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ABSTRACT

PERCEIVED DISPARITY REFINEMENT
IN VIRTUAL ENVIRONMENTS

Ufuk Celikcan
M.S. in Computer Engineering
Advisor: Prof. Dr. Ugur Giidiikbay
Co-advisor: Assoc. Prof. Dr. Tolga Capin
January, 2015

In recent years, significant progress has been made on controlling the perceived
depth range in post-production pipeline. On the other hand, different from of-
fline production, in a virtual environment with a mobile camera, there remains a
need to keep the perceived depth in the comfortable target range for the viewer.
For instance, in a game environment where the stereoscopic output changes dy-
namically based on the user input, finding optimized stereoscopic camera param-
eters brings about a great challenge. Addressing such challenges of presenting
a comfortable viewing setting, this work demonstrates several methods that are
developed towards the goal of providing better stereo 3D experience in virtual

environments.

The first part presents an approach for controlling the two stereo camera param-
eters, camera convergence distance and interaxial separation, in interactive 3D
environments in a way that specifically addresses the interplay of binocular depth
perception and saliency of scene contents. The proposed Dynamic Attention-
Aware Disparity Control (DADC) method produces depth-rich stereo rendering
that improves viewer comfort through joint optimization of stereo parameters.
While constructing the optimization model, the importance of scene elements is
considered, as well as their distance to the camera and the locus of attention on
the display. The method also optimizes the depth effect of a given scene by consid-
ering the individual user’s stereoscopic disparity range and comfortable viewing
experience by controlling accommodation/convergence conflict. The method is
validated in a formal user study that also reveals the advantages, such as superior
quality and practical relevance, of considering the presented method.
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In the second part, a novel method is introduced for automatically adjusting the
stereo camera parameters, now also including focal length of the virtual camera
lens in addition to the previous two, in a given 3D virtual scene for the scenario
where there are scene elements that already have their camera parameters set for a
certain perimeter and viewing angle range by the content developer and/or editor.
The method, in a nutshell, computes the stereo camera parameters online by
continuously scanning the scene as the virtual camera moves about it for changes
in the number and the relative distribution of scene elements and the preset
parameters, as well. Taking these variables into account, the method produces
the camera parameters for the rest of the entire scene mainly by the employment
of a radial basis function interpolation-based approach. As it works online, the
framework allows for adjustment of camera parameters per scene element on-
demand with an intuitively-designed interface so that the user can fine-tune the

overall depth feeling of the scene.

Keywords: stereoscopic 3D, disparity control, interactive 3D, user attention, real-

time graphics, accommodation/convergence conflict.



OZET

SANAL ORTAMLARDA ALGILANAN DISPARITENIN
GELISTIRILMESI

Ufuk Celikcan
Bilgisayar Miihendisligi, Yiiksek Lisans
Tez Danigmani: Prof. Dr. Ugur Giidiikbay

Es-danmisman: Assoc. Prof. Dr. Tolga Capin
Ocak, 2015

Gegtigimiz yillar igerisinde, algilanan derinlik alanimi tiretim/gekim sonrasi
kanallarda kontrol edebilme {izerine 6nemli gelisme saglanmgtir. Ote yandan,
cevrimdigi tiretimden farkl olarak, hareketli kameranin bulundugu bir sanal or-
tamda algilanan derinligi izleyicinin hedeflenen konfor araliginda tutmak igin bir
ihtiyag mevcuttur. Ornegin, stereo goriintii ¢iktisinin kullanici girdisine bagh
olarak dinamik bigimde degistigi bir oyun ortaminda, optimize stereo kamera
parametrelerini bulmak hayli zorlu bir ugrastir. Konforlu bir seyir saglamanin
bu tiir zorluklarimi ele alarak, bu eserde sanal ortamlarda daha iyi ii¢ boyutlu

stereo goriintii tecriibesi sunmaya yonelik metotlar ortaya konmustur.

Ik kisimda, {i¢ boyutlu etkilesimli ortamlarda binokiiler derinlik algisinin ve
sahne iceriginin karsilikli etkilerini goz oniinde bulundurarak stereo kameralarin
iki ana parametresini olusturan kamera-akslar1 arasi uzakligi ve kameralarin
yakinsama uzakligini kontrol etmek tizere bir yaklagim ortaya konulmustur. Bu
onerilen Ilgi-Bilingli Dinamik Disparite Kontrolii metodu stereo parametrelerinin
biitlinlesik optimizasyonunu saglamak suretiyle zengin derinlikli stereo gorsel
gercekleme tireterek izleyicinin seyir konforunu iyilestirmektedir. Optimizasyon
modeli geligtirilirken sahne elemanlarinin tek tek onemleri ve ayni zamanda her
birinin kameraya ve sahnedeki ilgi odagina uzaklhg dikkate alinir. Onerilen metot
kullanicinin bireysel stereo disparite alanini ve konforlu seyir tecriibesini goz
ontinde bulundurarak akomodasyon-yakinsama ikiligini kontrol altinda tutarak
sahnenin derinlik efektini de optimize etmektedir. Yapilan kuralli kullanici1 deney-
leri, metodun iglerligini ortaya koymus ve ayni zamanda yiiksek nitelik ve pratikte

uygunlugunu ortaya ¢ikarmigtir.
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Ikinci kisimda, daha onceki iki stereo parametresinin ve bunlara ilaveten lens
odak uzunlugunun igerik olusturucusu veya editorii tarafindan sahnedeki belli
bagli elemanlara belirli bir ¢evre ve goriig agist araligi i¢in halihazirda belirlenmis
oldugu bir senaryoda kameranin stereo parametreleri otomatik olarak ayarla-
maya yonelik bir metot sunulmustur. Metot, kisaca, kamera sahne icerisinde
hareket ederken sahne elemanlarinin sayisindaki ve dagilimindaki degigimler
ve elemanlarin atanmis parametreleri i¢in siirekli sahneyi taramak vasitasiyla
stereo kamera parametrelerini gercek zamanli olarak hesaplamaktadir. Bu
degiskenleri hesaba katarak, ana olarak radyal taban fonksiyonlar: ile interpo-
lasyon temelli bir bigimde sahnenin girekalani i¢in uygun stereo kamera parame-
trelerini iiretmektedir. Ortaya konan sistem, gercek zamanl caligtigl igin,
sezgisel tasarim cergevesinde gerceklestirilen kullanici ara yiizi vasitasiyla kul-
lanici her arzu ettiginde her bir sahne elemani i¢in atanmig parametrelerin
degistirilebilmesini saglayarak kullanicinin sahnenin genel derinlik hissini kisisel

olarak sekillendirebilmesine olanak verir.

Anahtar sozcikler: stereo 3D, disparite kontrol, etkileimli 3D, kullanc ilgisi,

gerek-zamanl grafikler, akomodasyon-yaknsama ikilii.
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Part 1

Preliminary on Stereo Vision and
Disparity Refinement in Virtual

Environments



Chapter 1

Introduction

Recent advances in stereoscopic displays and 3D TVs, 3D digital cinema, and
3D enabled applications have increased the importance of stereoscopic content
creation and processing. However, several challenges remain in providing realistic
but comfortable viewing experience to users with stereoscopic products. One
of the principal challenges is a need for applying the underlying principle of
3D perception of the human visual system and its capabilities/limitations for

displaying content in stereoscopic displays.

