D shape is thencbas
the rather weak texture information and on binacdigparity. Note that in each case, cu
are transparent to increase the depth range ugkd staling judgment. When the outlir
and RDS cubes, depicting the same shape accoltigdarity, are cmpared, one can s

that the first contain strong perspective inforrmattiue to the presence of vanishing li
7.3.1.2 Apparatus & Participal

The same five observers participated in this seoexueriment. We also used the se

experimental apparatus.
7.3.1.3 Procedure

From the first thresholds estimation where a rotatcylinder was shown for four fixe
simulated distances and from the constant stinmalcgdure used here, a total of 200 tr
was presented in random order. In this experinteniask was to judge the naturalness of
video sequence where the spinning cube approadived the screen plane toward f
individual. Objects were judged as natural whers@néing no distortion and smooth zoom
associated with motion. Otherwise, thebe was considered unnatural. Participants he
wait for the end of the motion before responding, then they had to provide their respo

as quickly as possible.
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7.3.2 Results

The probability of response “natural” was fitted fach participant and stimulus condition
with Gaussians and the maximum was extracted frach &t (see Figure 7.6). The analysis
performed on the maximal probability of responseattimal” did not provide significant
difference between the two types of stimulus oues five participants (t=-0.99, df=8,
p>0.05). Given this first analysis and the well amointer-individual variability in judging
3D shape, we investigated individual observers’addtigure 7.6 and 7.7 provide a
comprehensive description of the results for thitiom task. From Figure 7.6, observer 03
provided somewhat marginal and poor performancepeaally for the outlined cube
judgments (below the chance level), as comparédetdour other participants. Also, it can be
observed that for four out of five observers, thaximmal probability to provide a response
“natural” was larger for the outline cube than the RDS cube. This observation was
supported by the fact that, when discarding obser8ethe statistical difference between the
maximal probability to provide a response “natunatis larger for the outlined cube than for
the RDS one (t=-2.90, df=6, p<0.05). When considethe data of all participants together, it
can however be seen that the position of the maxprabability of response “natural” is
quite well aligned with the threshold that was usedonstruct the shape changes during
motion-in-depth in experiment 1 (the main black aaghed vertical line in Figures 7.6 and
7.7). This observation is true for the two stimuiyses. Given that not all the PSEs could be
computed for participant 03 and due to his atypresults, we discarded him for the next
analysis; one possible interpretation of theselt®siprovided in the discussion section. The
PSEs of each psychometric function were also eteda(two per Gaussian fit) but they did
not provide any significant difference, both foethnnatural-to-natural PSEs (t=2.02, df=6,
p>0.05) and for the natural-to-unnatural PSEs g60df=6, p>0.05). Figure 7.7 provides

averaged data curve fittings with participant o3tted.
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Figure 7.6: This figure represents the resulthénaturalness judgment task for the
stimulus conditions, for each observer and the naeaoss all observers. Each pe
represents the probability to judge cube as “natural” as a function of
expansion/contraction in depth relative to the mmes “best fitting” in the cylinder task |
contraction/expansion) during mot-in-depth. The data are fitted with scaled Gaussians
gray symbols (circles) amdirves represent data for the ec-defined cube condition and t
black symbols (squares) and curves represent diatad RD<-defined cube condition. Err
bars denote standard error of the mean. Here thedaahed and black lines represent

thresolds estimated in the previous experiment for aaing motior-in-depth. Note that
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corresponding drop lines are drawn to retrieveRBE& (two per stimulus conditions) and
show the extent to which observers were able wridisnate the shape changes as natural or

unnatural.

