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Abstract

This thesis analyzes the problem of acquiring stereosdogages in all gazing directions
around a reference viewpoint in space with the purpose dtioig stereoscopic panoramas
of non-static scenes. The generation of immersive steopisimagery suitable to stimulate
human stereopsis requires images from two distinct viemtgovith horizontal parallax in
all gazing directions, or to be able to simulate this situatin the generated imagery. The
available techniques to produce omnistereoscopic imdgetyuman viewing are not suitable
to capture dynamic scenes stereoscopically. This is a ivltproblem when considering
acquiring the entire scene at once while avoiding self«sioh between multiple cameras.

In this thesis, the termmmnidirectionalrefers to all possible gazing directions in azimuth
and a limited set of directions in elevation. The acquisitad dynamic scenegestricts the
problem to those techniques suitable for collecting in dneikaneous exposure all the nec-
essary visual information to recreate stereoscopic inyagearbitrary gazing directions.

The analysis of the problem starts by de ning amnistereoscopic viewing modgr
the physical magnitude to be measured by a panoramic imag®rsetended to produce
stereoscopic imagery for human viewing. Based on this m@debvelacquisition models
proposed, which is suitable to describe the omnistereasdephniques based on horizon-
tal stereo. From this acquisition model, an acquisitionhodtbased on multiple cameras
combined with the rendering by mosaicking of partially dapped stereoscopic images is
identi ed as a good candidate to produce omnistereoscopagery of dynamic scenes.

Experimental acquisition and rendering tests were perédrfar different multiple-camera
con gurations. Furthermore, a mosaicking criterion betw@artially overlapped stereoscopic
images based on the continuity of the perceived depth angrédiction of the location and
magnitude of unwanted vertical disparities in the nal s@scopic panorama are two main
contributions of this thesis. In addition, two novel omairgtoscopic acquisition and rendering
techniques were introduced.

The main contributions to this eld are to propose a generatlet for the acquisition of
omnistereoscopic imagery, to devise novel methods to me@dmnistereoscopic imagery, and
more importantly, to contribute to the awareness of the lpralof acquiring dynamic scenes
within the scope of omnistereoscopic research.
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Chapter 1
Introduction

The advent of panoramic cameras has enabled a variety otibased applications in recent
years. However, the acquisition and rendering of direetimependent stereoscopic imagery,
in particular of real-time events is still a problem open tv@l contributions. There are numer-
ous technologies capable to produce high-quality ommstsopic imagery. However, only a
few of them can create direction-independent images capalgrovide the correct binocular
cues of depth to the human viewer. Furthermore, most of thaseramic technologies are
limited to static scenes, whereas a state-of-the-art dareisscopic camera should be suitable
to capture dynamic scenes as well.

The problem is how to acquire an omnistereoscopic image @inastatic scene, with re-
spect to a single reference viewpoint in space, but reptiegevo viewpoints with horizontal
parallax in every gazing direction. This challenging coaisit imposed by our binocular visual
system requires an acquisition technology capable to sathplwhole visual scene at once in
order to reconstruct stereoscopic views in arbitrary dioes. In this thesis, | investigate tech-
niques suitable to acquire the whole scene stereoscopimailind a reference viewpoint in
space and in one simultaneous exposure.

In this thesis, the termmmnidirectionaldenotes imagery that can be rendered in any direc-
tion in azimuth around a reference viewpoint in space. Timagery can hav860 eld-of-
view (FOV) in the panning (azimuth) direction and a limite@Win elevation. A wide-angle
image or gpanoramic imagean be created from an omnidirectional image by de ning a de-
sired FOV in azimuth and elevation around a particular alrgazing direction in azimuth.
Additionally, a panoramic image can have a f860) eld-of-view in azimuth. In the latter
case, an omnidirectional and a panoramic image are the Sdma¢erm stereoscopic panorama
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will be used interchangeably with omnistereoscopic imagethis thesis.

My analysis of the problem starts by de ning the signal threg bmnistereoscopic image
sensor needs to measure. This approach has ledmaistereoscopic viewing modehich is
based on geometrical constraints imposed by our binocigdaalvsystem. Based on this model,
| derive the physical signal to be measured by an omnisteopasimage sensor, whether in
dynamic or static scenarios.

In addition, based on the omnistereoscopic viewing mogebpose amcquisition model
which is used to describe a large variety of omnistereosdeghnologies based on horizontal
stereo. By means of changing the geometric parameterssodi¢iquisition model, | propose to
summarize the main acquisition technologies of omnistereofour arrangements of stereo-
scopic cameras. From these four variations, two model thaesdial acquisition while the
other two model the simultaneous acquisition of the whoknsc | use this model to con-
trast the available omnistereoscopic technologies in tmtext of their capability to acquire
dynamic scenes.

One of the contributions of my thesis is to de ne the acqigsitand rendering constraints
based on the continuity of the perceived depth, which isiepple to the rendering by mo-
saicking of partially overlapped stereoscopic images. tAeoimportant contribution is the
prediction of the location and magnitude of unwanted valtdisparities in the nal stereo-
scopic panorama. Both results are important for renderiegegscopic views in arbitrary
gazing directions based on mosaicking partial stereoscogivs.

| also introduce two novel omnistereoscopic acquisitiod eendering techniques. The

rst technique is based on sequentially acquiring threegpamic images in a co-planar tri-
angular pattern. The second technique is a novel multipheera con guration suitable to
capture non-static scenes, which is based on the simuliaremguisition of partially over-
lapped stereoscopic images using a novel geometric distsibof cameras. Both techniques
are supported with extensive experimental results.

In the next sections of this introductory chapter, | preseaimain problem to be addressed
and its relevance in the area of panoramic vision, followgdldiscussion of the existent
solutions in the literature and the methodology used inttigsis. At the end of this chapter, |
describe the organization of this thesis.
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1.1 The problem to be addressed

The speci c problemto be addressed is to nd a suitable sgpato produce direction-independent
stereoscopic imagery with horizontal parallax, from a Engference viewpoint in space. A
general omnistereoscopic system must be capable to saneplight- eld of a scene in order
to at least approximate the trichnromatic values from ea@seyewpoint and do so for ev-
ery gazing direction. Additionally, the acquisition systshould be able to capture dynamic
scenarios. In summary, this thesis is going to study thelpnolof direction-independent ac-
quisition of stereoscopic imagery in the context of dynastenes.

The problem of acquiring stereoscopic snapshots of dynaognes depends on the strat-
egy used to sample two distinctive viewpoints, with hortzbparallax, in every gazing direc-
tion at once. Stereoscopic panoramic methods proposeaipabt are partially inadequate
because they are not conceived to acquire dynamic scenes.

A good strategy is to simultaneously acquire a number ofgdroverlapped stereoscopic
snapshots of the scene and then mdshiese samples to create a stereoscopic panorama. This
approach can provide the necessary information to generatestereoscopic imagery and
videos in real-time. However, there are a variety of aspertake into account during the
design of such a camera, e.g., the number of actual camerassagy to cover the scene om-
nidirectionally, the eld-of-view of each lens, and the geetric speci cation of the camera
arrangement. These design considerations will deterrhmbést rendering strategies, and the
inherent limitations to render artifact-free stereoscopews of near and far scene elements.
Moreover, the geometry of the multiple-camera system ffiflct the rendering strategy. Fi-
nally, the consistency in the binocular illusion of deptleagmnected to the acquisition system
and rendering method.

There are no analyses to justify the capabilities of varmmusistereoscopic techniques to
produce omnidirectional stereoscopic imagery. Therefmmenalytical framework to compare
these cameras is needed. Such an analytical model will bedpdgest rendering strategies
to cope with the horizontal disparity continuity, mosaigkiquality and stitching errors, i.e.,
ghosting due to stitching and blending, undesired sourteiswal discomfort such as vertical
disparities, among other problems.

Another constraint is the stereoscopic format to displ&yrgsults. For instance, the ren-
dered stereoscopic image can be a complete panoramic imageractive stereoscopic views

IMosaic in this context the process by which a set of partiaiigrlapped images of the scene are stitched and
blended together to form an image seemingly continuousdra#timuth direction.
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of the scene at desired gazing directions. Each displayasicetietermines a particular model
for the stereoscopic viewing. In any case, the acquisity@tesn should provide the informa-
tion necessary for the real-time or off-line stereoscopitwlering.

Wide-angle stereoscopic formats, i.e., cubic, cylindrazaspherical stereoscopic panora-
mas, are required in situations where the image is projdotesh immersive display. The
problem in this case is how to properly render wide-angleestgcopic images of the scene in
order to provide consistent and undistorted binocular cfieepth to the user.

The interactive stereoscopic navigation involves the tiead rendering of stereoscopic im-
ages corresponding to left and right eyes for each gazimgtim. This scenario is more suit-
able for interactive applications such as interactiveataamensional television (3D712Y [1],
and image-based stereoscopic virtual environments [2oth cases, the experience is in-
dividual and supported by feedback information of the $sgdzing direction, e.g., a head
mounted display equipped with an eye-tracking device.

A multiple-camera system introduces new challenges. Ftante, some camera con g-
urations are limited to render stereoscopic views only wihenscene is far from the camera.
Paradoxically, the human binocular perception of deptls tise horizontal disparity between
elements in the foreground of the scene as seen by each dpe distant scenes, these binoc-
ular cues become secondary. In those cases, other monoaekof depth are predominant,
i.e., perspective, blurring, shading, and even colourresht Therefore, the use of certain
multiple-camera con gurations for omnistereoscopic @ysaphy is marginal. More studies
are required to understand the limitations and advantaesferent multi-cameras con gu-
rations.

In this thesis, | am going to focus on suitable strategieanode the necessary information
to produce omnistereoscopic views of dynamic scenariog. ritin problem is to de ne the
visual information necessary to sample in order to prodiureetion-independent stereoscopic
imagery intended for human viewers.

1.2 The relevance of this research

The importance of this research is justi ed by the fact thatstreal-world scenes are intrin-
sically dynamic and the large majority of the panoramic camend rendering techniques
proposed over the last decade are inadequate to captursteneniscopic snapshots of such

>The complete list of acronyms and abbreviations can be fauaAgpendix D
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events. Recent multiple-camera proposals promise sakifar this problem, but their capa-
bilities and feasibility are not supported by a model. Hertbere is a need for an omnis-
tereoscopic camera con guration suitable to capture tiead- events (dynamic scenes) and,
moreover, there is a need for a theoretical framework to rgtaled the pros and cons of such
cameras.

The commercial development of single-snapshot panoraantecas has already facili-
tated the popularization of image-based virtual tours ardal navigation applications, i.e.
Google's StreetView [3], MapJack [4] and EveryScape [5] tention some of them. These
virtual tours require the acquisition of a large number afigcamic snapshots of the scene
to facilitate the free navigation in image-based simulaiof remote world locations [6]. A
camera mounted on a mobile platform, e.g., cameras mountedrs, bicycles, or robots, are
generally used to capture a large number of (monoscopi@rparc snapshots. Stereoscopic
virtual tours can be made in a similar manner, provided tblertelogy to acquire large number
of omnistereoscopic samples becomes available.