Binocular viewing of a scene is created from two slightly different images of the
scene in the two eyes. These views are produced by stereoscopic rendering pa-
rameters, which are camera separation and convergence distance of cameras. The
difference in the views, or screen disparities, create a perceived depth around the
display screen. The main concern of stereoscopic 3D content creation is deter-
mining the comfortable range of this perceived depth, also called the comfort

zone.

Recent research has made progress in controlling the perceived depth range,
mostly in post production pipeline [1-3]. On the other hand, different from
offline production, in an interactive environment where the position of the cam-
era is dynamically changing based on the user input, there is a need for a control

system to keep the perceived depth in the comfortable target range. Examples



for such controllers are the work of Lang et al. [3] for post-production disparity
range adjustment and the work of Oskam et al. [4] for real-time disparity range

adaptation.

An example for an interactive setting is a game environment where the stereo-
scopic output changes dynamically. For such an environment, finding optimized
stereoscopic camera parameters, i.e., camera convergence distance and interax-
ial separation to retarget dynamic scene depth to comfortable target depth range
brings a great challenge. Even though previous works manage to control and limit
the perceived depth to comfort zone of the users, there is also a need to define
parameters for preventing the violation of accommodation/convergence conflict.
This conflict can cause severe consequences in such interactive stereoscopic envi-
ronments in long-term use. The inability of fusion, also called diplopia, is one of
the major problems that emerge because of accommodation/convergence conflict,
and further problems include eye-strain, visual fatigue and even headache after

prolonged exposure.



Chapter 2

Background

In this chapter we summarize the basic principles and the characteristics of binoc-

ular vision and stereo geometry.

2.1 Depth Perception.

Depth cues, which help the human visual system to perceive spatial relation-
ships between objects, constitute the core part of depth perception. These visual
cues can be categorized as pictorial, oculomotor, binocular, and motion-related
cues [5]. Pictorial cues, such as occlusion, shadow, shading, relative size, relative
height, texture gradient, are extracted from a single and flat 2D view; whereas
oculomotor depth cues represent depth perception that is obtained through eye
movements. Motion parallax, motion perspective, and kinetic depth are the mo-
tion based depth cues. The two types of binocular depth cues are named as

convergence and retinal disparity, which are covered in detail in the following.
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Figure 2.1: A virtual camera setup with parallel sensor-shift (left) and the corre-
sponding reconstruction of stereoscopic 3D scene

2.2 Stereo Geometry.

The binocular depth cue makes use of the fact that left and right eyes view
the world from slightly different angles, which results in slightly different retinal
images, forming binocular vision. The parameters that are used in the human
visual system by their real world correspondences are binocular disparity and
vergence. Binocular disparity represents the difference between the two eyes;
whereas vergence arises due to eye movements and allow fixating at a point of

interest.

In stereoscopic image creation, the main difficulty arises while controlling the
stereoscopic camera parameters. There are two principal parameters for disparity:
interaxial separation (t.) and convergence distance (Z.), as illustrated in Figure
2.1. While convergence distance corresponds to the distance between the camera

and the plane in focus, the interaxial separation corresponds to the separation



between the two cameras. The camera separation, or interaxial separation (¢.)
directly affects the disparity and eventually the amount of depth perceived in the
final image. The convergence distance, on the other hand, does not affect the
overall perceived depth, but increasing the convergence distance decreases the
screen parallax. Table 2.1 summarizes the perceptual effects of the stereoscopic

camera parameters.

Table 2.1: The review of the perceptual effects of stereo parameters (adapted

from Milgram and Kruger [6])

Increases Increases Constant

Decreases Decreases Constant
Decreases Shifts Forward Constant
Increases Shifts Backward Constant

Given the parallel camera geometry in Figure 2.1, the image disparity of an ob-
ject with scene distance Z depends on interaxial separation (¢.) and convergence

distance (Z.), and is given as:

= ft, (Zi _ %) (2.1)

In this equation, f denotes the focal length of the cameras. The conversion from
image disparity d to screen parallax p simply requires scaling the image disparity
from image sensor metric to display size metric, by multiplying it with a scale
factor W /W;, where W; and W denote the image sensor width and screen width

respectively.

p = d(W,/WW)) (22)



While maintaining stereoscopic depth, the viewer reconstructs a point for each
object on and around the screen. The reconstructed depth Z, of this point, while

the viewer is observing from a physical distance Z,,, is given as:

Zyt Zyt
Zr _ whe wle 23
le—p le — d(Ws/Wl> ( )

where ¢, is the human interocular distance, for which the physiological average is

approximately 65 mm.

The convergence distance gives the distance where the two cameras converge; and
on the plane at that distance the retinal positions of objects appear at the same
point which results in objects appearing at the physical screen surface (Z = Z..).
This condition is called zero parallazx setting. Two conditions occur when object
distances Z are different from Z.. In the first case, (Z > Z.), the object appears
inside the screen space, which is viewed behind the display screen. When this
condition occurs, the object has a positive disparity, or screen parallax. On the
other hand, in the case (Z < Z.), the object has a negative disparity, or parallax.

These objects appear as if they are physically located in front of the screen.

Physiological experiments have proven that the human visual system has more
tolerance to positive parallax than negative parallax [7]. However, it is still re-
stricted to comfortably perceive all objects which appear in positive or negative
parallax regions. It has been shown that locating the scene in a limited area
around the screen surface gives more reasonable results for avoiding accommoda-

tion/convergence conflicts.

2.3 Accommodation/Convergence Conflict.

The conclusion pointed out by several earlier studies [8] on the issue of stereo-
scopic comfort zone is that the amount of perceived depth in stereoscopic displays
should be limited; and the conflicts related to accommodation and convergence

should be controlled. The accommodation/convergence conflict happens for all

7



planostereoscopic displays, i.e. displays where the views are presented on a planar
screen. This conflict is caused by the fact that when looking at the stereoscopic
3D display, viewer’s eyes converge on the reconstructed depth Z,., while they are
forced to focus on the display plane. This is in contrast to natural vision in the
real world, where the human visual system operates such that the eyes converge

and accommodate at the same point.



Chapter 3

Related Work

With the recent advances in stereoscopic systems, the focus on stereoscopic cam-
era control has gained momentum and a number of techniques have been proposed

for stereoscopic post-production pipeline and editing of stereoscopic images.

3D Camera Systems and Stereo Acquisition. The conventional way for
capturing real scenes is with two physical camera equipments. One of the recent
approaches which focus on production of high quality stereoscopic content capture
is presented by Zilly et al. [9]. This system analyzes the captured scene by two
real cameras and specifies the proper camera calibration parameters. Heinzle et
al. [10] focus on controlling the rig directly, with a control loop that consists of

capture and analysis of 3D stereoscopic parameters.

Stereoscopic editing on still images. Recent work on stereoscopic image
editing focuses on correction of imperfect stereoscopic images and videos. Koppal
et al. [11] present an editor for live stereoscopic shots. They concentrate on
the viewer’s experience and propose modifying camera parameters in the post
processing as well as previewing steps. Lang et al. [3] present a nonlinear disparity
mapping method in order to retarget the depth range in the produced stereoscopic
images and videos to different displays and viewing conditions. Didyk et al.