A supplementary analysis is shown in Figure 7.7Awvimch reaction times are shown as
function of the object shape changes in motion tfeep-width ratio). When reaction times
are compared to the probability of response, tis&ridution of reaction times is in general
asymmetrical relative to the PSE of the probabititstribution and displays a mode at the
location of each PSE. Figure 7.7 shows that theiloligion for the two stimulus conditions
can be fitted by different polynomials: on averagee reaction time distribution seemed
bimodal for the outline cube (four coefficients yubmial fitting), while it appeared unimodal

for the RDS cube (two coefficients polynomial fitg).
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Figure 7.7: This figure represents the averagedtsefr judgment and reaction times in the
naturalness task for the two stimulus conditiorss fam observers 01, 02, 04 and 05. The
figure represents the fitted Gaussians to the fimitityato judge the cube as “natural” as a
function of its expansion/contraction in depth tigkato the previous “best fitting” in the

cylinder task (0 contraction/expansion) during mtin-depth. Reaction times are fitted with

Polynomials. The gray symbols and curves repredatat for the edges-defined cube
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condition and the black symbols and curves reptedaga for the RDS-defined cube
condition. The main dashed and black line at xy@agents the threshold estimated in the

previous experiment for computing motion-in-depth.

7.3.3 Discussion

The two main objectives of this second experimeateamo study the effect of motion-in-
depth on 3D shape perception for a stimulus diffetlkan the one used in experiment 1 and
to compare the perceptual estimation of naturalbesseen stimuli with weak monocular
perspective (random-dot stereogram) and strong owao perspective (edges-defined
stereogram). Two major results could be highligHted this experiment. The first was that
the maximum probability to report an object displaent as natural was greater for the
outlined cube than for the RDS cube. Hence, stiprdviding more important perspective
information (with the edges-defined cube), provid#isbnger propensity to discriminate the
object shape changes in depth as natural comparestimulus defined by random-dot
stereograms (except for one observer). Yang and¥uli1999) presented cubes of various
perspective changes on two-dimensional supportatticgpants who were asked to select
from two pictures the one that was perceived beitea cube; participants could only rely on
perspective information. They found that particifsawere rather tolerant regarding what
represented the best cube. Conversely, in our sthéycubes were more rarely judged as
natural. As a matter of fact, only two participast®wed an expansion/contraction value that
was always judged as natural, and only for the digéined stimulus. It is thus possible that
either the task difficulty was too important or tledoservers were really not convinced of the
naturalness of such stimuli. The second main regatt that the maximum of probability to
provide the response “natural” was roughly alignith the threshold estimated for cylinder’s
motion-in-depth in Experiment 1, and there was mikiag difference for the two types of
stimuli. This observation suggested that objectpehehanges in depth were perceived as
natural or unnatural as a function of the perceigggdansion/contraction of object depth in
motion and, that the cues present for judging shtigbarot change the perception of such a
distortion. Moreover, this observation was importan the sense that the distortion from
stereopsis due to increasing virtual distance fiioendisplay was not changed when compared
to the one in Experiment 1 using a rotating cylmd&s a consequence, apart from one
observer, the distortion could be obtained withiffeent and somewhat more complex

stimulus. The poor performances of participant o8ld be explained by the fact that this
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observer may have become tired following the sesstue to the stereoscopic demand (e.g.
Hoffman et al., 2008) and that his ability to egtrdisparity diminished to a point he may
have experienced cube reversibility (e.g. RoberA&er, 1968) that one can observe in
absence of disparity information. Hence, an apgrioaccylinder perceived as bi-stable could
certainly be judged less natural. Moreover, théed#ince between the performances for this
observer for the two stimulus conditions could lefom the fact that edges-defined cubes
induce more easily depth reversal than RDS-defouduks, leading to a greater probability to

judge as unnatural an edges-defined cube.