The addition of stereoscopic visualization will improve ttealism of image-based simu-
lations, e.g., image-based backgrounds for stereoscaj®o yproduction, training simulations
using stereoscopic snapshots of remote locations, eduedfipplications, stereoscopic telep-
resence, etc. The bene ts of omnistereoscopic media carnxteaded to other applications
such as free-viewpoint television [7], which can use an @t@neéoscopic camera to provide
interactive 3DTV to the viewer, with the additional capébito navigate the scene at will.
A further improvement will be to propose an omnistereosca@gimera that can provide the
means to adjust the rendered depth of a scene. Although fecirm multimedia systems of
this technology is evident, a panoramic camera capablgitiomnistereoscopic snapshots
has not been made commercially available yet to my best leuyd.

The virtual navigation of remote-world locations is angteeample that shows the need for
an omnistereoscopic technology to acquire real-time imadeor instance, in a telepresence
system such as the one illustrated in [Fig. 1.1, an omnisteopic camera is used to acquire a
large number of samples of a remote location, which areyli@ghamic scenes. The collected
visual information can be stored for future access, or meee in real-time depending of the
application. For instance, the stereoscopic navigatidghiefvirtual environment will be based
on dynamically rendering stereoscopic views in the chosamng directions.
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Figure 1.1: Omnistereoscopic telepresence: (A) the omm@escopic camera samples the
scene at a remote location, sending images to remote sd3yevhere they are stored for

future access by a remote user (C) who explores the virtealeschoosing the gazing direc-
tion.

1.3 Solutions in the literature

Over the last decade, problems such as robot navigationran@loectional 3D-scene recov-
ery originated strategies for omnistereoscopic depth mggpisition [&, 9, 10]. Although they
are attractive for their simplicity, these methods are inagal inadequate to simulate human
stereopsis directly since they are based on multiple viewls vertical parallax. Occlusion
handing and other problems arise when trying to adapt tleesmiques to create omnistereo-
scopic views of the scene.

Some technologies rely on the sequential acquisition afomaimage columns from two
viewpoints. The horizontal parallax between the viewpoimiakes this method suitable to
emulate binocular visual mechanisms [11, 12, 13, 14, 2]s&hechniques can produce high-
resolution omnistereoscopic imagery but only for statenss. Although some of these con-
gurations can be implemented with multiple cameras for @t@neous omnidirectional ac-
quisition, the number of necessary samples makes most s¢ Hgproaches impractical [15].
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In more recent times, the interest in new immersive and actere media has motivated
several proposals suitable to capture real-time omnisseapic imagery 116, 1.7, 18, 19].
Some recent proposals based on multi-camera arrangemeants,conceived speci cally to
satisfy the dynamic scene sampling constraint. These agatipns mostly come from patents
and technical reports.

In this context, there is a lack of models to re ect the impatcthe multiple-camera ge-
ometry in problems such as the depth consistency based ooudam cues and other factors
that will affect the visual comfort such as ghosting by $iiibg) of adjacent views and vertical
disparities. There have been attempts to model the omnotaireal acquisition, but for se-
qguential acquisition only [20, 21]. A model for the omnidit@nal viewing signal based on
the geometric constraints imposed by the human visual isykees not been proposed in the
literature.

There have also been some attempts to model the depth wis®oirt stereoscopic displays
based on estimations of the binocular depth resolution mdnms [22, 23]. However, these
studies were constrained to particular displays and remgleystems. A model applicable to
different acquisition con gurations has not been proposed

1.4 The method

The main hypothesis of my thesis is that omnistereoscopaging of real-time events can be
satisfactorily approximated using a limited number of jadist overlapped stereoscopic shap-
shots of the scene. Given that acquisition strategy, thd attsctive rendering method is
based on mosaicking the acquired samples. This can begdshy the low computational
requirements of this rendering approach. But this paicatquisition and rendering combi-
nation needs to provide a satisfactory immersive expeeiémthe user. Therefore, the omnis-
tereoscopic results have to be free of stitching artifactstave to provide consistent binocular
cues of depth in every direction. These are the main problemsstudying in this thesis.

My approach to study the problem is to propose rst a model seés the geometric con-
straints for theomnidirectional viewing functiothat represents the stereoscopic visual infor-
mation to be acquired. The development of this model staots the plenoptic function to
propose a multidimensional array of real-valued signailat,twhen sampled by a panoramic
sensor, provides the necessary information to recreatecgllar image in any desired gazing
direction.
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Based on the geometric constraints of tinenistereoscopic viewing mogkpropose a gen-
eralacquisition modeépplicable to variety of sequential and simultaneous atiom meth-
ods. This acquisition model is based on a pair of pinhole cameith horizontal parallax
between their projection centers.

Using thisacquisition modell compare the different omnistereoscopic technologied-av
able in the literature. From this comparison and given theatlve of acquiring real-time
events, | justify the con gurations based on multiple caaseas one of the best candidates
for the task. Then, | propose using a rendering approachdb@senosaicking since its low
complexity enables to produce real-time imagery.

In order to test the proposed acquisition and renderingagmbr, | discuss the development
of the complete mosaicking pipeline. Even though the randas not a core element of this
thesis, its implementation is necessary to produce onmeisteopic imagery as a proof-of-
concept. Moreover, the rendering helps me to identify ingdrissues to address for each
acquisition con guration. Consequently, | emulated eatthe four basic acquisition con g-
urations derived from the acquisition model and | testedémelering blocks on the acquired
samples.

During the rendering experiments, | identi ed two main asiseo model: the problem of
depth continuity after mosaicking partially-overlappetiges and the modeling of the vertical
disparities that affect the visual comfort.

In order to test the usability of the mosaicking approachgveloped a method to de ne
the required number of stereoscopic images to be mosaicsstion the limits of the human
depth resolution. My rst approach to model the problemesglon two simpli ed 3D-models
of the scene. In a different approach, | use the projectivéahderived from each variation of
theacquisition modelBased on the latter, | propose a ray-tracing method to mdredation-
ships between the scene depth and the optimum locationtdisiy in each image. | used the
consistency in the horizontal disparity between stitchete®scopic images as the criterion to
study these relationships.

Using the acquisition model, | estimate the magnitude ofesivéd vertical disparities as
function of the gazing direction. This approach helped mentmlel the regions where the
vertical disparities are negligible and those where theynaore severe.

Finally, two novel approaches for the omnistereoscopiciesiitpn and rendering are pre-
sented as part of this thesis.

A note has to be made regarding the thesis scope. The swbjegtilluation of the visual
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comfort in human is beyond the scope of this thesis. Neith@ait of this thesis the render-
ing algorithms and their implementation. Although the masag implementation has been
instrumental to test and to produce a proof-of-concept efatqguisition con gurations, their
optimization is beyond the scope of this thesis.

1.5 Contributions

The following list summarizes the original contributiorfstiois thesis to eld of stereoscopic
panoramas.

| proposed a model for the direction-independent stergnsogewing of any scene,
which is applicable to static and dynamic scenes. From tbdeh) | de ned the physical
signal to be measured by an omnidirectional image sensended for human stereo-
scopic vision. This approach for modeling this omnidirextl! stereoscopic signal has
not been attempted before.

In addition, | proposed a general model for the omnistergmisémage acquisition based
on projective geometry. This model can describe a largeetyadf single or multiple-
camera con gurations and it was used to contrast the availgishnologies to produce
direction-independent stereoscopic imagery intendeddoran viewing. This is another
original contribution.

Based on the acquisition model, | proposed the mosaickiaghaimber of partially over-
lapped images of the scene as a suitable method to acquireraer omnistereoscopic
imagery. Hence, | focused on the problems arising when rokisg these partially
overlapped images. This approach has been used recently,roy best knowledge this
is a novel attempt to identify the problems of acquiring +&@le imagery. Hence, this is
one of the most important contributions of this thesis.

Although the rendering by mosaicking partial stereoscepegpshots of the scene is not
part of the core of this thesis, the unsuitability of the &lde commercial panoramic
stitching products to produce omnistereoscopic imagerglamae propose and imple-
ment a suitable rendering pipeline. This stereoscopic iokisg technique is also novel
and therefore is one of the contributions of this thesis.
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| identi ed and proposed a method to obtain the acquisitigstesm constraints necessary
to consistently render depth cues around the referencangepoint. The ray-tracing
approach | used to study this problem as well as the acaqnsitiodel in which it is
supported are both novel contributions.

| proposed methods to estimate the number of stereoscopgesnecessary to acquire
for the mosaicking based on the distance between the scenth@icamera. This esti-

mation is based on two basic 3D-models of the scene and tledogenent of thresholds

for the human depth resolution based on binocular cues. $aetithe human depth

resolution to determine the usable mosaicking width hasbeen used before in this

problem to my best knowledge.

In addition, | modeled the vertical disparity based on theegal acquisition model. The
vertical disparities have been attributed as one of the s@inces of visual discomfort
in stereoscopic imagery. The approach used in the modefitigieffect is a novel
contribution.

| proposed a novel multiple-camera approach suitable fudegng by mosaicking and
for the off-line synthesis of stereoscopic views of the gcemany gazing direction. The
stereoscopic conversion (2D-t0-3D) is an ongoing reseakbbwever, its application
to dynamically create omnistereoscopic imagery is a newaggh. Furthermore, the
acquisition con guration | propose for this purpose is atavel.

Also, | proposed a novel sequential acquisition methoddaselusters of three panora-
mas that improves similar sequential acquisition appreadppendix A). This ap-
proach has been presented before for four cameras in a sguater. The cluster |
proposed reduces the number of necessary panoramas tatitéehas not been pro-
posed before to my best knowledge.

Finally, | proposed an uncalibrated method to align pairparioramas (Appendix B).
Other methods have been proposed to align panoramas inethifformats to arbitrary
directions in the scene. All these methods are based on asganpinhole camera and
estimating from it the calibrations parameters to obtaiaralamental matrix and de n-
ing a homography between panoramas. The method | propodédteient because it is
based on identifying the unique directionsfofal expansiormndcontractionin a dense

disparity map de ned between panoramas. The obtainedtdrem azimuth is unique
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and it enables to identify the regions usable for steredsaopsaicking in any pair of
panoramas with coplanar projection centers and paralléicaé axes. This technique
does not assume any camera model and it is uncalibrated. Taestyknowledge, this
panorama alignment method is another novel contributidhisfthesis.

1.6 Thesis organization

A rationale of this thesis organization that has motivakexidrder of appearance and contents
of each chapter is provided next.