[12] have also recently proposed a disparity model that estimates the perceived



disparity change in processed stereoscopic images, and perform psychophysical
experiments in order to derive a metric for modeling disparity. Didyk et al. [2] also
proposed an extended luminance-contrast aware disparity model, and presented

disparity retargeting as one of its applications.

Stereo parameter adjustment in virtual environments. Post processing
and image shifting methods are used for retargeting disparity in offline applica-
tions such as digital cinema and 3D content retargeting. On the other hand,
interactive applications require real-time techniques. Among recent works, the
geometrical framework to map a specified depth range to the perceived depth
range is described by Jones et al. [13]. Their method is proposed for generating
still images, but it can also be used for virtual scenes. Oskam et al. [4] present a
controller for finding camera convergence and interaxial separation, which gives
a final disparity value for the viewed frame. These parameters change auto-
matically by taking minimum and maximum scene depth values into account in
order to handle excessive binocular disparities which are generated because of

unpredictable viewer motion.

10



Part 11

Attention-Aware Disparity
Control in Interactive

Environments
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Chapter 4

Introduction

In this first part of our work [14], as outlined in Figure 4.1, we aim to address the
challenges of presenting a comfortable viewing experience to users in an inter-
active scene, by controlling and limiting target depth range to the comfort zone
and eliminating accommodation/convergence violations as much as possible. For
mapping scene depth to the specific depth range, our method automatically finds
optimized stereo camera parameters in real-time. In order to avoid accommoda-
tion/convergence conflict, we consider the distribution and importance of scene
elements. For this purpose, the convergence plane is moved so that significant
elements are shown with relatively sharper focus. This motivation comes from
that the location of the convergence plane, on which scene elements are captured
with exactly zero disparity, should tend to be nearer to elements with higher sig-
nificance during the search, assuming each element of interest in the scene content

carries a significance score that is assigned by the content creator.

12



Figure 4.1: (a) An example capture of the scene with Naive method (b) Disparity
limit calibration (c¢) Depth map of a captured scene (d) Significance score coloring
of scene elements (e) Output stereoscopic image with DADC (f) Capture of the
scene with DADC
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Chapter 5

Approach

Our approach (Figure 5.1) consists of a calibration phase and a main phase. In
the calibration phase, the depth perception range of the user is obtained interac-
tively. Perceived depth range is changeable in light of user’s personal stereoscopic
comfort limits. For this purpose, the user designates the personal disparity ex-
trema, so that the disparity is not too high in order to avoid eye-straining visual
artifacts like diplopia, or too low resulting in low depth feeling. This calibration
stage is needed to be performed only once per user, before starting the interactive

stage.

During the main phase, for the incoming frame, we first analyze the depth range
of the scene from the given view position. Consecutively, we perform an analysis
of the scene contents, in terms of their layout under the given viewing condition.
For this purpose, for each object in the view, we consider its significance score,
its distance to the camera and center of display, and construct an optimization
problem that we solve to calculate the stereo parameters, ¢, and Z.. Our method
also makes use of temporal coherency constraint, so that the stereo parameters

change smoothly between frames.

14
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5.1 Depth Range Control (DRC)

Our method is an extension of the methods that control the depth range in a given
scene. Among which, the most widely used one is Depth Range Control (DRC)
method and our approach includes this method as a special case. Therefore, we

first explain DRC, before discussing our approach in detail.

It is possible to approximate the perceived disparity by geometrically modeling
the stereoscopic vision with respect to a given depth-range which may be adjusted
by the viewer. According to this approach, interaxial separation and convergence
distance can be formulated [8] by using similar triangles in the stereo vision

geometry. This, for an image-shift camera convergence setup, results in:

ZmamZmin(dmaac - dmzn)

Z, = 5.1
(Zmazdmam - Zmzndmm) ( )
Zmaachin dmaa: - dmzn

t, = ( ) (5.2)

f(Zma:v - Zmzn)

where

Zmazs: The distance between the camera and the farthest object in the

virtual world.

Zmin: The distance between the camera and the nearest object in the virtual

world.
® d,,..: Maximum disparity, i.e., the positive disparity of the farthest object.

® d,;n: Minimum disparity, i.e., the negative disparity of the nearest object.

Jones et al. [13] applied this model to adjust the target depth range of still images

only. Guttmann et al. [15] used the model for recreating stereographic sequences
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from 2D input by estimating the correct target depth distribution and optimiz-
ing the target disparity map. Oskam et al. [4] developed a similar method for
interactive applications for optimizing stereo rendering parameters with respect
to control points each assigned a certain desired depth. In the special case with
only two constraints, one for each depth extremum, their system simplifies to Eq.
5.1 and Eq. 5.2 above.

In any case, the mentioned methods are based on mapping the depth range,
without consideration of the distribution of the objects in the scene. Therefore,
we believe that employing DRC method alone is not sufficient in enhancing the
perceived stereo vision effect, as psychological elements directly affect the creation
of stereo vision, especially in interactive applications. In this regard, we develop
an attention-aware system which involves real-time analysis of scene contents as

well as depth range assessment for user-specific disparity control.

5.2 Dynamic Attention-Aware Disparity Con-
trol (DADC)

As overviewed in the previous section, it is known that objects which are located
in the 3D comfort zone of the user are easier to be observed. Thus, significant
scene elements that draw user’s attention should be located closer to this region.
However, in a pre-produced interactive scene, it is necessary to move the conver-
gence plane instead, placing it as near as possible to the region that attracts the
user’s attention the most, while maintaining the total disparity of the scene as

high as possible and not violating the user’s disparity range.

With this goal in mind, the main phase of our stereoscopic 3D control system is

composed of the following three consecutive stages.
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5.2.1 Depth Range Calculation.

Since the maximum and the minimum distances observed by the virtual camera
have a direct effect on screen disparity and thus the depth experienced by the
user, we need to gather visible scene depth extrema information. This is achieved
by a number of min-max reduction passes on the depth buffer [16]. The system
runs this normally costly procedure in real-time (i.e., within the allowed per-frame

time budget) by efficient utilization of the GPU.

This information in combination with the data collected from disparity calibration
of the user is fed into the optimization as system constraints, and is also used in

the two special non-optimization cases, as explained in detail later.

5.2.2 Analysis of Scene Contents.

Having adopted interactive environments as our main consideration, we make the
following arguments in conjunction with our objective function that is explained

in the next section:

e The user navigates towards scene elements that attract his attention more.

e The user tends to have significant scene elements centered in his view

Based on these assumptions, we evaluate the overall significance of a scene ele-

ment with respect to the three criteria below:

e S : significance score of the element.
e 7/ : forward distance of the element from camera.

e R : radial distance of the element from forward camera axis.
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Algorithm 1 Scene content analysis algorithm

1: procedure SCENEANALYSIS

2

3 el] < getSignificant Elements()

4 > Acquiring all significance score assigned elements in the current scene
5:

6 7+0

7 for Ve[i] do

8 if e[7] is visible in the current frame then

9:
10: eli].Z < ForwardDistance FromCamera()
11:
12: if e[i].Z < Dyper then
13: > D, nee: maximum forward distance allowed
14:

15: olj] + eli] > implies o[j].S < e[i].S and o[j].Z < e[i].Z
16:

17: olj].R + Radial Distance FromCameraAzis()

18: JJ+1

19:
20: end if
21:
22: end if
23: end for
24:
25: return o|]
26:

27: end procedure

Here, we assume that scene elements had been assigned significance scores by
the content creator that would appropriately predict the user’s relative attention
towards them such that e.g., in a first-person game environment the autonomous
enemies should have been assigned higher scores compared to other scene ele-

ments.