7.4. General Discussion

Previous studies on 3D shape perception providateeege that the viewing distance affected
the way observers perceive the depth of objectdfifrém et al., 2008; Watt et al., 2005;
Johnston, 1991). In addition, misestimations wése abserved when the viewing distance of
objects was induced by content disparity that ckdntpe vergence distance (Vienne et al.,
2013; Hoffman et al., 2008; Scarfe & Hibbard, 2006att et al., 2005). Hence, perceptual
estimation of 3D shape is overestimated at neaarmties and underestimated at far distances
(Johnston, 1991). This observation has been irggrgras a consequence of the use of an
incorrect scaling distance. When the vergence ntistas varied stereoscopically, objects
displayed in front of the reference surface aregeed overestimated (elongated) and objects
displayed behind the reference surface are perteinderestimated (contracted) as compared
to the same object displayed in the screen plamdéfritan et al., 2008; Watt et al., 2005).
Motion-in-depth is insufficient to cancel this nmssienation; approaching objects must be
contracted and receding objects must be expandprbtade the object depth matching with
the width or height (Scarfe & Hibbard, 2006). Inmmqmarison to the present investigation, it is
worth noting that these cited studies presenteduditionly with disparity and weak texture
information (i.e. random-dot stereograms). Here, simuli were designed by taking into
account the size-distance ratio and objects werestaantly in rotation, thereby providing
multiple cues for proper judgment of shape. Morepwtimuli consisted of transparent

objects in order to provide a larger range of dépttihe judgment.

Observers were first asked to judge static cyliager being contracted or expanded in depth
and showed that static cylinders displayed in frohthe screen must be more and more
contracted as they become closer to the obsemea. decond task, they had to judge the
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expansion/contraction of approaching rotating ddws and reported that these objects must
be more and more contracted as they were apprapchan observer to appear of equal
width/depth. In addition, when PSEs were compam@oss tasks, they were actually very
close for static and moving stimuli. In a secongerkment, observers had to judge the
naturalness of more complex objects (i.e. rotatiodpes) that were either defined with
disparity and weak texture (random-dot stereogramyith disparity and strong (linear)
perspective (contour-defined stereogram). The tiegul performances showed that
naturalness was judged as a function of the perdeexpansion/contraction of object in
motion-in-depth and that this estimation was vdoge from that of the previous task based
on cylinders. A second result was that the samertien (scaling) was observed in the two
stimulus conditions, thereby indicating that theeéir perspective information did not improve
depth constancy. On the contrary, a greater prbtyato judge the object displacement as
natural was obtained for the edges-defined cubmagared to the RDS-defined cube. This
rather showed that perspective helps to discrirairmeturalness, thereby contributing to
strengthen the perceived distortion from stereogeis instance via a cue interaction
mechanism. This observation supports the fact tbhgtyovide depth constancy in stereopsis,
the single solution consists in adjusting binocudliaparity according to perceptual thresholds.
Overall, these results highlight the importanceppropriate binocular disparity information

in combination to monocular signal for depth petiep
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The main objective of this study was to reinfordee tknowledge about stereoscopic
perceptual distortions, with the particular intentto establish a relationship between what is
perceived distorted in depth (i.e. expanded or reate#d) and what appears natural or
unnatural. The idea behind is to study the capaaitypbservers in discriminating small
variation of depth metric and to gather additiotatia concerning the perceived distortions so
as to derive the possible content adaptation pstogsKnowing the perceptual error in depth
judgments and the viewing distance of the obseit/&,thus possible to transform the depth
mediated by the differences between the left ardritiht images on the basis of perceptual
thresholds.
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Chapter 8. Conclusion

Stereoscopic three-dimensional technology has tigcesteived new considerations for two
main reasons: the growing attractiveness in rendedepth for media entertainment, and the
advance in 3D display technologies which now brpatiminate the use of anaglyphs. In
fact, 3D displays may provide a more informativel anore immersive visual experience
because observers can extract the binocular digsagisplayed between the left and the right
views, more efficiently retrieve the depth of theserved visual scene, and thus, give visual
content another dimension. The counterpart ofitheyest is the list of to-be-solved problems
that interfere with the spectators’ quality of emxpece. It has been reported that visual
discomfort accompanied by a variety of visual syonpg may result from the use of
stereoscopic displays (e.g. Shibata et al., 20irh; € al., 2011; Hoffman et al., 2008; Ukai &
Howarth, 2008; Emoto et al., 2005; Wann et Mon-\4iiis, 2002; Rushton & Riddell, 1999;
Wann, Rushton, & Mon-Williams, 1995). One of theimgeason considered as the origin of
these visual symptoms is the stereoscopic demaadiding an imbalance between the inputs
that dramatically impact the oculomotor system. Bhereoscopic viewing conditions have
also shown to provide inaccurate perception of lué¢ptg. Hoffman et al., 2008; Watt et al.,
2005), the accommodation signal could influencepitreeived depth in stereopsis.