Chapter 2: Viewing functions

In this chapter, | rst present the derivation of thenidirectional viewing mod€C) that rep-
resent the multidimensional signal to be measured from arnaamc sensor located in a refer-
ence viewpoint in 3D-space. After that, | extend this modehe de ne theomnistereoscopic
viewing mode(Cs) which encompasses all the constraints necessary to deengdghal to be
measured by an omnistereoscopic sensor. | called thisam#nsional real-valued signal the
omnistereoscopic viewing function

Chapter 3: Acquisition model

In this chapter, | use the model f@rs to propose @eneral acquisition modelThis model is
based on a pair of pinhole cameras with parallel optical axelsco-planar projective centers.
The majority of the omnistereoscopic cameras can be modgleanging the relative spatial
location of the two pinhole cameras on the reference plarerevtiney are located. The four
different spatial variations of the general acquisitiondelcare denoted an gurations Fi-
nally, | detail the transformations between coordinateéesys in the stereoscopic pair as well
as the general notation used through this thesis.

Chapter 4: Review of the omnistereoscopic technology

In this chapter, | present a review of the different techg@e capable to produce omnistereo-
scopic imagery based on thequisition modeintroduced in the previous chapter. In order to
classify and compare the different technologies, | de narftamilies based on the strategies
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used to acquire the necessary information to produce oemastcopic imagery. These fami-
lies are: catadioptric cameras, sequential methods, methased on panoramic images, and
multiple cameras systems. | evaluate each of the four famih terms of their capabilities
to acquire and produce omnistereoscopic imagery of dynaognes. From this comparison,
| chose the multiple cameras approach as the best candid#te icontext of the proposed
problem.

Chapter 5: Disparities and rendering approaches

In this chapter, | formally introduce the correspondingrcimate points and their disparities
in a stereoscopic image. Moreover, | derive the depth résollimits based on the human
binocular vision system. From this analysis, | proposedviresholds for the horizontal dis-
parity based on the resolution limits of the human binocsyatem. In addition, | discuss three
related but different rendering approaches in decreagidgr @f complexity. From this com-

parison, | conclude that the mosaicking approach has aalgastfor the rendering of real-time
omnistereoscopic imagery using the images acquired by &ipledtamera system. Finally,

as a rst approximation to calculate the number of sterepgrimages, | apply the proposed
thresholds for human depth resolution obtained at the bewgrof this chapter.

Chapter 6: Mosaicking of stereoscopic images

In this chapter, | present the mathematical models usethémlignment of left and rightimage

sequences. In addition, | introduce formal de nitions foetset of correspondence image
coordinates in the overlapping area between consecutiagersamples. Finally, | discuss the
need for the stereoscopic registration and the approaskedaor image stitching and blending.

Chapter 7: Experimental acquisition and rendering

| present in this chapter the result of the acquisition expents based on the variations of the
general acquisition model introduced in Chapter 2. In otdgsroduce stereoscopic panora-
mas with the acquired image samples, | detail the implenientaf the complete rendering

pipeline based on mosaicking. At the end of this chapter.es@nt examples for the four

acquisition con gurations as a proof-of-concept.
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Chapter 8: Omnistereoscopic eld-of-view and disparities

In this chapter, | de ne thestereoscopi@nd omnistereoscopiceld-of-view. In addition, |
present the mathematical formulation and a ray-tracingcagh to calculate the minimum
distance between the camera and the scene based on thenkadrditsparity continuity in all
gazing directions. In order to do this, | use the projectianttee scene on each camera, which
is based on the generatquisition modelcombined with the threshold for the resolvable
horizontal disparity proposed in Chapter 5. Finally, | dera model for the vertical disparities
on the overlapping regions between images.

Chapter 9: Depth consistency and vertical disparities

This chapter is dedicated to compare the performance ofiffezaht acquisition con gura-
tions. In order to do this, | emulated the different acqiositcon gurations based on the
parameters of three different off-the-shelf cameras andde. Actually, |1 used one of these
cameras and lens combination in the experiments presamntédapter 7. This comparison is
based on the ray-tracing method discussed in Chapter 8ihoagstthe optimal location of the
stitching position based on distance between the camerghanstene. Finally, | present an
analysis of the magnitude and value of the expected vedisphrities.

Chapter 10: Conclusions

In this concluding chapter, | discuss the results present#us thesis as well as the aspects
that require further investigation.

Appendix A: Experimental acquisition based on panoramic clisters

In this appendix of my thesis, | present the sequential ntkbased on three panoramas in a
triangular-shaped acquisition pattern. This was a iniggkarch on omnistereoscopic image
acquisition that | did to test the mosaicking of wide-anglersoscopic snapshots extracted
from panoramic images in a controlled pattern. This work v&kd contribution to research
on omnistereoscopic imagery, but it is not suitable to acaptlynamic scenes. Therefore, |
decided to present it as an appendix of the main thesis.
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Appendix B: Alignment of panoramas for best stereoscopic wbility

This appendix contains the development of the panorangaent used in the Appenclix A.
The alignment method | present here is one of the novel dartons of this thesis, but since
it was developed for the panoramic triad method, | decidgatésent it as an appendix.

Appendix C: Displaying stereoscopic images

This appendix contains clari cations of the industry detions for the rendering of stereo-
scopic imagery. These de nitions have been originated é@3B-movie industry and nowa-
days have widespread usage.

Appendix D: Acronyms and Abbreviations

This appendix contains an explanation of the typographinvention used in this thesis and a
summary of the acronyms and abbreviations.



Chapter 2
Viewing functions

In order to analyze and compare different omnistereoscagiisition techniques, rstit is
necessary to de ne the physical magnitude to be sampledégrtimidirectional sensor, which
must be de ned as a signal function. In order to de ne thisdtion, | am going to model the
signal that contains the necessary information to recocséin omnistereoscopic view of the
scene. The sampling of this signal is the rst step towardsdpcing stereoscopic images
capable to stimulate the human binocular vision system Hogazing directions around a
reference viewpoint.

In this chapter, | am going to derive tlennidirectional viewing functioto be sampled
by an omnistereoscopic sensor starting from the plenopdideth The omnidirectional view-
ing function can be used to produce a monoscopic panorame of the scene. Using this
function, | am going to extend the model to de ne@mnistereoscopic viewing functibmde-
scribe the color components of the light to be measured firworviewpoints with horizontal
parallax, for any gazing direction around a reference poiBD-space.

This is a novel approach to describe the problem of omnissegic image acquisition
which is one of the contributions of this thesis.

The omnistereoscopic viewing function will help to de netime next chapter a general
acquisition model that encompasses the geometric comistfar human binocular viewing of
the scene.

15
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2.1 The plenoptic model

The plenoptic functio® ! models the light arriving at any viewpoint in 3D-space frony a
direction [24]. The plenoptic function is de ned as

P(;:; rt)y (2.1)

wherer is a the viewpoint location with respect¥¥Z in R®, (azimuth) and (elevation)
angles de ne thegazing directionD (D 2 S?), where$? is the unit sphere§? = fr 2
R3: krk = 1g), isthe light wavelengtlf 2 R) andt is the instan{t 2 R). As de ned,
P:$ R® R R! Rmodelsthe directionalower spectral densityf light arriving at
any point in space.

Z’

X’
X

Figure 2.1: The plenoptic functidd models the power spectrum of light arriving at a singular
viewpoint in 3D-space from the directidn.

A graphical interpretation of the plenoptic model is ilkaded in Fig. 2.1. The gazing di-
rectionD is measured with respect to the viewpoint point locatad ahis implies measuring
D using a reference of coordinat¥sY °%Z° centered at with respect to a global reference
frameXYZ , where the frame of coordinates transformation is a purestaéionT = r. The
unit vector®, as shown in Fig. 2.1, indicates the gazing direction wittpeet taX % %Z°.

1The typographic conventions used in this thesis are exgdaim Appendix D
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The multi-dimensionality characteristic of the plenogtiaction is lost when sampled by a
regular photographic camera, unl&ssis captured by an image sensor speci cally designed to
prevent that dimensionality reducticn [25]. As a matteraftf this dimensionality reduction
is part of the derivation of the omnistereoscopic viewingdiion as is shown next.

2.2 The viewing function

The rst step towards de ning the signal to be measured by amidirectional sensor is to
de ne the set of signals to be measured in a given color sgaeen though the color space is
speci ¢ to the sensor device used, this approach leads toergkexpression of a measurable
signal which is applicable to all kinds of image sensor, \weebmnidirectional or not.

A given color space€C is de ned by a set of color matching functions,( ), wheren 2
f1;2; 39 [26]. For this analysis, | use a trichromatic color spacdaitt loss of generality. The
functionsc, represent the measurable color information in the senswitsaty range, from

min 0 max, Which can be obtained froR as follows
Z max
G rit)= P(;s; ) n()d; (2.2)
wherec, : % R3® R R, forthen®chromatic componenn(2 f 1;2; 3g), are functions
of r, the gazing directiod ( ; ) and timet.

A trichromatic color basis represents the typical coloionsin the human population.
However, this biological parallel is not related to the otien of these tristimulus functions
Cn. The color spac€ used is strictly dependent on the image sensor technology.

The result of removing the wavelength dependendy dadre the tristimulus functions of the
arriving light. Light sensor devices such as digital caraengasure these tristimulus functions
over an exposure time;. For instance, this is done by accumulating voltage praoquoat to
the light intensity in each color component over a giverin a charged-coupled device (CCD)
sensor array. Spatial multiplexing is normally used to damspnultaneously each chromatic
component of the image. This is done by using color Iter gsr@CFA) such as the widely
used Bayer Iter and other well known spatial multiplexireghniques.
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2.2.1 Omnidirectional viewing function

The omnidirectional viewing functio@ models the signal to be measured by any omnidirec-
tional image sensor. This function can be de ned as an arr&ystimulus functions

C(u) = (cr(u); co(u); ca(u)) T (2.3)

whereu = ( ; ; r;t).

An ideal omnidirectional image sensor locatedr ahtegrates the three components of
C over a given exposure time;, obtaining a snapshot or video frame of the time-varying
sequence. The vector function obtained by the sensor isadkas follows

z
(= C(Gsonydy (2.4)
= (I tl;l 21 3)7; (2.5)
wherel | is de ned as follows
(s 1= ‘ G( s rit)dt (2.6)

t

wheren 2 f 1;2; 3g. Each function , corresponds to the intensity of light of the chromatic
component atr as a function of the gazing directidh. Therefore, the function arrdy :

$* R3®! R3isa panoramic image of the scene that satis es the constrafrmonocular
vision.

2.2.2 Panoramic acquisition example

A digital panoramic camera measur@sto reconstruct a panoramic image which can be
mapped onto variety of convex surfaces. For example, adytial representation coved$0

in azimuth and a partial FOV in elevation. Alternativelycdan be mapped onto any curved
surfaces topologically equivalent to a cylinder.