Our scene content analysis algorithm progresses as outlined in Algorithm 1.
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5.2.3 Optimization of Stereo Parameters

with Active Depth Control.

For establishing our objective function to be optimized, we first formulate an
energy term E,(Z.,t.) that penalizes the distance of the convergence plane from
scene elements with relatively higher significance score and/or with relatively

lower radial distance from the user’s center of attention.

In order to minimize visual artifacts like ghosting associated with significant scene
elements, the higher the significance score of an element the closer convergence
plane should move towards it through minimization of E,(Z,.) thus keeping that

element in relatively sharper focus.

Several methods have been proposed for computational modeling of visual atten-
tion [17]. Studies have converged on a two-component framework for attention;
where viewers selectively direct their attention in an image, to objects in a scene
using both (i) bottom-up, image-based saliency cues and (ii) top-down, task-

dependent cues.

For precise detection of the center of attention, a perceptually based system
should include some sort of eye-tracking technology as it deals with the extent of
features across the user’s retina or at least head-tracking technology that mimics
eye-tracking by the observation that resting eye gaze can approximately track
head orientation. However, when no eye or head tracking exists, as is the case
with most stereoscopic viewing settings, we are to conform to the assumption [18]
that the user always looks toward the center of the display device. Considering
this, by minimizing F,(Z.), the resulting convergence plane should also move
closer towards scene elements with relatively less radial distance from the forward

axis of virtual camera i.e., display center.

Following this line of thought, F,(Z.) is formulated as
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FAZ)= Y 2 (Zi- 2., (5.3)

(]

1=1

where n is the number of significant scene elements found in the scene analysis

stage.

We use a second energy term Fy(Z.,t.) which pursues to maximize total scene
disparity and, therefore, total perceived depth. Formulation of E4(Z.,t.) follows
the regular disparity calculation (Eq. 2.1) s.t.

hence aggregating weighted disparity associated with each significance assigned
scene element. Here, disparities are also weighted with respective significance

scores S;.

We construct the objective function as the total energy function E(Z.,t.) s.t.

E(Zw tc) = EO(ZC) - Ed(ZC7 tc)7 (55)

Here E’O(ZC) and E’d(Zc, t.) are the normalized energies s.t.

EO(ZC) = EO(ZC>/ (Zmax - Zmin)Q; (56)

~

Eq(Z. t.) = Eg(Ze, te) ) (dmaz — dmin) (5.7)
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This way with appropriate normalization, the need to express F(Z.t.) as a
weighted sum of E,(Z.) and Fy4(Z.,t.) with weights that are to be fine-tuned

for every different setting and every different user is avoided.

Consequently, by minimizing E(Z,.,t.), the system searches for the optimal pa-
rameter set by mediating the minimization of F,(Z.) with the maximization of
Ey(Z.,t.), thus seeking to keep significant scene elements inside the comfort zone

while maximizing the perceived depth feeling.

The system minimizes E(Z.,t.) subject to constraints:

1 1
> — | > . 11 <3< .
Amaz > [te (Zc Zi) > dpin, Vi|1 <i<n, (5.8)

with d,,q. and d,,;, obtained from disparity calibration phase. The constraints
ensure that during the optimization scene depth is actively mapped into the

perceivable depth range of the user as initially determined.

The nonlinear system is globally optimized within the parameter space by im-
proved stochastic ranking based evolutionary strategy (ISRES) algorithm [19].
The ISRES algorithm, a major representative of the state of the art in con-
strained optimization, is based on a simple evolution strategy augmented with
a stochastic ranking that decides by carrying out a comparison, which utilizes
either the function value or the constraint violation. With the incorporation of
ISRES implementation in NLopt library [20] using modern multi-core processor
technology via multi-threading, we achieve optimization at interactive speed so
that the system is able to produce the updated stereo parameters continually as

e.g., the user navigates through a scene.

5.2.3.1 Frames with only a single element of interest

When the system finds a single significance assigned element visible, it places the

element at the screen i.e., Z7 = Z. and computes interaxial separation using the
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DRC method.

5.2.3.2 Frames without an element of interest

For frames containing no significance assigned element, our system switches to

complete DRC mode and computes the stereo parameters accordingly.

5.2.3.3 Temporal Control

Stereoscopic 3D rendering parameters are recalculated for each frame as a desired
solution. On the other hand this situation may cause undesired visual artifacts
if changes in parameters occurring between consecutive frames are considerably
high or happening more frequently than tolerable. In order to uphold temporal
coherence, the system produces the final parameter set for the processed frame

by passing each newly computed parameter through a threshold function f(-) s.t.

¢

Bt — 1)+ 20 i 2t) — ot — 1) < o

f(z(t) = ot —1) +ay ,if 2(t) —2(t — 1) > xy; (5.9)

z(t — 1)+ k (z(t) — x(t — 1)) , otherwise.

\

where ;1 € R™, 25 € RT and k is chosen to be 0 < k < 1.
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Chapter 6

Experimental Evaluation

To evaluate our method, we tested it in two different scenes in pair-wise compar-
isons to the DRC only approach and the Naive approach. The Naive approach
uses fixed stereo parameters that are initialized with DRC method at the begin-

ning of each test session.

6.1 Subjects

We recruited 15 subjects, with a mean age of 25. The subjects were among vol-
untary undergraduate and graduate students with computer science background;
and most of them did not have previous detailed experience on rendering on
stereoscopic displays. Prior to the study, each subject candidate was tested for
proper stereoscopic visual acuity using random dot stereogram test and those
who failed the test did not participate in the user study. The subjects were not

informed about the purpose of the experiment.
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6.2 Equipment

We used a 2.20 GHz Quad-Core laptop with 6 GB RAM for rendering; and a 40
inch 3D display with active shutter glasses, with a resolution of 1920 x 1080. The

subjects were seated at a viewing distance of 2m.

6.3 Scenes

We built two interactive scenes (Figure 6.1) for the tests. The first scene con-
tains an indoor setting, where several groups of human characters, each of which
performing various gestural movements, randomly distributed in a room. The
second one contains an urban outdoor setting that presents a more dynamic en-
vironment in terms of variety of characters and their actions, as well. Virtual
characters were assigned relatively higher significance in both scenes. In each

test, the user was asked to navigate freely in the environment.

6.4 Procedure

Subjects were given written instructions describing the task that needed to be

performed, and the attributes that need to be rated.