The major objective of this thesis work was to stigate the main factors affecting QoE in
stereopsis in order to provide better understan@ng potential guidelines towards the
improvement and further use of stereoscopic systé&®st was presented, three key aspects
of QOE in stereoscopic viewing conditions were added: (1) the sources and causes of
visual fatigue and discomfort, (2) the perceptuatadtions due to the use of virtual distance
induced by disparity and, (3) the improvement oEQxy adapting the disparity of the visual
scene to previously measured perceptual threshditgence eye movements were measured
both in stereo-display and in dual-screen displagbéng the presentation of congruent
disparity and blur-defocus information when studyinsual fatigue. The effect of stereopsis
on vergence movements was studied in order to wdsdther vergence tracking can
specifically be used as indicator of visual fatiglie next topic investigated the consistency
in stereoscopic 3D shape perception as a funcfiarergence distance induced by binocular

disparity and the screen-constrained accommodaigiance. The role of the depth-of-focus
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in stereopsis was evaluated by manipulating theil mperture size with two controlled
peripheral luminance conditions. Finally, the impment of 3D shape perception was
addressed through content adaptation according natividual perception thresholds

measurement for motion-in-depth stimuli.

In that, this thesis has provided a more detailealysis about vergence dynamics and 3D
shape perception in stereoscopic viewing conditiaascompared to real-world viewing
conditions. In fact, the manipulation of vergenecel accommodation distances allowed to
unravel the contribution of each signal that is omepanied by a potential cross-link
interaction to vergence eye movements and 3D pgocegn addition, were investigated an
indicator of stereoscopically-induced visual faggthe possibility to improve visual comfort
by increasing the depth-of-focus and the extentviich it is feasible to personalized the

stereoscopic visual scene on the basis of indivVipeieception thresholds.

8.1 Visual fatigue and discomfort in stereoscopic

displays

Visual Fatigue may emerge from the prolonged olagemw of stereoscopic contents which
contain too large binocular parallax. The expemeat visual symptoms in these conditions
has been attributed to difficulties for observersiécouple accommodation and convergence
(i.e. Hoffman et al. 2008), both systems being raditys coupled. The vergence system is at
stake in stereopsis because it is supposed toebm#in visual system component involved
when observers explored stereoscopic visual scBnenatural vision, ocular vergence
responses can be broken down into several compridm vergence system reacts mainly to
two stimuli: the disparity between the two retimalages and the defocus information. The
comparison of vergence responses in stereoscomiglagli condition and “real-world”
condition showed that vergence dynamics is slowestéreoscopic viewing conditions; this
observation could stem from the ambiguity that ¥isual system has to solve. Effects of
stereoscopic exposure on disparity-step vergensgonse have also been observed when
using stereoscopic display. The visual fatigue $ow including several crossed/uncrossed
targets binocular disparities for which particigahtad to perform relative depth judgments
showed to strongly stimulate the oculomotor systéhe range of disparities was small for
one condition for which no major significant effeatere observed but, when his range was
larger it provided an overall increase in vergevelecity. Hence, depending on the displayed
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range of disparity, the temporal dynamics of veogebecame faster in the post-test as
compared to the pre-test. This result could be tduthe adaptation of the accommodative
crosslink but, when the visual system is in facihla to cope with the stereoscopic demand
and, because of larger binocular parallax, thensitg of visual symptoms and the vergence
dynamics changes are expected to be negative (@698%). Hence, it was seen that the
vergence system can be altered in stereoscopidngesystems and that its prolonged used
can lead to changes in vergence responses accaddansubjective discomfort. The present
question is thus to know how this can be used tp mmeproving the QOE in stereoscopic
displays.