Alternatively, a partial FOV of the scene can be mapped onptanar screen, allowing
the user to changP while exploring the scene relative to a viewpoint located.at his is
illustrated in Fig. 2.2 wher€ is measured for the viewpointby integratingc, over . The
acquisition is limited to a range of azimuth and elevatioglas around the gazing directi@n.
The sampling of this section of the spherical space arouadigwpoint produces a discrete
multidimensional array : Z2! RS,
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Figure 2.2: Acquisition of the omnidirectional imagje from the viewpointr: the discrete
imagel represent a partial FOV of the scene in a gazing dired@ion

The advent of panoramic photography in recent years hadezh#iiie measurement of
C. However, the available acquisition techniques for onreictional imagery enable only to
generate approximations bfvith different degrees of distortion. Many panoramic tagoes
are based on acquiring multiple images obtained from closéibtinct viewpoints instead of
a singular viewpoint. Other approaches such as catadidpdsed systems acquire the scene
omnidirectionally from a singular viewpoint, but at theqeiof introducing distortions oh

The omnidirectional viewing functio@, although valid only to model the acquisition of
omnidirectional monoscopic imagery, can be used to proposedel for the omnistereoscopic
viewing function, which is the goal of this chapter.

2.3 Omnistereoscopic viewing function

The omnistereoscopic viewing functi@s models the visual information to be acquired to
reconstruct an omnidirectional stereoscopic image of teaa s. As a difference witH
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which can be used to render monoscopic images inany s must provide the user with
binocular visual cues in any gazing direction around theiestgpn point.

The functionCs can be de ned as an arrangement of a pair of omnidirectioiealing
functions,C, andCg de ned at two viewpoints in 3D-space. These viewpoints Hawezon-
tal parallax with respect to a reference viewpaintn this model, the location of the left.)
and right(R) viewpoints are denoted andrg, respectively. Although the subindexds Rg
respectively refer to the left and right viewpoints, thiasdi cation depends on the location
of the viewer with respect to the camera coordinate framee dimnistereoscopic viewing
function can be de ned as

Cs=(CL(uL);Cr(ur))"; (2.7)

whereC_ and Cr are omnidirectional viewing functionsy, = ( ; _;r.;t) andug =
( r; R;rr;t) are the input parameters for left and right omnidirectionaWing functions,
respectively. A depiction of the omnistereoscopic viewingdel is presented in Fig. 2.3.

2.3.1 Gazing vector

The gazing vecton that connects the scene polyy with the reference viewpoint can be
de ned as
v=r Pw: (2.8)

The magnitudesr = kvk de nes the xation distance and it will be used to determihe t
relative skew or vergence angleetween left and right optical axes.
The unit vector* introduced in Sec. 2.1 can be formally de ned as

%
= —1: 2.9
kvk (2.9)
This unit vector determines the gazing directiins=( ; ) andDgr =( r; r) asshown
in Fig. 2.3.
For anyP\, andr, there is a unique 3D localization for andrr given abaseline distance
b. This is explained next.

2.3.2 Stereoscopic viewing points

The stereoscopic viewpointgs andrg are located on a plane parallel to the reference oor
XZ -plane which contains as shown in Fig. 2.3.
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Zero parallax
surface

_ T
CS_(CL,1aCL,2>CL,3,CR,lacR,ZacR,3)

Figure 2.3: Stereoscopic viewing model.

The baseline vector is dened dy = ri.  rr. By de nition, the baseline vectdb is
on theX Z%plane. The baseline length used in the analysis is derptedbk. Finally, the
direction between right and left viewpoints is given by timét wector

r. rr

b= Pr——” (2.10)
In this model, the direction o is always perpendicular % for any panning angle. This
constraint determines that, for each pdiy , a different location for_ andrg is uniquely
de ned. Furthermore, the location of these stereoscopmavivig points is de ned uniquely
by the panning direction in azimuth. The perpendiculariggvieenb and¥* guarantees that
the scene will be acquired from two distinct viewpoints watltonstant horizontal paralldx
independently of the gazing direction.
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In Fig. 2.4-(a) is shown the case of a point in the sdépe which is located at a distance
kvk = v from the reference viewpoint, which in this gure is atO. According to the
omnistereoscopic model, this situation determines a vegangld ; and the location of the
stereoscopic viewpoin{s,.1;rr:1). In Fig. 2.4-(b), a different poir®y is chosen, which is at
the same distance from the reference point as before bubth@ngazing direction in azimuth

2. According to the model fo€Cs, the same vergende, = ! ; is necessary, but different
stereoscopic viewpoint§ .»;rg.2) are determined by this new gazing direction. The last
example shown in Fig. 2.4-(c), corresponds to a point in tle:ns suf ciently far from the
sampling point with respect to the baseline len@th b). In this nal example, the gazing
direction for left and right viewpoints are paralll, k¢, and the vergence angle=0 .

Pw z /“ ‘\ z OR
E ~~~~~~ 6@' \‘ [T
G TS
/ 0, IR 0 IR 3
(O fv,, b/2 b2
X’ o X’ P (0}
1%
b/2 b) b/2
LW r,

(a) (b) (c)

Figure 2.4: The perpendicularity constraint betwBemd? de nes the locations of the stereo-
scopic viewing pointg . andrg: (a) and (b) illustrate the case change in the stereoscopic
viewpoints for two scenes points at the same distance fremdference point but in two dif-
ferent gazing directions in azimuth, and the example (cjvshibe case of a point in the scene
suf ciently far from the reference point.

2.3.3 Viewing circle

The reference viewpoint is de ned in this model by the midpoint between andrg, in
vector expression

r=r. l—Z)B (2.11)

re + l—Z)B: (2.12)
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The possible location of all the stereoscopic viewing pod# nes a circle centered atwhose
diameter is the stereoscopic baselmerhis circle is theviewing circleand it is depicted in
Fig. 2.3.

If the user's head has freedom of movement in 3D-space, ssidh the case of a zero-
gravity environment, a more general omnistereoscopic imgwnodel would eliminate the
restriction of having(r,;rg) on theX%%plane. In that situation, the set of all possible lo-
cations for the stereoscopic viewpoints would fall onto hespral surface with center in
and diameteb that would de ne aviewing spherenstead of aviewing circle However, for
this thesis, limiting the possible locations @f_ ;rr) to a reference plane whose normal is
the vertical axis de ned by the user's head orientation geedicular to the oor plane) is a
reasonable assumption.

The geometric constraints introduced so far reduce thessacginformation to character-
ize Cs to only a few parameters: a reference viewpoir gazing directiod =( ; ) and
a time variable. The individual gazing directions de ned f&, andCg can be calculated
from these parameters.

2.3.4 Binocular vergence

Any point Py, in the scene determinesation point. This can be seen by de ning lines
containingv, andvg. These lines intersect in &ation point coincident withP\, . The set
of all possible xation points at the same distancee nes a sphere centered atthe zero
parallax sphere. This is the spherical region depictedgn ZLG.

The xation distancev determines two dependent gazing directiins= ( ; L) and
Dr = ( Rr; r) de ned by the directions

r. Pw
=_- % . 2.1
V‘L kr|_ PW k’ ( 3)
and b
R w
= — 2.14
OR krR PW k’ ( )

as depicted in Fig. 2.3. The gazing directi@hsandDg are measured with respect to systems
of coordinates< Y Z_ andXRrY rZg, centered at, andrg, respectively, whose axes are
parallel to the axes in the global coordinate syskenz .

The trigonometric relationship between the panning anglesnd g given the vergence
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pointPyy is illustrated in Fig. 2.5-(a). The vergence angles de ned as follows
I = arctan 3 ; (2.15)
2v

wherev is the vergence distance to the scene as shown by the geome#iiion ships in
Fig. 2.5-(b). When the xation distanceis>>b,! ' 0 and | = g = . The latteris
equivalent to a stereoscopic camera with parallel optixasa

(a) (b)

Figure 2.5: Geometric relationship between the gazingctor and location of the stereo-
scopic viewpoints with respect ta (a) gazing directions, and (b) stereoscopic viewpoint
locations.

2.3.5 Left and right gazing directions

The perpendicularity constraint de ned in Section 2.3.2edmines the relationship between
D., Dr and the global gazing directidd = ( ; ). The vergence angle given in Eq. 2.15
determines the gazing directiobs andDg as follows



CHAPTER 2. VIEWING FUNCTIONS 25

hence, thd® de nesD, andDgr

De=(C & ) (2.17)

These gazing direction relationship are shown in Fig. B)5-(

2.3.6 Left and right viewing functions

The viewing function de ned in Ec. 2.7 can be used to de nefeving functions for the left
and right-eye viewpoints

Cj(uy) = (Ga(up); G 2(u)i Ga(up)) (2.18)

wheregc;,, , forj = fL;Rgandn 2 f 1; 2; 3g, are the tristimulus values de ned in Sec. 2.2, and
u; are the input vectors faC;. These input vectors are

uL =(Dyr;rist);

=( oo, (2.19)
Ur = (Dr;rr;t);

=( +1; rr;t): (2.20)

2.3.7 Omnistereoscopic viewing function

Theomnistereoscopic viewing functi@x can be derived from the general plenoptic function
P for a given color spac€ once the viewpoint in space, the baseline, the gazing drect
and vergence are de ned. The functiGy : > S R® R R! RS models the three
tristimulus values from two distinct viewpoint with horiatal parallax and can be written as a
vector quantity

Cs(us) = (€1 C2; O3 CRits CRi2s CRi3) | (2.21)

where the input parameters fGrs are
us=(;;h r;b;: (2.22)

The input parameters;, andugr can be derived fronus using the relationships given by
Eq. 2.19.
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The functionCs is de ned for 2 [0 ;360) and for 2 (0 ;180). Notice thatCs is un-
de ned in thenadir andzenithgazing directions since the omnistereoscopic viewingtionc
is unde ned at the poles.

2.4 Omnistereoscopic image acquisition

The acquisition of an omnistereoscopic image of a scengldaifor binocular human view-
ing, requires the acquisition of the functi@y. Similarly to the monoscopic case, an omnis-
tereoscopic sensor acquires the color intensity comperienthe left and right viewpoints by
integrating the tristimulus function values over a de negh@sure time ;.

The captured information in a reference viewpgaimtan be used to approximate the value
of an omnistereoscopic imades, which is de ned for a set of gazing directios, e.g.,

a = 360 in azimuth and a limited FOV . in elevation.

A possible representation bfs is as pair of panoramic imagék | ;1 r), which are the
left and right-eye views of the scene for aby and a given vergence distance. As in the
monoscopic casé, s can be mapped onto variety of surfaces and displayed by dsiegse
stereoscopic technologies.

For a giverr, the spatial sampling df 5 leads to a multidimensional array : Z? ! RS,
or equivalently to a pair of arrays : Z2! R®andlg : Z?! RS

Oncel s has been approximated by sampling @ function, stereoscopic images with
partial FOV can be rendered. This approach enables theagtteg navigation of the image-
based scene by dynamically generating pairs of left and nighgesim | andim r, respec-
tively, for each gazing directioD .