Our user study procedure was consistent with the ITU-R BT.2021 Recommen-
dation, on subjective methods for the assessment of stereoscopic 3D systems [21].
For the experiment design, we have followed the double stimulus continuous qual-
ity scale (DSCQS) method. According to this procedure, subjects are shown a
content, either test or reference; after a brief break, they are shown the other con-
tent. Then, both contents are shown for the second time, to obtain the subjective

evaluations. This process is illustrated in Figure 6.2.

To evaluate our method vis-a-vis the two other methods (DRC and Naive), we

performed the tests in pairs of sessions for each subject. For each pair of sessions,
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Figure 6.1: First row shows snapshots of outdoor scene, second row shows of
indoor scene.
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our method is used in the test content session while the compared method, either
Naive or DRC, is used in the reference content session. The order of the reference
and the test sessions in a pair and the order of the compared methods in con-
secutive pairs were both determined randomly. The subjects were not informed
about either order. This set of tests were executed for each of our interactive
scenes. Between the two sets of tests, a two minute break was introduced to relax

eye muscles. Overall, eight test sessions were evaluated by each subject.

6.5 Assessment of Contents

Subjects evaluated both test and reference content sessions of all cases separately,

with respect to three criteria: quality, depth, and comfort. These three criteria
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Figure 6.2: Presentation of test material

are commonly used in the perceptual evaluation of stereoscopic contents [21]. The

meaning of each criterion was explained to the subjects before the experiments.

The motivation behind selecting these grading criteria is as follows:

e Image Quality: Image quality denotes the perceived overall visual quality
of the shown content. Ghosting, defined as the incomplete fusion of the
left and right image so that the image looks like a double exposure, is a
critical factor determining the image quality of a stereoscopic content. A

good quality 3D stereo image should eliminate the ghosting effect.

Percewwed Depth: This criterion measures the apparent depth as reported
by the user, so that the effect of the methods on apparent depth should be

taken into account.

Visual (Dis)comfort: refers to the subjective sensation of discomfort that
can be associated with improperly set stereoscopic parameters by the dif-
ferent algorithms. A good quality 3D stereo image should provide a com-

fortable viewing experience.

For assessment of the content, we also followed a methodology following the I'TU-
R BT.2021 Recommendation. We first asked the subjects to rate the quality,
depth, and comfort of both the reference and test sessions separately, by filling
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out a 5-point Likert scale for each session. For assessment of quality, depth, and
comfort, we used the discrete scale with the labels “bad”, “poor”, “fair”, “good”,
and “excellent”. Then, at the end of each session pair, we also asked the subjects
to compare between the two sessions. For this purpose, we asked the following

questions in the evaluation form:

Which session provided better image quality?

Which session offered more depth?

Which session was more comfortable to watch?

Which session provided better overall quality?
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Chapter 7

Results

In order to analyze the user assessments, we computed the average scores for user
ratings, as well as user preferences. Figure 7.1 illustrates the rating results for
image quality, depth and comfort measures. The results show that our method
yields better average than other approaches in all measures. Our DADC method
achieved a considerable improvement particularly in the stereoscopic image qual-
ity, due to the fact that our method ensures the elimination of ghosting effect of
the elements of interest in the scene to a significant extent. Regarding the as-
sessment of image depth, the average rating of our method is slightly better than
the other two methods, but less number of subjects have evaluated the depth
impression of our method as “bad” or “poor”, compared to the other methods.
The comfort ratings also reveal that our method is generally rated better than

the other methods.
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Figure 7.1: Charts describing the subjects’ ratings and averages based on 5-point
Likert scale for our method and the compared methods. In each chart, the average

grade is indicated in a circle.
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Figure 7.2 shows results of the preferences collected from the questions comparing
our method with other methods described in Section 4. Different from the rating
analysis of the methods, this chart shows the preferences in percentages for our
method directly in comparison with other two methods. These preferences are
determined by the subjects by taking into account image quality, 3D perceived
depth, visual comfort and overall quality. The study showed that DADC was
preferred in overall quality over the two other methods, both with a 64,28 %
preference; whereas in 21,43 % of the cases the Naive method was preferred
over ours and 25 % showed preferences of DRC. The high performance of the
Naive method is due to the fact that the static disparity levels were initialized

compatibly with the scenes, for a fair comparison.

Image Quality Assessment of DADC DADC session
. . Wwas ...
In comparison 4q 70, 10,79% 50.0% 28.6% Much Better
to Naive Slightly Bett
. . ightly Better
In comparison
o DRC || 143%  14.3% 42.9% 250% No Different
' Slightly Worse
Perceived Depth Assessment of DADC Much Worse
in comparison = 42 g0, 42.9% 25.0% 14.3%
to Naive
in °°mggrl'§33 10.7% 10.7% 42.9% 17.9% 17.9%
Visual Comfort Assessment of DADC
in comparison 54 4o, 30.3% 17.9% 21.4%
to Naive
in °°mggr§32 7.1% 10.7% 28.6% 39.3% 14.3%
Overall Quality Assessment of DADC
in comparison [ 5 4or 4239 35.7% 286%
to Naive
o Re T1%  17.9%  10.7% 35.7% 28.6%

Figure 7.2: Aggregated results from our session comparison questionnaires
demonstrating relative user preferences of our DADC method in percentages.
Scores are relative to Naive method in the first row and DRC method in the

second.
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To evaluate the cinematographic quality of each
method, we have plotted the depth charts [22] of a test sequence illustrating
the distribution of the depth budget over time with each method. The charts
in Figure 7.3 shows the minimum and maximum depth values of the scene, with
respect to the physical display surface (Figure 2.1). The figure also shows the
perceived depth of the most salient scene element, which we designated based
on the scene and the significance scores (orange curve). The results show that
our method achieves the goal of keeping the most significant object closed to the
planar screen as much as possible. Based on these results, we can claim that our

method prevents the accommodation/convergence conflict to a large extent.
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Figure 7.3: Depth charts of an evaluated scene for the first hundred frames with
(a) Naive method (b) DRC (c¢) DADC
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Chapter 8

Conclusion

This part has presented an approach for conveying scene depth in any arbitrary
interactive 3D scene content by automatically calculating the stereoscopic camera
parameters of convergence and camera separation. Our method specifies a depth
configured according to the distribution and importance degree of salient elements
in the scene, and automatically finds the parameters for mapping total scene

depth to this specified depth range.

This method for stereoscopic camera parameter arrangement allows 3D scene
content creators to adjust and distribute available perceived depth in a way that
the perceived depth is controlled and limited to the stereoscopic comfort zone of
the users and accommodation/convergence conflict is not violated by keeping the

focus or the convergence of the camera closer to the elements of interest.
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Part 111

RBF Interpolation-Based
Disparity Refinement
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Chapter 9

Radial Basis Function

Interpolation

Numerous computer graphics and computer vision problems suggest the involve-
ment of interpolation. Sometimes, the sample locations exist on a regular grid
structure. For example, this is normally the situation in the case of an image
data as the samples are lined up with respect to a CCD array. A B-spline surface
data are also composed on a regular grid structure in parameter space. Spline

interpolation methods deal with these cases.

For many other problems of computer graphics, such as surface-reconstruction,
surface-deformation, motion interpolation and inverse kinematics, meshless meth-
ods for fluid dynamics, and appearance-representation [23]; data locations are
not that structured but rather scattered. However, scattered data interpolation
methods are not as well-known, e.g. most computer graphics textbooks do not
cover these methods. Yet, over the last two decades, scattered data interpolation

methods have been increasingly used in computer graphics research.
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Figure 9.1: Sample data from test function.