From the above discussed results, the first salutoming to mind to improve visual
discomfort is to increase the depth-of-focus of ¢lyes in order to minimize the propensity
for the visual system to perform accommodation sasps. In line with that, in order to
reduce visual fatigue in stereoscopic displays,litleeature proposed mainly two solutions.
The first is to reduce the range of disparitiesleled, researchers observed with subjective
tests that when the displayed content did not ekeeealue of about one degree of angular
disparity then viewers did not complain about visgiscomfort or fatigue (e.g. Wopking,
1995). However, here the problem is that reducispgatity will reduce the 3D effect. Hence,
an alternative solution is to process parts of toatent which disparities exceed the
recommended limits, say by blurring (Leroy, Fuchsvi&reau, 2010). But, again, there are
now two main problems arising from this solutiondéed, the blurred parts may concern
artistic choice of the content creator and, it dooé annoying for stereoscopic viewer to try

focusing on blurred parts.

Significant changes in the vergence system wererebd following the observation of 3D
content that were dependent on the presented m@ndisparities. The changes in vergence
can thus be used as indicator of fatigue in theverevisual system. As compared to other
visual fatigue sensors (e.g. the eye-blink ratexgence responses are directly related to
stereoscopic depth perception and give an apprérach a performance perspective. An
advantage is also that vergence step responsebecaasily implemented using the same
imaging method as the stereoscopic content andeftre there is no need for a

supplementary processing system.

Two direct applications are thus possible. Thet fissto evaluate potential changes in the
visual system of controllers of stereoscopic madiajuality control rooms. This way, it
would be possible to rate any stereoscopic meditsipropensity to produce visual fatigue
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and, therefore to adapt the content part that cbelcannoying. The second solution is to
evaluate visual fatigue in stereoscopic viewer engrovide a fatigue alert that informs the
viewer to reduce the disparity through a depth stdjent processing or to make a break
before continuing watching the content. This solutcould be realized at home with the
development of relatively low-cost eyetracking systfor entertainment now appearing on

the market.

Using an indicator of visual fatigue in stereoscogewing conditions, it is possible to detect
when the visual system of viewers becomes tiredrder to perform a content adaptation
processing that could be useful to reduce discdnaftothis stage. The use of an eye-tracking
system during visualization of stereoscopic mediaat disadvantageous, because it could
also help to compute the parameters of the vistelesthat could be fitted or personalized in
the case of a single user (e.g. computing the dependent image blur depth-of-field,

adjusting disparities as a function of the intelac distance).

8.2 Perceptual distortions in stereopsis with virtual

vergence distances

Together with the problems related to visual fatignumerous perceptual distortions have
been reported in stereoscopic viewing condition®dds et al. 1993). While two classes of

distortion are generally identified with respectie possible visual annoyance — generation-
related distortions vs. display-related distortighambooij et al. 2009) —, one class often

omitted is the perception-related distortions —hoiman-factor-related. This category of

distortions is particularly salient in stereo estiron of 3D shape, specifically when disparity

cues dominate perspective cues (Buckle, & Fris®@3). For instance, when observers are
asked to match the depth of an object accordintp twidth, they show systematic biases that
depend on the location of the plane of referena thewers use to estimate of depth

(Johnston, 1991). More specifically, S3D viewersdteto underestimate the depth of

stereoscopic objects when the viewing distancesas®d while they overestimate depth when
the viewing distance is reduced. This phenomenagrblean related to the viewers’ propensity
to scale binocular disparity as a function of aralelsshed egocentric distance. This distance
could be based on several signals, such as thalasttgence and accommodative states
(Watt et al., 2005; MonWilliams & Tresilian, 200@®s well as the size ratios of horizontal