2.4.1 The acquisition problem

The sampling ofCs in order to generatke s can be done by using a variety of techniques [27].
Some methods are based on the sequential sampli@g afver a de ned  and for a given
color space&C (Fig. 2.6-(a)). Other techniques are based on the simwdtaa&cquisition of par-
tially overlapped stereoscopic snapshots of the scenatbatsed to reconstruicts according

to a given geometric model (Fig. 2.6-(b)). A few proposedteques rely on light diffrac-
tive devices to acquire the scene from two distinct viewfsoim every direction (Fig. 2.6-(c)).
The various acquisition techniques mentioned here aimadyme imagery suitable for human
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stereopsis in every gazing direction in azimuth. The li@@review on this topic is presented
in Chapter 4.

)

\

‘ \ Parabolic
mirror

Cylindrical
surface .
madeof | —
diffractive
elements

(a) (b) (c)

Figure 2.6: Alternatives for the acquisition Gk: (a) sequential acquisition, (b) acquisition of
a reduced number of stereoscopic images, and (c) method bas#ffractive lenses.

One problem that is of particular interest for this thesithiss acquisition of omnistereo-
scopic imagery of dynamic scenes. The majority of the realladvscenes are dynamic and the
acquisition of omnistereoscopic snapshots and videosrigldgm that has not been addressed
by traditional techniques to produce stereoscopic panasaand videos. An example of this
acquisition ofCs, which relies on a rotating pair of pinhole cameras to aajthe scene is
shown in Fig. 2.7.

2.5 Summary

In this chapter, | proposed a novel mathematical model ®pothnistereoscopic viewing of any
scene. This model is applicable to static and dynamic scahegll and it sets the geometric
constraints for themnidirectional viewing functiomhat represents the stereoscopic visual
information to be acquired by an omnidirectional image esengended for stereo vision.

The model uses the plenoptic function to derive a multidisr@mal array of real-valued
signals, that, when sampled by a panoramic sensor, protidesecessary information to
recreate a binocular image at any desired gazing direction.

This approach of modeling the visual information that need¢ captured to emulate
stereoscopic vision in humans has not been attempted btefong best knowledge. Hence,
this model is one of the contributions of this thesis.
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Figure 2.7: Omnistereoscopic viewing functidg and the acquisition of a partial stereoscopic
view of the scene.

In the next section, | propose a model for omnistereoscagjaiaition of the functiorCs.
This singularacquisition modetan model fouacquisition con gurations each of which is
applicable to different omnistereoscopic acquisitionhmods presented in the literature. Since
this acquisition model is constrained to the omnisterepiscdewing model presented in this
chapter, it is a useful mathematical framework to study ttobdlem ofC s acquisition and s
reconstruction in different situations.



Chapter 3
Acquisition model

The main problem in omnistereoscopic imaging, when it isndied for human viewing, is
de ning a con guration of cameras to acquire the visual etdnnidirectionally, from two
viewpoints with horizontal parallax, as de ned by the fuoatCs. The problem becomes
more constrained when the idea is to acquire dynamic scamesstereoscopically. In this
scenario, problems such as avoiding camera self-occludiepth consistency, vertical dis-
parities and producing a credible reproduction of the segpealing to the human binocular
system are some of the challenges to take into account.

The self-occlusion problem is common to all the concepra#ibns of panoramic photog-
raphy which must be considered when a single or multiple casnare used to sample the
scene omnidirectionally. If the image sampling is seq@anself-occlusion can be avoided.
However, the acquisition of dynamic scenes exacerbatesetttactions since all the infor-
mation to produce omnistereoscopic images has to be adaatirence. The parallax arising
from sampling the scene from different viewpoints is anoffreblem common in panoramic
photography. The problem gets more complicated when thelsmeous acquisition of stereo-
scopic images from different viewpoints enters into theagiqun.

One possible solution to the problem is to acquire multipdeescopic snapshots of the
scene simultaneously. In this case, the geometric contguraf the multi-sensor device must
be carefully designed to avoid self-occlusion which ocaungn one camera lies in the eld-
of-view of another. A solution is using diffractive optias ¢btain two views of the scene with
horizontal parallax, and doing so omnidirectionally.

In this chapter, | introduce a model for omnistereoscopiageacquisition to describe the
different variations of omnistereoscopic imaging teclieisjand cameras. The four variations

29
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of this model are used in the next chapter to classify andeptete cameras and techniques
suitable for omnistereoscopic imaging.

3.1 Omnistereoscopic acquisition model

The general acquisition modes composed of two pinhole cameras separated by a baseline
distanceb with respect to a global reference of coordinates in thiegedsional (3D) space as
illustrated in Fig. 3.1. This model is used to derive four eaancon gurations which can be
distinguished by the relative location of the stereoscaic of cameras with respect to the
reference center. In this thesis, we refer to these fouradpaitriations of the acquisition model
asCon gurations and we assign them numbers from one to four.

P=(X,Y,2)"

Pt
-

e=”
s
>

YL,[ g

- Z ‘ Og;
Qg

Figure 3.1: The global reference frame versus the camenaegdor the stereoscopic camera
composed by cameras.;; and g., which is oriented at; in azimuth.

Although this model consists of one pair of cameras, it cadehocomplex multiple camera
con gurations as well as a single stereoscopic camera tafed at different azimuth angles.
Also in Chapter 4, | review a large variety of acquisition eaas and methods to produce
omnistereoscopic imagery suitable for human viewing tlaahecan be described by one of
these four variations of the acquisition model.

The location and orientation of this stereoscopic camerrampaD space is restricted by the
need to capture two snapshots of the same scene from twoaiigispvith horizontal parallax.
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One constraint is that all the possible locations for this gigpinhole cameras are restricted to
the horizontaXZ -plane, which is used as the reference horizontal plane them@onstraint
is that the optical axes of the stereoscopic pair of pinhatearas are parallel and lay on the
XZ -plane. A consequence of these constraints is that thetatien (panning angle) of each
virtual stereoscopic rig is described bypiéch rotation around th& -axis. The reference point
O is used to describe the panning direction of the stereosca@piHence, the locations of the
projection centers of each camera can be described by alBanliranslation in th€Z -plane.

3.1.1 General notation

The subinde¥ (j 2 fL;Rqg) refers to the lef(L) or right (R) cameras in a stereoscopic
camera pair. The subindexrefers to one oN consecutive gazing directiom® = ( ;0)
(12f0;::;;N  1g) de ned as

i 360

P = N . (31)

It follows that y = (. Unless speci cally said, the stereoscopic rig orientatio azimuth
will be referred to ;. This direction is different of the user's gazimy, which indicates a
direction in 3D-spacé; ) with respect toXYZ .

The subindeXj; i ) indicates the camejaj 2 f L; Rg) from a stereoscopic pair of cameras
which is oriented at; in azimuth(i 2 f 0;:::;; N  1g) with respect to the global reference of
coordinates. For a complete description of the typograpbmventions used in this document,
please refer to Appendix C.1.

Each of the four con gurations presented in Fig. 3.2 can belehed by a set of single
stereoscopic rigs with different gazing directions or byrngslar stereoscopic camera sequen-
tially rotated at different; angles. All con gurations can be described by a single stsrepic
camera, after de ning the spatial location of left and rightmeras and the set of all possible
gazing directions for such a virtual stereoscopic camera.

3.1.2 Systems of coordinates

The reference frame of coordinates is referred¥@ and its spatial location location differs
for each con guration. A point in the scene is writtenRg = (Xw; Yw;Zw)", whereXy,
Yw andZy are the coordinates in this reference frame.

Each camera has its own local frame of coordinates, whicrerotkd asxX;; Y Z;; .
Similarly to the world reference of coordinates, a pointie tamera coordinates frame is
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denotedP; = (Xji;Y;i;Z;i)". The global (reference) and local (cameras) coordinatedsa
are illustrated in Fic. 3.1 forton guration 1

3.1.3 Cameras and stereoscopic rigs

Each individual camera is denoteg; , wherej 2 f L;Rgandi 2 f0;:::;;N  1g. A camera

i has a projective center, which is referred in the text usougtionO;; of its projective
center. The individual cameras are grouped in stereosoapnera pairg (i; r.i), where
i 2f0;::;; N 1gde nes its orientation angle in azimuth according to Ea &slllustrated in
Fig. 3.2 for each con guration.

The distinction between left and right does not necessenityespond to the relative spatial
location of each camera in world coordinates, but it is usaré ko distinguish each camerain a
stereoscopic pair. In order to eliminate ambiguities, ti@eras are labeled according to their
position in the reference of coordinaté¥Z when o = 0 , e.g., when the baseline vector
b is parallel toX axis. Using this convention, the camerg; is the one whose projection
centerO_; iscentered aK 0 and, conversely, the right camera, which is called, is the
one whose projection cent€rg;; is centered aK > 0. This labelling scheme is exempli ed
in Fig. 3.1.. After labelling them for,, each camera retains its left or right for allin the
acquisition sequence.

3.1.4 Location and orientation of each camera

Two planes are de ned b¥j; Z;; in a stereoscopic camera with orientatign These two
planes are coincident with tZ -plane. Hence, all projection centéds; are located on the
same reference plane.

Each camera’'s frame and its projection center are co-ldcat&eY j; -axes are parallel
to theY -axis. The optical axis of camerg; is aligned with the its correspondirfy; -axis.
Furthermore, each;; axis is perpendicular to the vector= O_;  Og;, which is de ned
by each stereoscopic camera. Consequently, the opticaladaach camera pair are parallel.
Finally, the image plane is parallel to th&' -plane and it is located &;; = f as shown in
Fig. 3.1.

The optical axes of the cameras are parallel and locatedeoXZhplane as well as their
projection center®;; . Parallel optical axes means that the vergence distan€asfes xed at
innity (! =0 ) asde nedin Section 2.3.4. The latter condition does nacifthe generality
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of model to describe the sampling©@t since the vergence can be de ned when reconstructing
| s.

The gazing directioD is de ned by the angle; in azimuth and ; = 0 , since optical
axes of all cameras are on tK& -plane.

3.1.5 Stereoscopic image pairs

A stereoscopic pair of images is denoigeh ; ;img;), whereim; andimg,; are images
respectively acquired by a stereoscopic canjera; r.), whose orientation is with respect
to the global reference.

The two-dimensional (2D) reference of coordinates in eathge is located at the sym-
metry center of each image as shown in FFig. 3.1. A coordinaitet pn each image plane is
denotedp;i = (X;i;Y;i), where the subindeg; i) has the meaning given in Section 3.1.1.
The image window is a rectangular subregion of the imagesplahose center intersects the
camera optical axig;; and whose area is de ned by its horizontal wi@i,) and its aspect

ratio (&).
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3.2 Acquisition con gurations

This simple model can describe complex multiple camera garations for simultaneous cap-
ture of the whole scene as well as sequential acquisitidmiqaes. The rst two con gura-
tions of the acquisition modektén guration 1 and 2) are limited to sequential acquisition
schemes due to self-occlusion between individual camétgprevent them from being im-
plemented using multiple sensors. The other two con goraticon guration 3and4) can
also model the simultaneous scene acquisition and they eamfilemented using multiple
sensors. The simultaneous acquisition case is of partimikrest in the context of the prob-
lem studied in this thesis.