9.1 Scattered Data Interpolation

Interpolation is an essential issue that has been contemplated in many fields.
One can consider interpolation as an inverse problem because the solution possi-
bly includes many more degrees of freedom than the given limited data sample,
as, for example, every point on a curve has with respect to the known points.
The interpolation type can be considered as a prior, making the inverse problem

solvable.

For the case of scattered data interpolation, it is necessary to perfectly fit the
computed function to the data. On the other hand, in scattered data approxi-
mation, it is enough when the computed function only merely passes close to the
sample data. Therefore, the approximation permits treatment of noisy data. In
spite of the fact that scattered data interpolation and scattered data approxima-
tion are different problems, a portion of the same algorithms can be applied in

both cases.

Scattered data modeling requires an unknown real-valued function f : R4 — R
from a given scattered data vector flx = (f(x1), f(x2), ..., flzn))" € RY of

function of N values sampled at a finite set X = {z1, 79, ... ,oxy} C R of N
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distinct data points. Here, the data points have no underlying structure or order

between their relative locations.

For instance, in Figure 9.1 [24], the graph of an unknown function f : R?* — R is
shown on the left side and 8 data points sampled from that function f at scattered

data locations are shown on the right side.

An example for such scattered data is the Hurrungane data set [25]. This is a set
of sampled height values {f(z)}
at | X| = 23092 distinct geographic locations. 2D and 3D views of the set are

sexs X C R2, of a mountainous area in Norway

displayed in Figure 9.2. In this case, the goal is to approximate the shape of the
mountains’ surfaces. One way of doing so is to consider solving the interpolation

problem s|x = f|x, i.e.

s(zg) = f(x), forl<k<N, (9.1)

where s : R? — R is some suitable function, referred to as interpolant to f.

Figure 9.2: 2D view (left) and 3D view (right) of the data set Hurrungane (23092
points).
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9.2 Introduction to Radial Basis Functions

Radial basis functions (RBFs) happen to be the most versatile and also one of the
most commonly used techniques for scattered data interpolation [26] [27]. From
a high level view, an RBF interpolation operates by aggregating a set of replicas
of a single basis function. Each of the replicas is centered at a data point and

scaled with respect to the interpolation conditions.

In concept, radial basis functions can be likened to fitting a rubber membrane
through the given sample data values while minimizing the total curvature of the
membrane surface. The selected basis function governs how the membrane will
fit through those sample values. Figure 9.3 [28] demonstrates conceptually how
a radial basis function surface fits between a set of sample values of elevation. In
the cross section (Figure 9.3(c)), it can be noticed that the surface in fact passes

through the sample values.

(a) (b) (c)

Figure 9.3: Conceptual representation of RBF interpolation (a) Real terrain sur-
face (b) Surface with sampled location indicated (c¢) Cross-section of the RBF

interpolated surface.

The radial basis function interpolation methods, as they are exact interpolators,
contrast with both the global polynomial interpolators and the local polynomial
interpolators, which are inexact interpolators that do not require the surface to
pass through the sample points. In comparison of RBF interpolation to inverse
distance weighted interpolation, which is also an exact interpolator, inverse dis-

tance weighted interpolation can not predict values above the maximum or below
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the minimum sample value, as can be seen in the cross section of sample data in
Figure 9.4 [28]; while RBFs can predict values above the maximum and below

the minimum sample values.

(a) (b)

Figure 9.4: Comparison of (a) inverse distance weighted interpolation (b) radial

basis function interpolation.

A radial function can be defined as a function that is radially symmetric around a
point z. which is called the center of that function. For a kernel K : R* xR* — R
with input vectors & = [z, T, ..., z5]T and ®e = [(x)1, (Te)a, - - -, (Te)s]T, K is
a radial function if it can be designated as K (x, x.) = ®(r), where r = || — ||
is the Euclidean distance between x and .. For utilizing ®(r) as a radial basis
function, the center x. is fixed to a constant point and @ is regarded as the input
variable. It is noteworthy that the univariate function ® is independent of s,
the number of input dimensions. Consequently, methods involving radial basis

functions can, in principle, be conveniently adapted to solve problems of higher

dimensions.

Given a scattered data X = {@x1,xs, ... ,x,} of n distinct data points in R?
and a corresponding set of n values yi,¥s, ... ,y, sampled from an unknown
function f such that y; = f(x;), we can select a radial function ® and a
set of centers {x.,,®.,, ..., ., } for some m € N, in order to form a basis

{P(]]- =z, []), @I — e l), -+, (|- — 2., ||)}. So that, this basis can be uti-

lized to build an approximation fof f.

An option is to center a radial basis function on each data site. For that case,
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Vi € {1,2, ... ,n} there will be one basis function with . = x; and fwill be
built from n RBF's s.t.

fo)= Y wd(le—a) 92
j=1

with constant coefficients w;. In an interpolation, the constants w; , which are
called the weights, are defined by guaranteeing that fvmatches the given scattered

data X, Va;. This is achieved by imposing f(z;) = y;, which results in the

following system of linear equations

Kw =y, (9.3)
where
O(|lzy —@1l) O(es —zal) .. D(|zy— )]
g Pl =@l @z —eal) o ozl o
_@(Hwnl—m1n> B([2n - wal) ... @(Hwnl—wnnx
w = [wy,wy, ..., w7, and y = [y1, v, ..., Yn)t

The coefficients w; can be computed by solving the above linear system. One
also needs to define ®, i.e. a RBF.

9.2.1 Basis Functions

Applicable methods for solving Eq. 9.3 and whether such a solution even exists

are determined by the choice of basis functions ®(r), where r = ||x — x.||.

Whether the interpolated function is smooth, whether the function attenuates to
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zero away from the sample data, and whether the function overshoots are among

the top issues due for consideration for many of the applications.

Naturally, it is not achievable to obtain both smoothness and lack of overshoot,
or both smoothness and attenuation to zero away from the sample data at the

same time. Yet, these criteria can be combined with desired strengths.

Although there is not yet a general characterization for functions that are suitable
as RBF kernels [29], positive-definite functions are among those that will generate

a non-singular K matrix for any choice of data locations.

The linear system Kw = y has a unique solution if the interpolation matrix K
is a symmetric positive definite matrix. A positive definite matrix is invertible
since all of its eigenvalues are positive. Furthermore, there exists methods such
as Cholesky factorization which can be utilized in order to solve a linear system
that is symmetric positive definite more efficiently than methods devised for a

general linear system [30].

9.2.1.1 Families of Basis Functions

It is vital to select an appropriate radial basis kernel ®(r) family among the
available many. Below are the most prominent families of radial basis functions
in the literature [31]:

e Gaussian:
®(r) = exp(—r?/r}) (9.5)

The main benefit of a Gaussian basis function is that it is compact, i.e., it is
small at distances about 3ry from the center, where r( is the scale factor as
we adopt to call it; although it has also been called as shape parameter,width
parameter and model radius in the literature. The Gaussian basis function
can be considered zero for distances of 67y or larger from the center. Conse-

quently, it results in a linear system with a sparse matrix. The scale factor
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ro will make model sharp and non-smooth if it is too small (Figure 9.5),

and a too large ry leads to a linear system with an ill-conditioned matrix.