and vertical disparities (Rogers & Bradshaw, 1995).
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Hence, a major problem of stereoscopic systemBeiddct they provide binocular disparity
with a screen-constrained accommodation distancdileWperforming vergence eye
movements, a stereoscopic observer thus has to &egmcommodative state that matches
with the depth-of-focus of the eyes given a scremmstrained distance. Here the impact of
increasing the depth-of-focus of the eye on 3D slegtimations has been investigated using
different disparity-induced vergence distances dolarge pool of participants. The light-
modulated depth-of-focus showed that observersigedvbetter 3D shape estimate of a
dihedral angle when the depth-of-focus of the egs wcreased (with small pupil size). By
varying both the accommodation distance and thgerere distances, it was shown that the
weight assigned to the accommodation signal deedeashen the depth-of-focus was
increased, leading observers to provide estimatmnshe basis of the vergence signal for
scaling distance. These results have been comparpdevious that used pinhole viewing
conditions; we argued that contrary to pinhole eayst that may render accommodation in its
resting state and increase the pupil size behirdhtile, our method was more ecological
because this is the depth-of-focus of the ggsse that was manipulated. Considering that
the signal from the state of accommodation conteibtio distance perception and stereopsis,
these results emphasize the importance of apptepaacommodation information in
combination to binocular disparities.

8.3 On the possibility to adjust 3D content on the

basis of perceptual thresholds

The fact that observers may experience percepist@rtions creates a serious problem in that
veridicality in the perception of 3D shape cannetrbached when one attempts to render the
metrics of a captured 3D world. One of the maineotiyes of this thesis work was to
investigate whether observers may have a more vexgerience of depth when the
stereoscopic displayed scene is modulated accotdipgrceptual thresholds of object depth-
to-width ratio. The results show that participacsild precisely retrieve the best modulation
between presented depth and width. As this effegldcbe amplified with stimuli containing
stronger perspective cues (i.e. linear perspecting asked participants to judge the
naturalness of spinning cubes that were eitherssdgéned or defined by randomly textured

surfaces (dots). The results show that linear getsge did not improve depth constancy for
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motion-in-depth object and, therefore appropriat@odular disparity information in
combination to monocular signal is needed for dggttteption in stereopsis.

Observers of stereoscopic visual scene can thusriexgge visual distortions, specifically

when the visual scene presents objects at diffarental distances. In this thesis work, the
possibility for observers to estimate the corregpttl that should be displayed to provide the
stereoscopic visual scene as undistorted was studii@ther observation was that observers
can also perceive distortions for approaching dbjecthis case, the displayed depth should
also be corrected and this can be done on the bagsrceptual thresholds estimated for
static objects. The nature of the stimulus alsoypla potent role because when the
stereoscopic object, which depth is corrected, anst strong monocular perspective
information, observers were shown better to peecéihe object as natural as compared to
stimuli defined by random-dot stereograms. Thiseolsion suggests that, it is worth

adjusting stereoscopic depth of displayed visuansg specifically for naturalistic visual

scene.

It has been shown that object depth can be peteixpanded or contracted in depth as a
function of the virtual distance from the screeang position. This effect is strong enough to
subsist even with motion-in-depth and linear pecspe. From these observations, we can
thus find out some solutions to adjust the depthhef displayed visual scene. Hence, we
observed significant changes in the perceptionbjéat depth that were dependent on the
virtual distances used to display the object. Hbeefirst solution that comes to mind is to

change the pattern of depth in the visual scengepted for a given virtual distance.

However, there is a possible solution that canpied at the content creation step. As we
know that: (1) depth is overestimated at near artkrestimated at far physical (screen plane)
distances and, that (2) objects in front of theesgrare overestimated and objects behind the
screen are underestimated, in order to weaken éneeptual distortions it is possible to
provide in advance the virtual distance that wdldisplayed as a function of the observation
distance. For example, for short viewing distararend 50 cm) the best virtual distance will
be behind the screen plane and for viewing distamcend 3 m, the best virtual distance will
be in front of the screen plane.

Now, concerning the content creation with compgtanerated imagery camera, it is possible
to change the rendering specification at the cdntesation step in adapting the depth of
object and visual scene. In so doing, it is thupimed to modify the camera parameters to

change the depth scaling of objects in the visoahs. Otherwise, the last solution arises at
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the post-production step and required the moditoadf the content disparity based on local
disparity and therefore needs the use of a dersganly map (Doyen, Blondé & Borel,
2011).

To conclude, these results on perceptual dist@toman be used to provide a new rendering
model of stereoscopic depth perception that caafdmtied at different steps of the content
creation or the post-production to better rendex fitene depth and improve QOE in
stereoscopic displays. This rendering model caapgpdied for an individual personalized 3D

content or for a group of individuals on the badithe mean effect.