Acquisition con guration 1

The central stereoscopic rigcon guration 1) is illustrated in Fig. 3.2-(a). This con guration
models the sampling of the scene by means of a rotating stspic camera, which captures
partial snapshots at regular angular intervals in azimtiths method has been the rst tech-
nique to create omnistereoscopic images with horizontalllgx. This camera con guration
consists of two cameras with co-planar projection centdrishvare separated by a baselme
The stereoscopic camera rotation is aroundvtkexis exclusively (pitch rotation). This con g-
uration describes acquisition methods that have beenywseld over the last decade, whether
using planar [28, 29] or line sensors [11, 30] for sequemttgluisition. This con guration also
models a widely used technique based on rotating an ofecethicamera at regular angles
wherei 2 f0;::;;N  1g andN is usually large, producing a set of overlapped stereoscopi
images of the scenz [12, 31]. Although simple in its con@@pton guration 1 cannot to be
used in a parallel acquisition con guration due to selflos@n between cameras, hence it can
only represent sequential omnistereoscopic acquisition.
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(&) con guration 1 (b) con guration 2

b
Z
re ﬁ re 0
>
X
(c) con guration 3 (d) con guration 4

Figure 3.2: Variations of the acquisition model: (a) celnstareoscopic rig, (b) lateral stereo-
scopic rig, (c) lateral-radial stereoscopic rig, and (djaeintered stereoscopic rig.
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In this document, the termparallel refers to thesimultaneouscquisition of multiple im-
ages, in contrast teequentialvhich in this context refers to the non-simultaneous adtijois
of partial FOV stereoscopic images of the scene.

Acquisition con guration 2

The lateral stereoscopic rigcon guration 2) is shown in Fig. 3.2-(b). This con guration
models the sequential acquisition of partial images of ttemne by rotating the stereoscopic
camera at regular intervals wherel 2 f 0;::;; N 1g. The main difference witbon guration
1is that the pitch rotation is de ned around the nodal poinboé of the cameras, i.e., making
the rotation axis to coincide with the projection centert teft or right camera.

In this approach, a singular view point panorama is produmethosaicking the images
acquired by the central camera, while a second image witizdratal parallax for each; is
acquired by the lateral camera [32, 33]. The lateral cansteagoscopic counterpart) describes
a circle of radius equal to the stereo basebn&imilar tocon guration 1, this con guration
cannot be used for the simultaneous acquisition of the wéatdae due to self-occlusion of the
central camera.

Acquisition con guration 3

The lateral-radial stereoscopic rigcon guration 3) is shown in Fig. 3.2-(c). This con gura-
tion models a stereoscopic camera rotated off-center,evbvee camera is radially displaced
from the rotation axis if© by a distancér .k, and the second camera is laterally displalobed
perpendicularly with respect to the directionksfk. This arrangement enables the capture of
a second snapshot of the scene with horizontal parallaxaidr sampling angle [18].

This con guration can be derived fromon guration 2 by radially displacing the stereo-
scopic camera a distan&e.k away from the central camera nodal point. This con guration
can be used to model a multiple sensor arrangement sinceelfhecslusion of the central
camera can be avoided.

Acquisition con guration 4

The off-centered stereoscopic r{gon guration 4) is a stereoscopic camera located at a radial
distancekr .k from the geometrical cent& as depicted in Fig. 3.2-(d). This con guration
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can be derived froncon guration 1 by locating the pitch axi® a distancekr .k behind the
stereoscopic camera midpoint.

This con guration models the case where multiple sterepgcuags, radially located with
respect of the pitch cent€, are used to acquire partially overlapped snapshots of bHodew
scene [34, 17, 35, 36]. In one approach, the successive sragriired by left and right
cameras can be mosaicked to create left and right eye paasrdm; 1) [37].

3.3 Coordinate transformations

The transformation to represent a pdty in each camera frame of coordinates can be de ned
as

Pi = Ri (Pw Tji); (3.2)
whereR; is the rotation matrix de ned by; andT ;; de nes the location oDj;; in the global
frame.

The rotation matrix is de ned as follows

0 ) 1
cosi O sin;

R=® 0 1 0 X; (3.3)
sin; 0O cos;

The generic notation to refer to the translation vectors are
T =(teoteates)’; (3.4)
Tri = (tr1itr2 tr2) (3.5)

wheret;y , forj 2 fL;Rgandk 2 f 1; 2; 3g, are the translation components in the global frame
of coordinates foO;; . The translation vectors for each con guration are de nedallows

Con guration 1:

T = gcos i) 0; l—2)sin i (3.6)
T
Tri = l—Z)COS i) 0; l—Z)Sin P (3.7)

whereb = kbk. This is shown in Fig. 3.3-(a).
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Con guration 2:

TLi =(0;0,0); (3.8)
Tri = (bcos i;0;bsin )": (3.9)
This is shown in Fig. 3.3-(b).
Con guration 3:
Tui = (kreksin ;0 krckcos )T ; (3.10)
Tri = (krokcos ;0 kroksin )" ; (3.11)
where ; =arctan € + ; andkrok = P kr.k2 + 2. This is shown in Fig. 3.3-(c).
Con guration 4:
Tui =(k roksin ;;0;krokcos i)' ; (3.12)
q___
where ; = ;+arctan 52 andkrok=  krck?+ 2 ? and
Tri = (kroksin ;;0;krokcos )" ; (3.13)
where ; = arctan ka i. This is shown in Fig. 3.3-(d).

Alternatively, the transformation of coordinates in =® 8an be written as,
Pj;i = Ri Pw Tj; (314)

where
Tj=Ri Tj: (3.15)

HereT; is the camera translation with respectQoof the left or right camera frame of
coordinates. By this formulatio,z = T + (b;0;0)" for all con gurations.
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3.3.1 Projecting the scene on each camera

The frame of corrdinates transformation to map a scene pgininto the frame of coordinates
of ;i is dened by Eq. 3.2. Furthermore, any poiat, in the FOV of both cameras of a
stereoscopic camera can be projected into each immageas a point with coordinates; =
(X;i ;i )- The 2D image coordinates in each image are given by thegtivgesquations

Xj;i R1;i(|:)w Tj;i )

(Xji  O)Sx = Z. = f Roi(Pu Ti) (3.16)
_ Y':i _ R2;i(|:)w T';i).
(Vi o)sy = f = f Rai(Pu T;;i 1 (3.17)

where the subindei indicated the lef(L) or right (R) image, the orientation of the stereo-
scopic camerg; in the acquisition sequence is denoted 2yf 0; ::;; N 1g (EqQ. 3.1.) R for
k 2 f 1;2; 3gis arow vectorformed by thek™ row of R;, f is the camera focal lengtts; sy)
is the pixel size in each dimension, am; 0,) is the image center in the image coordinate
frame.

It can be assumed without losing generality that= o, = 0 and the pixel size is, =
sy = 1. Hence, the general expressions for the coordinates iniesae are given by

Ryi(Pw  Tji)
Xij = == < 3.18
. Rai(Pw Tji) (3.18)
Roi(Pw Tji)
o= f == —L 3.19
Yi Rai(Pw  Tji) (3.19)

An example that illustrates the mappingR®§, into pg,; andp.; is shown in Fig. 3.1.
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Figure 3.3: The geometric relationships for each con giorat
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3.4 Summary

In this chapter, | proposed a general model for the omnisge@pic image acquisition based
on projective geometry. This geneeadquisition modetan describe a large variety of omnis-
tereoscopic strategies to acquire sample€ f This approach to model the function to be
sampled by an omnistereoscopic sensor is an original Goriton of this thesis to the research
on stereoscopic panoramas.

The next section is dedicated to a literature review of tligiesition technologies suitable
to sample the omnistereoscopic viewing functidg. The acquisition model presented in this
chapter will be used in the description of the different noelth Special focus is made on
comparing the potential and disadvantages of historidatisn to sample th€ s function in
dynamic scenarios.



Chapter 4
Review of omnistereoscopic technology

Most real-world scenarios to be rendered omnistereosathpiare intrinsically dynamic, and
hence a practical omnistereoscopic camera should faeitite reconstruction df s by sam-
pling theCs function in different gazing direction®. The reconstructed s or its sample

| s should be able to stimulate the mechanism of human binogidem, reproducing a cred-
ible and consistent perception of depth in any gazing doectA few cameras are capable of
acquiringCs in a single-snapshot. However, not all of them are suitablproduce omnis-
tereoscopic images adequate for human viewing, at leastireatly.

In 2001, Zhigang Zhu [38] presented an extensive classocedf the different technolo-
gies to create omnidirectional stereoscopic imagery. iBrags excellent survey of omnistereo-
scopic methods up to its publication date, which presentag@omical classi cation of cam-
era con gurations and methods, comparing their capaedito produce viewable stereoscopic
imagery in any azimuthal gazing direction around the viewéowever, the omnidirectional
acquisition of dynamic scenes, which is relevant for todagultimedia applications, was not
taken into account in that work.

This chapter presents an up-to-date classi cation ancerewf the different technologies
to produce omnistereoscopic renditions of real-world ssan arbitrary gazing directions.

This survey of the different technologies for omnisterepsc image acquisition has been
published in the SPIE Electronic Imaging Journal [27] iryR2013. A companion websitz [39]
for this paper is available online.

42
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4.1 Acquisition of monoscopic panoramas

There are two approaches for the acquisition of the fund@iaas de ned in Chapter 2.2.1: a

singular viewpoint (SVP) and a non-singular viewpoint (s8¥P) acquisition, a.k.a. polycen-

tric panoramic model. Any technique available to approxer@amonoscopic and omnidirec-

tional imagel from the measuring o€ can be classi ed into one of these two acquisition
alternatives.

In the SVP acquisition, for any gazing directibn= ( ; 0 ), there is a unique projection
centerO which marks a single convergence point for all incidenttligtys. This model groups
the catadioptric cameras used to acquire the whole sceng, dsr example, a single photo-
sensitive sensor array and a curved mirror. Panoramasdrbgta rotating camera around its
nodal point, or its projection center assuming a pinholeeraxmodel, also satisfy the SVP
model. These panoramas are created by acquiring planaesnadpe mosaicked, or by scan-
ning the scene column-wise, e.g., using line sensor cameturning platforms. Examples
of SVP acquisition are illustrated in Fig. 4.1-(a) and (b).

In the case of a non-SVP model, the panoramic image is retideneg a centrally symmet-
ric set ofN projection center®y (k 2 f 1;:::; N), which are not spatially collocated. Cameras
based on the non-SVP paradigm are more common than thoskdraaa SVP model because
the physical dimension of multiple camera con gurationeyants sampling the scene from a
single viewpoint. A way around this problem is using planamans to re-position the pro-
jection centers closer to each other, approximating an SRyaration. Examples non-SVP
cameras are shown in Fig. 4.1-(c) and (d).