> & @

(a) (b) (c)

Figure 9.5: Gaussian RBFs plotted with (a) 7o = 1/3 (b) 7o =1 (¢) 79 = 2.5, on

the same domain.

e Multiquadric:

(r) = /14 (r/ro)’ (9.6)

Multiquadric basis functions are non-compact, i.e., non-zero at any point.
This poses a major drawback as one needs to solve systems of dense matri-

ces.

e Inverse multiquadric:
O(r) = 1//1+ (/7)) (9.7)

It is found [32] that excellent approximations can be provided by inverse
multiquadratic radial basis functions. This is even so when the number of

centers is small.

The multiquadric and inverse multiquadric basis functions are both part of
the generalized multiquadric family of RBFs which are defined by ®(r) =
(14 (r/r0)?)?. An in-depth analysis on generalized multiquadrics and the

parameter § can be found in [33].
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e Polyharmonic spline:

r¥In(r) with k =2,4,6,...
O(r) = (9.8)

rk otherwise

Polyharmonic spline basis functions are also non-compact basis functions.
This drawback very often makes this basis function family inappropriate

for medium to large scale problems.

e Thin-plate spline:
®(r) = r*log(r) (9.9)

Thin-plate spline is a special case of polyharmonic spline. The usefulness
of thin-plate spline for fitting smooth functions of two variables and, more

generally, even number of variables is demonstrated in [32] and [34].
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Chapter 10

Approach

The overview of the RBF interpolation-based disparity refinement approach is
presented in Figure 10.1. The framework for the approach necessitates a specific
type of content-preparation phase as a preliminary. Once the content is ready
to be processed by the framework, the main phase takes over. There are two
alternating parts to the main phase. These are named as the Play Mode and the
Edit Mode of the framework. Here, assuming that the content is prepared so that
it has a balanced distribution of camera-parameters-assigned scene elements and

those parameters are well-adjusted, the Edit Mode stands to be simply optional.

10.1 Content-Preparation

The approach requires that the scene contents of the given virtual medium include
at least a certain number of scene elements that have their stereoscopic camera
parameters assigned by the user, who, in this case, acts as the content-creator
and/or the content-editor. We set the threshold for the number of such scene
elements to be 5 at minimum. It is also assumed that these parameter-assigned
scene elements are among the most salient within the given environment and that
they are distributed sparsely within that environment. In the content-preparation

phase, the user sets the required stereoscopic camera parameters for any scene
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PLAY MODE

( see Algorithm 3)

\ g

EDIT MODE

( see Algorithm 2))

CONTENT-PREPARATION
PHASE

MAIN
PHASE

Figure 10.1: Overview of the approach is presented. The framework for the ap-
proach necessitates a specific type of content-preparation phase as a preliminary.
Once the content is ready to be processed by the framework, the main phase
takes over. There are two alternating parts to the main phase. These are named
as the Play Mode and the Edit Mode of the framework.
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element they choose to. These parameters are the interaxial separation of the
two stereo camera pair (t.), the convergence distance where the two cameras
meet (Z.), and the focal length of the virtual lens of the cameras (f). The cre-
ator /editor is supposed to shape the, so called, overall depth narrative of the scene
by adjusting the set of these parameters per scene element in accordance with

the consideration of the comfortable viewing issues for the given environment.

10.2 Main Phase

The main phase of the approach can be run in any given virtual environment as
long as the environment meets the prerequisites listed above. The environment
can be either interactive or not. Regardless, the method runs online in both cases.
The main phase works in two alternating modes, namely, the Play Mode and the
Edit Mode. Play Mode, as the name implies, is the default state of the system
where the user experiences the uninterrupted stereo 3D output of our approach
as they go through the virtual environment. Edit Mode is optional yet vital. It
is complementary to the Play Mode as it can be selected to enhance the total
disparity further or to remedy the shortcomings of a poorly established content.

Let us introduce the Edit Mode first.

10.2.1 Edit Mode

Overall mechanism of Edit Mode is outlined in Algorithm 2. Edit Mode essentially
serves an auxiliary purpose to fine-tune the stereo camera parameters, as to infuse
the overall depth feeling with a personal touch. Yet, with it, the user is also able
to create (or re-create) the depth narrative of the whole scene from scratch, as
well. We believe, for the most of the scenarios, the user can select the Edit Mode
right after entering into the new scene, e.g., as soon as the new level is loaded in
a game, use the Edit Mode as an initial tune-up and then be done with editing

at least till the next scene.
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Algorithm 2 Edit Mode Algorithm
1: procedure EDITMODE( O[], SP(z,y, 2), (Cy, Cy, Cy), (M;, M;))

2: > O[] is the list of parameter-assigned scene-elements.
3: > SP(x,y, z) is the parameter-stack for the whole virtual scene.
4: > (Cy, Cy, C,) is position of the main virtual camera.
5: > (M;, M;) is position of the mouse cursor on the application window.
6:
7: while —PlayModeRequest do
8:
9: if Raycast((Cy,Cy,C,), (M;;M;))# NULL then
10: > Raycasting from (C,, Cy, C,) in the direction of (M;, M;)
11: if Raycast((C,,Cy,C,), (M;, M;) € O[] then
12: > If the raycast hits a scene-element,
13: > that element is assigned to hit.
14: hit < Raycast( (Cy, Cy, C.), (M;, M;))
15: else
16: hit < NULL
17: end if
18: end if
19:
20: if ShowParameter AdjustmentMenu and hit # NULL then
21: ShowMenu( SP(C,,C,,C,))
22: > Parameter adjustment menu is shown upon user request.
23: > User can now change the parameters at (C,, Cy, C.).
24: if Parameter Assignment Requested then
25: hit.SP < SPmenu.SP
26: > Upon user request, the adjusted parameter set on the menu
27 > is assigned to the scene element pointed by hit.
28: end if
29: end if
30:

31: end while

32: end procedure
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We aimed to devise an intuitively-designed user-interface for the Edit Mode. So
that, even the most novice user can quickly learn it and manage to utilize it
without hassle. Some sample screenshots of the Edit Mode user-interface can be

seen in Figure 10.2.

During the Edit Mode, the user is able to roam the virtual scene freely in a
first-person-camera style by translating and rotating the main camera (Figure
10.2a). The main camera is cloned to form the stereoscopic virtual camera pair.
On the screen, the user sees the stereo scene view created by this pair. The
left and the right cameras are distanced by half of the interaxial-separation (¢.)
from the position of the main camera to the left and the right, respectively. The
rotation of the main camera is also reflected on the stereo camera pair but with
the adjustment so that the camera image capturing axes meet at the convergence-
distance (Z.) in front of the main camera position. The focal length (f) of the

main camera and the virtual stereo camera pair are the same.