8.4 Understanding & Improving QoE in stereoscopic

displays

The studies reported in this thesis, furthermorgpstt that stereopsis is strongly dependent
on inter-individual differences and that limits thfe visual system are idiosyncratic to the
individual. In that, future improvement in stereogic QOE should attain a best entertainment
guality based on personalized stereoscopic experifan individual user.

One parallel that can be made between the studiessoal fatigue and discomfort and those
on perceptual distortions is the fact that distbideereoscopic objects could as well become
annoying for the visual system. Indeed, it would be surprising that an approaching
“popping-out” stereoscopic object could providecdimfort and difficulty to fuse if the visual
system itself detects at the same time the objegothdas distorted (or expanding/contracting
when this object moves in depth). As a matter af,fa is known that people may have
difficulty to fuse disparity gradient that excedtie value of one (Trivedi & Lloyd, 1985).
This value has been determined for matched accomatiomdand vergence distances and,
therefore it could be interesting to know whethas tissertion holds for perceived or physical
distances.

A last interesting question is about the necessftynetric information about depth and

distance for stereoscopic visualizations. In theecaf stereopsis, there is a large body of
studies that suggested that depth constancy freraggisis does not yield precise information
because in natural vision, perceptual biases maybeounted by the combination with other
depth cues (e.g. motion parallax). Moreover, perénces in task requiring the participants

to perform disparity matching are generally bettsr compared to those for absolute
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estimation (e.g. the method used in this these} Slennerster, Rogers & Bradshaw, 1996).
The differences between these two tasks mainldeesi the visual strategy used by the
visual system to perform the task. In most everydaions, the visual system may use
binocular disparity in a depth matching task, biothich visual scene and when the observer
can act upon the environment. There is a kind atquion-action dissociation that |
experienced at the beginning of this thesis. Imagyou are looking a large 3D display
placed at one meter and half away from you andyloich is displayed in its center a small
circle. This small circle is shifted in oppositeatition on the left and right images so that it
should specify a depth location in front of thepthy. When presented in isolation and
because it is sufficiently away from the displagnfie, very few people can perceive the
correct geometrical distance that is intended yeegence alone is not sufficient). But, when
they stretched one arm in the direction of thelejrit suddenly pops-out. The same effect is
produced by using a rod, so the embodied spafi@tnration in stretching the arm is not the
solution to this question. Rather, when acting ain world, the visual system may use a
simple and advantageous strategy of disparity ntegamore than a complex computation of
depth relation based on the computation of an egocalistance. However, what happens in
the theaters is that people are just contemplaismgal systems that should make several on-
line computations — if they have the time — toies depth from stereopsis in combination to
other depth cues. Again, the design of stereoscomdia designed to provide veridical
information must consider perceptual effects ineottd better render the quality of experience

in stereoscopic perception.
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Appendices

The estimation of depth from stereopsis is likedpendent on the scaling distance the viewer
must consider to retrieve depth. For the dihedemical angle used in our experiments, the
scaling distance can be defined such as:
D = 6.10D

n+né’
Wheref is the half width of the dihedron, IOD is the inteular distance anglis the
disparity between the peak and through of the ddlexhgle.

(formula 2.1)

Relaxed Accommodated

Parameter Notation value value
Focal length object-sided fmm] 17.055 14.169
Focal length image-sided £ [mm] 22.785 18.930
Refractive power F [dpt] 58.636 70.57
Location entrance pupil E [1un] 3.045 2.6067
Location exit pupil E’ [mm] 3664 3211
Principal point object-sided P [mm] 1.348 1.772
Principal point image-sided P’ [mm] 1.602 2.086
Nodal point object-sided N [1mm] 7.078 6.533
Nodal point image-sided Nmm] 7.332 6.847
Length L [mm] 24387

Table 6.1: Optical data of the Gullstrand eye. IHeationsof each parametaire referenced to the
anterior surface of the cornéam = millimeter, dpt = diopter)
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