In the context of the problem studied in this thesis, starepis panoramas are by de nition
non-SVP panoramas since the scene is imaged from two digtevepoints (left and right-eye
viewpoints) for anyD .
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4.1.1 Panoramic acquisition: cameras and methods

The omnistereoscopic technologies reviewed herein haea bkassi ed into four families
based on the strategies used for image acquisition or in theihnology. These acquisition
families are

Omnistereo based on catadioptric based cameras
Sequential techniques to produce stereoscopic panoramas
Omnistereo based on panoramic snapshots

Omnistereo based on multiple cameras

This classi cation into families is independent of the faaquisition models introduced in
Section 3.1. Nevertheless, each omnistereoscopic farafdybe modelled using a specic
variation of the acquisition modet@n gurations 1-4. The catadioptric cameras based on
vertical parallax are the only exception to this rule, sitteeacquisition models are based on
horizontal stereo.

In the following section, the pros and cons of each familysauelied individually, distin-
guishing those cameras whose characteristics are suital@dequiringCs of dynamic scenes.
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Figure 4.1: Examples of omnidirectional image acquisiti¢a) catadioptric cameras based
on parabolic or hyperbolic mirrors to produce SVP panorar(ia@srotating a camera about
its nodal point to acquire multiple perspective projecsiovith a common projection center
also produces SVP panoramas, while (c) non-SVP panoramaSecareated by rotating an
off-centered camera to acquire image patches around a giffertent than its nodal point, as
well as (d) multi-sensor cameras such as the Ladybug2 panocamera, which also produce
non-SVP panoramas.
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4.2 Catadioptric cameras

A catadioptric panoramic camera can capture a wide-ang\ EQ.,360 in azimuth and a
wide-angle range in elevation, at once by combining the disgimors (catoptric system) to

re ect the light arriving from every direction towards a ksystem (dioptric system), which
focuses the light over a planar image sensor. This techg@ngbles to measufg and to esti-
mate the panoramic imagde for a wide FOV. Since a simple sample mapping transformation
is between the sampldgd and the panoramic image, this approach favours the faserengd
of | from|

In the case of a parabolic pro le mirror, light rays emangtirom the mirror's focal point
are re ected outwards as parallel rays. Conversely, byyapglthe principle of reversibility of
the optical path, ray paths intersecting the mirror's ifioeal point are re ected parallel to the
mirror's symmetry axis. A dioptric system coaxially locdtat certain distance from the mirror
surface focuses the light over the image sensor. The pleig@nalogous to a parabolic dish
antenna, which collects electromagnetic radiation atatslf point by concentrating incident
wavefronts arriving from a source relatively far from theeama.

In Fig. 4.2, a simpli ed model of the catadioptric principie illustrated, showing how
a ray of light emanating from the scene poih, is re ected by the catoptric system and
focused by the dioptric system onto the pgint (x;y)" on the image plane. The sampled
panoramic image is an orthographic projection of the scene, which can theprbgcted
onto a canonical representation used in panoramic imageggylindrical, cubical, spherical,
among others, or to extract a partial FOV of the scene in amgction in azimuth.

In a real-world scenario, a parabolic mirror pro le re edight in quasi-parallel fashion,
affecting the quality of the orthographic projection. Iretbase of using a hyperbolic mirror
pro le, light rays directed toward a focal point (locatedgide the convex mirror's surface) are
re ected towards the other focal point of the hyperbola, vehthe dioptric system is located.

4.2.1 Catadioptric cameras: antecedents

One of the rst panoramic cameras exploiting this idea islaited to Rees [40], who proposed
in 1967 to combine a hyperbolic mirror and a TV camera to gtexan omnidirectional view
of the scene to the operator of a military armored vehiclas i#an early example of sampling
C function to produce panoramic videos.

Panoramic cameras based on the catadioptric con guratieye light is focused on a
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Figure 4.2: SVP catadioptric camera principle using pdialnairrors.

single projection point, correspond to the SVP model. Rkalg the SVP principle, a full
spherical panorama can be approximated by using two coexiatlioptric cameras back-to-
back and mosaicking the semi-hemispherical images otigm&om each camera. This idea
was proposed by Nayar [41] in 1997. At about the same time aBeBand Nayar proposed
a model for catadioptric image formation [42] from whichytencluded that only parabolic
and hyperbolic mirror pro les satisfy the SVP criterion.

Other con gurations of catadioptric cameras based on dffemirror pro les, i.e., semi-
spherical or multi-faceted pyramidal mirrors, exhibit tiple focal points, which makes them
require multiple cameras. An example of these non-SVP camdiustrated in Fig. 4.3, where
the catoptric system uses planar mirrors. These con gomatare being used in commercial
panoramic cameras to produce monoscopic panoramss (43, 44]

The camera con gurations described so far can only produmeascopic panoramas when
used as a single-snapshot camera. However, catadioptneraa can be used to produce om-
nistereoscopic images when used in clusters [14, 2, 45]c@ke of omnistereoscopic images
based on a number of monoscopic panoramas is studied imB8daii. Along with the develop-
ment of monoscopic catadioptric cameras, there has beerabbgbdevelopment of catadiop-
tric omnistereoscopic cameras. The family of the catadioptmeras for omnistereoscopic
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Figure 4.3: Catadioptric camera using planar mirrors atef hyperbolic or parabolic pro les
mirrors.

imagery is described next.

4.2.2 Omnistereo using catadioptric cameras: antecedents

The development of omnistereoscopic catadioptric canmteaagparalleled the development of
general (monoscopic) catadioptric sensors. It should beioreed that omnistereoscopic cata-
dioptric cameras were originally intended for the real tesémation of depth maps. In other
words, these omnistereoscopic approaches were not irteéngeoduce omnistereoscopic im-
agery for human viewing, but they were motivated by appiicet such as robot navigation
and 3D scene reconstruction.

One important remark is necessary here: the omnisteremscameras based on a cata-
dioptric con guration with vertical parallax presentedthns section are not modelled by any
of the acquisition models presented in Section 3.1 sincerm@stereoscopic acquisition clas-
si cation has been constrained to human-viewable omresigropic imagery, i.e., binocular
stereo with horizontal parallax.

One of the earlier examples of this technology was an SVRIzgiric camera proposed
by Southwell et al. [8] in 1996. This omnistereoscopic cetpttic camera is based on a
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coaxial, dual-lobe parabolic mirror, and its main appimatwas to generate omnidirectional
depth maps of the terrain. A depiction of this camera appedfsy. 4.4-(a).

Another con guration was proposed by Gluckman et al. [9] 89&. Their con guration
is based on using two co-axial catadioptric cameras whodeakbaseline helps to acquire
an omnistereoscopic pair of images. This camera, illustrat Fig. 4.4-(b), enables the esti-
mation of the 3D location of a scene pol{y in space, matching pairs of feature points in
the panoramic views from each camera. The larger the vebaselineb used, the better the
accuracy of depth estimation achieved. A theoretical motidie image formation in a dual
mirror, axially symmetrical, catadioptric sensor was megd by Sturzl et al. [46].

@ (b)

Figure 4.4: Omnistereoscopic catadioptric examples:h@ramera proposed by Southwell et
al. in 1996 using dual-lobe mirror, and (b) an early SVP dafattic omnistereoscopic camera
proposed by Gluckman in 1998: this con guration uses twoxa@lacatadioptric panoramic
cameras with a large vertical baseline to acquire two paniargiews of the scene with verti-
cal parallaxb, the 3D scene structure is estimated from the vertical digparising between
matched feature points in each panorama.
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The coaxial catadioptric camera has been a popular methedtitmate omnidirectional
depth over the past two decades due to its simplicity andwemeleconomy. Unfortunately,
it is not suitable to produce a satisfactory omnistereoscamdition of the scene capable to
stimulate human stereopsis. The binocular visual proce$msed on fusing two views of
the scene obtained frohorizontallydisplaced viewpoints (horizontal parallax). This camera
provides two views of the scene in every direction, but basedertical parallax. Although
the omnidirectional depth can be estimated using this m&tion, it cannot be used to produce
satisfactory horizontal stereoscopic views. For instandgen using a two-dimensional to
three-dimensional (2D-to-3D) conversion techniquesgtyes in image coming from occluded
areas need to be lled, e.g., using texture synthesis [47ip Of the problems of the vertically
coaxial method is that the visual information regardingloded areas is not acquired.

A similar omnistereoscopic camera based on the catadioptimciple was proposed by
Kawanishi et al. [10] in 1998. Their camera consists of two+4%/P catadioptric cameras in
vertical co-axial con guration as shown in Fig. 4.5-(a). deecatadioptric camera consists of
six planar mirrors, each of which re ects a partial view oétbcene over a video camera. This
con guration produces twelve video streams cove® in azimuth. Each camera in the top
of the arrangement is paired with the camera located dyéetlow, i.e., the cameras and
n°form a stereoscopic camera pair, whose vertical baselibeds illustrated in Fig. 4.5-(b).
Similarly to Gluckman's camera [9], the vertical parallaketween camera pairs enables the
panoramic estimation of the scene's depth, but does noigeadlkie means to render viewable
stereoscopic images. In a follow up of this design, Shimaairal. [48] built a working
prototype based on the Kawanishi et al. design capable ttugeopanoramic depth-maps.

Spacek [49] relaxed the non-SVP condition using two conicars, instead of pyramidal
mirrors, coaxially aligned with cameras. This con guratiovas conceived to estimate dis-
tances based on vertical disparities. The author repodrd ts in using conical mirrors over
other pro les in terms of the uniformity of the resolutionrasty. However, this type of pro le
introduces out-of-focus blurring in some regions of théographic image because the optical
focus in not uniformly located as in the case of hyperbolid parabolic mirrors.

A recent interesting development is due to researcherg &rtunhofer Heinrich Hertz In-
stitute [50], who are currently working on a prototype of anrostereoscopic high-de nition
television (HDTV) camera based on a catadioptric designnc€wed for omnistereoscopic
3DTV broadcasting, this set-up uses six stereoscopic Gamgs, each of which is associ-
ated with a planar mirror. Each mirror re ects a partial viethe scene on a camera pair,
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Figure 4.5: Omnistereoscopic camera con guration basedoaxial planar mirrors: (a) con-
guration based on Kawanishi et al. idea, and (b) virtualdtian of each camera's projection
center and vertical baselirte

for a total of twelve HDTV cameras [51, 16]. These video stieaan be mosaicked into a
full omnistereoscopic video, or into free-panning 3DTVraat) The concept of this camera is
presented in Fig. 4.6. The creators of this camera have texpdif culties when mosaicking
partially overlapping stereoscopic frames due to the lpegallax between adjacent projection
centers [52]. Part of the problem resides, similarly to o#tar-like con gurations, in the ex-
cessive parallax introduced by the stereoscopic rigs wihattecameras are laterally displaced
with respect to each other. The minimum distance to objedtsa scene for correct rendering
is affected by the large inter-camera parallax, reduciegthreoscopic usability in foreground
regions of the scene. This camera corresponds tadheisition con guration 4Section 3.2),
where six stereoscopic camera rigs, equally distributeal distance . from the geometric
centerO, capture simultaneously six, partially-overlapped,estscopic video signals of the
scene.