The user can pick any scene element within the stereo scene view. Picking is
achieved by raycasting from the camera in the direction pointed by the mouse
cursor on the application window. The hit indicator label on the top left corner
of the window (Figure 10.2b) shows the name of the nearest element hit by the
raycast. The user can pick the element by locking the raycast selection by pressing
the assigned keyboard shortcut (the default is the tab key). Once the element
is picked, the stereo camera parameter adjustment menu is displayed (Figure
10.2¢). Then, the user can adjust t., Z. and f using the slider for each one on
the menu. Since the sliders directly control the stereo camera pair, the adjusted
values are instantly reflected on the view. Upon finishing the adjustment, the
user can replace the parameter set of the picked scene element with the newly
adjusted values by a keyboard shortcut (the default is the space key). When the

user is done with adjustments, they can return to the Play Mode instantly.
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User roaming the camera about the scene.

)

a

(
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U3DAgent_M

User designates a scene-element.

)

b
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Show Depth Map

 Default Parameters

205800209

Interaxial Seperation: 0.48381

Zero Parallax: 16.4316539764404

FieldOfView: 48.77698

(c) Stereo camera parameter adjustment menu shown upon locking onto a scene-element.

Figure 10.2: Sample screen-captures of the user interface from an Edit Mode user

session.
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10.2.2 Play Mode

Play Mode is the default mode of the main phase as it is the main stage of our
approach. As its process is outlined in Algorithm 3, the method produces the
virtual stereoscopic camera parameters t., Z. and f online while continuously
scanning the virtual scene for changes in the variables, namely, the number of
parameter-assigned scene elements, the distribution of those scene-elements in the
scene with respect to the camera, and, most importantly, their assigned param-
eters, that affect the algorithm. The virtual stereo camera pair is continuously

updated with the computed stereo camera parameters.

As long as the user is content with the overall perceived disparity of the scene,
the method runs in the Play Mode from start to finish, i.e., till the user is done
with that scene. Otherwise, the user can interrupt the Play Mode and enter the
Edit Mode in order to shape the depth feeling according to their liking any time

they may wish so.

During the Play Mode run, for each of the three parameters, a separate set of

RBF interpolation weights w(i) are found by solving the the set of n equations

n

Fii) = > w®) @ ([l2a(0) — 2a() ) (10,1

1=1

where n is the number of stereoscopic-camera parameter assigned scene-elements,
x4(7) is the position of the data point ¢ (i.e., the scene element i), ®(-) is the
designated RBF family, and Fy(i) is the value of that parameter at the data
point i. The user is able to change the RBF family ®(+) in use to any one of the

available alternatives at any moment during the Play Mode run.
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Algorithm 3 Play Mode Algorithm

1: procedure PLAYMODE( O[], SP(z,y, 2), (Cs, Cy,C.))

NN NN NN = e = e e e e e

27:

> O[] is the list of parameter-assigned scene-elements.
> SP(x,y, z) is the parameter-stack for the whole virtual scene.

> (Cy, Cy, C,) is position of the main virtual camera.

while —FEdit M ode Request do

> Separately for t., Z. and f:
wy, [] = RBFweights(O[].xyz, O[].SPt., ®, ro)
wz,.|] = RBFweights( O[].xyz, O[].SP.Z., ®, 1¢)
wy|] = RBFweights( O] ].xyz, O[].SP.f, ®, ry)
> RBF weights are solved according to current positions and
> stereo-parameters of the scene elements
> for a family of radial basis function ®

> and a scale factor rg specified by the user.

> Again for each of the three parameters:
SP(Cy, Cy, C,).t. = RBFinterp(wy[], (Cy, Cy, Cy), Ol].xyz, ®, o)
SP(C,,Cy,C,).Z. = RBFinterp(wg,[], (Cy, Cy, Cy), O[].ayz, ®, ry)
SP(C,,Cy,C,).f = RBFinterp(wy[], (Cy, Cy, C,), Ol].xzyz, @, 19)
> RBF-interpolated values are found
> at the current camera position (C,, Cy, C»)
> for the same family of radial basis function ®

> and the scale factor rg.

end while

28: end procedure

52



Then, for a location x at where there is originally no parameter data, the RBF

interpolated value F(x) of that parameter is computed by

n

Fa)= Y wli) @ (|2 —z0) ) (10.2)

1=1

with respect to the computed weights w(7) and the chosen RBF family ®(-).

10.3 System

The entire system for the approach, including the user-interface, is put to-
gether using the Unity development environment. For the radial basis function
interpolation-based computation of the stereoscopic camera parameters t., Z.
and f, we utilized the C++ library written by John Burkardt [35] as a plu-
gin to the system. This library is chosen because of its lightweight and robust
implementation of fast radial basis function interpolation which provided online
operation of the framework. The library, by default, supports the use of Gaussian,
multiquadratic, inverse-multiquadratic and thin-plate spline radial basis function

families in addition to the availability of user-defined scale factor ry.

10.4 Testing

We tested the method in two different settings. The first setting is a non-
interactive virtual environment. Here, the camera travels along one of the pre-
defined paths in the virtual environment. The paths are surrounded by scene-
elements of varying significance which are assigned stereoscopic-camera parameter
sets that output varying types of stereo narratives. A sample path can be seen

in Figure 10.3.
The second setting is an interactive environment. In this setting, the user can
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control the camera in 3D space freely.

Although the user has the option to select one of the several radial basis kernel
families, we mainly employed Gaussian kernels (Equation 9.5) during testing since

the compactness of the Gaussian basis functions gives us high performance.

Figure 10.3: Diagram of a sample path used in non-interactive testing of the

approach.

The user also has the option to choose between the available two different stereo-
output settings, which are red-cyan anaglyph output and side-by-side output,
during the Play Mode via the user-interface. A sample for each output type can

be seen in Figure 10.4.
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Figure 10.4: Available stereo-output settings of the framework (a) red-cyan
anaglyph output (b) side-by-side output (before being overlapped by the display

device).

The testing demonstrated that the proposed method works reasonably well in
both interactive and non-interactive settings with the help of a meticulously-
adjusted scene, by which we mean a scene for which the stereoscopic camera
parameters are well-adjusted for every scene-element. It is observed that the
method is unable to produce decent output at regions where the parameter as-

signed scene elements are scarce.
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Chapter 11

Conclusion

An approach for radial basis function interpolation-based automatic adjustment
of stereo camera parameters for virtual environments has been presented in this
part of our work. The method is observed to work well providing scene-wide
depth narrative that is in line with the creative choices of the content producer
under both interactive and non-interactive settings. The method also allows for
remedying the possible shortcomings of the initial disparity setup by having an
editing mode through which each user can personalize their own experience of

the system by fine-tuning the parameters to their liking and visual comfort.

In addition to the informal testing we executed, we plan to conduct a formal
user study, as we did in the previous part, to further validate the quality of the
method and to detect shortfalls of it, if any.

In order to study the effects of the radial basis kernel used in interpolation on
the method outcome further, we need to conduct experiments with other kernel
families than the Gaussian kernel we used during testing. This also calls for

experimenting with the scale factor ry as needed.

As future work, we will look into how we can extend the method to better handle

the so-called accommodation-convergence conflict. We will also explore ways of

26



combining the method presented here with the Dynamic Attention-Aware Dis-
parity Control method described in the previous part with the goal of achieving

even superior visual comfort and depth feeling in a standalone system.
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