Peleg et al. [53] proposed a different catadioptric camenegriration capable of acquiring
horizontal binocular stereo omnidirectionally and in rig@le. This catadioptric system uses a
complex spiral lenticular lens and an optical prism to acgjgicomplete omnistereoscopic im-
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Figure 4.6: Omnistereoscopic video camera developed &rthenhofer Heinrich-Hertz Insti-
tute: (a) each planar mirror face is associated with a stemgmc pair of cameras, (b) locations
the cameras as seen re ected on the planar mirrors.

age in real time. This con guration de ects incoming liglatys as if the scene were acquired
simultaneously from multiple perspective points locatadwirtualviewing circle This cam-
era can be modeled by tlaequisition con guration 1lillustrated in Fig. 3.2-(a), where a large
number of stereoscopic image vertical stripes (centralrok of left and right images) are si-
multaneously sampled and mosaicked to create completaridftight cylindrical panoramas
in real time.

Peleg et al.'s lenticular arrangement is shown in Fig. 4)7-{hich illustrates the acqui-
sition of one eye (left or right) panoramic view. Using a Freslike diffractive system with
thousands of lenses to capture both omnistereoscopic \@emdtaneously, this idea could
in theory produce an omnistereoscopic video in real timee [Enticular arrangement can be
built around an SVP panoramic camera as shown in Fig. 4.79{tw¢ authors have proposed
using a beam splitter and the described lenticular systeanduire both viewpoints of a stereo
projection simultaneously as illustrated in Fig. 4.7-(c).

This camera could be a solution to the problem of omnistexgms image acquisition of
dynamic scenes. Furthermore, Peleg, Ben-Ezra and Pritchgvanted a patent [54] for this
camera in 2004, but no prototype has been built or licensetbyaur best knowledge. This
commercialization lag must not be taken as a proof of thedgadcy of the idea; e.g., over
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Figure 4.7: Peleg et al. proposal for a real time omniste@us camera based on a catadiop-
tric principle: (a) a Fresnel-like lenticular lens arrangent diffracts the light over a viewing
circle, (b) a catadioptric scheme with a cylindrical difftize material composed by vertical
stripes of the proposed Fresnel lens, to capture one (lefglorview) panorama, and (c) using
an optical beam splitter such as a prism and combining diifsa lenses for left and right view
in the same cylindrical surface, both (left- and right-eyiejvs can be captured simultaneously.

than 70,000 patents were granted annually in the U.S. bytineof the century and only very
few of them were commercially developed [55]. As a matteaot fa variation of the lenticular
lens, although not an omnistereoscopic application, has beensed for the production of 3D
billboards [56]. Peleg et al. proposed a geometrical motitdeir elliptic lens [57]; however,
there are still aspects of the image formation for this cantbat have not been extensively
studied. More importantly, the capabilities of such ancgitapproach to produce high-quality
omnistereoscopic imagery are open for further studies.

Itis important to remark that a cylindrical stereoscopin@ama produces a correct binoc-
ular experience only in the center of each rectangular vidvaeted from these left and right
panoramas. The peripheral image region, outside the imagercproduces a distorted binoc-
ular perception [58, 23]. Although this is a noticeable effféhe user tends to focus in a region
of interest at the center of the image, where the binoculergmtion is correct, reducing the
likelihood of uncomfortable effects that could lead to efraia. Furthermore, if a cylindrical
omnistereoscopic image created with this acquisition ottthere projected in a cylindrical
surface around the user (located at the center), a corremtiiar depth would be experienced
by looking in any direction around the user, as long as the parallax distance (eyes ver-
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gence) coincide with the distance to the cylindrical sci@@p.

Other con gurations based on catadioptric cameras haveapg in the last decade mainly
focused in the problem of omnidirectional stereo recomsion [60, 61] following the idea
of co-axial catadioptric stereo, which makes them inadexjt@ produce omnistereoscopic
imagery suitable for binocular human viewing.

4.2.3 Pros and cons of the catadioptric omnistereoscopic ceeras

The most evident advantage of an SVP catadioptric camets sgmplicity: a single camera
and dioptric system can sample the scene's visual eld, dlitazh to estimating the panoramic
depth, in a single snapshot. The SVP approach avoids stijgirioblems and imperfections
that arise by parallax between multiple projection centerson-SVP cameras. However, fo-
cusing the light uniformly on a planar image sensor afteeoting light in a non-planar mirror
is problematic. Not all the rays are parallel after re eatio a parabolic surface, nor are they
perfectly re ected towards the convex focal point in a hygeic mirror. In practice, image
blurring as a function of the radial distance from the cewnfethe image [42] is dif cult to
avoid. This problem can be reduced, although not compldiglg careful design of the catop-
tric system (mirror) and its dioptric (focusing) countempd he high resolution CCD sensors
available nowadays can help to reduce problems while piingethe acquired orthographic
projection of the scene into a canonical panoramic surf&oethermore, a catadioptric cam-
era has advantages with respect to other mirror-less sgsteterms of reducing chromatic
aberrations present in most aspheric lenses, e.g., slenges. Offsetting the advantages of
catadioptric cameras, there are still inherent problenusiing this camera to render an omnis-
tereoscopic scene for binocular viewing.

Although catadioptric omnistereoscopic con gurationsigsvertically coaxial mirrors are
undoubtedly an elegant method for acquiring omnidireciatepth maps in real time, the
camera con gurations are unable to handle occlusions instteme. A binocularly correct
stereoscopic view can be synthesized with one panoramigdmbus a dense horizontal dis-
parity information of the scene. The disparity informataam be used to generate a pixel-wise
horizontal displacement map. Applying this map to displacazontally pixels (or regions)
in the image can produce a correct illusion of depth. The ssary information to produce
this omnistereoscopic image can be acquired using an cenedstcopic catadioptric con g-
uration: a correct panorama of the scene, and an omnidiredtdepth map. Unfortunately,
the information to |l image gaps (occluded areas) cannoeclly be obtained using a camera
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con guration based on only vertical parallax. But, there atill suboptimal solutions coming

from the eld of 2D-to-3D conversion that can be applied. kwstance, pixels can be copied
from the adjacent regions of the missing areas to |l thespsgaA much better alternative
will be to simultaneously acquire a different view, e.g.,aaihontal stereoscopic pair for each
gazing direction. The parallax view information can be uged-in the occluded areas using

a texture inpainting technique [62].

A good candidate to produce directly viewable omnisterepgcimagery, capable to sat-
isfy the real time acquisition of dynamic events as well,hs bptical diffractive approach
proposed by Peleg et al. [63, 54] illustrated in Fig. 4.7. ldeer, the design and implemen-
tation of such a lenticular arrangement is challenging. i@y to Peleg's approach, there
has been at least one other recent proposal, also basedtmulkmarrays to multiplex two
horizontal binocular views of the scene, but using non-S¥R gurations [64] which will
be presented in Section 4.5. Besides the lack of comment&ast for an optical based ap-
proach, an alternative solution, based on off-the-shads and camera sensors, can provide
a satisfactory solution to the problem with reduced har@veamplexity.

Another good candidate is the panoramic 3DTV camera degdlapthe Fraunhofer Heinrich-
Hertz Institute. This omnistereoscopic camera, whichlisitated in 4.6, uses multiple off-
the-shelf high-de nition television (HDTV) cameras andrrors to produce real-time stereo-
scopic videos with broadcasting quality. The downfall détbamera is its size [51] which
makes dif cult the mosaicking of individual video strean&dditional improvement may be
achieved by using a different camera distribution to enaddgstering stereoscopic images of
scene elements closer to the camera.
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4.3 Sequential acquisition methods

A literature review of omnistereoscopic methods and comagions cannot be complete with-
out mentioning the family of sequential acquisition methott is necessary to point out that
sequential methods are intrinsically inadequate to aegiijytnamic scenes omnistereoscopi-
cally since they require the scene to be static for correadegng. However, many multiple
camera con gurations that will be presented in Section 45 loe directly traced back to par-
allelized (simultaneous acquisition) versions of segiaénmiethods presented in this section.
Therefore, these sequential techniques deserve a clader lo

The sequential acquisition of images has been widely uspbtiuce high-quality panora-
mas. The idea is simple: using a single camera, it is possillapture samples &, andCgr
functions as de ned by the omnistereoscopic viewing mod&ection 2.3.7. These sequential
sampling leads to an accurate estimation @faccordingly to the omnistereoscopic viewing
model of Cs and, after sampling, the rendering log for the chosen format of panoramic
representation.

An example of sequential sampling®©g is usingacquisition con guration 1 A number of
partially overlapped stereoscopic snapshots at discezg directions;, fori 2 0;:::; N
1g, can be used to reconstruct an approximatioh gf This camera set-up is illustrated in
Fig. 4.13.

Figure 4.8: Example of sequential acquisition.

One of the rst methods to samp{&s function at a reference viewpointas been to rotate
a stereoscopic camera rig around the midpoint between pod#k. This scheme corresponds
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to thecon guration 1(Section 3.2). A valid rendering strategy in this case isawsng ver-
tical image stripes from the center of each image pair, topaims to createl, andlr
panoramic images. The number of stereoscopic images tochgrad determines the incre-
mental panning angle and, consequently, the width of each image to be mosaickeaas
mentioned in Section 4.2.2, the stereoscopic panoramaaiect only at the center of each
view, becoming distorted outside the central region. Nio&¢ €ach camera's projection center
(nodal point) de nes aiewing circleof diameter(b= 2 r.) during the scene panning.

Alternatively, rotating the stereoscopic rig about one eaais nodal point corresponds to
the con guration 2 (Section. 3.2). Unfortunately, the latter strategy carmoimplemented
using multiple cameras for a simultaneous (parallel) eitjon.

The other sequential acquisition strategy correspondsstodn guration 4 (Section 3.2).
In this case, the scene is sampled by acquiring a sequenterebscopic snapshots, rotating
the stereoscopic rig off-center translatiqn

A modi ed version of this sequential method consist of rdglialigning the nodal point of
one of the cameras with the cen@ry which corresponds to theon guration 3 (Section 3.2).
Both sequential variants can be parallelized for simubbaseacquisition using multiple cam-
eras.

These sequential techniques, their variations, and ofkennatives are individually de-
tailed in the next section.

4.3.1 Omnistereo using sequential acquisition: anteceden

Perhaps one of the most illustrious application of omneiecopic sequential acquisition was
integrated to the Mars Path nder rover [28] in the late 1990 camera can be modelled by
thecon guration 1 presented in Section 3.2. It was designed to provide a yasfdelemetric
measurements beyond producing omnistereoscopic imagetiyally, producing stereoscopic
images suitable for human stereopsis was not the primaryajahis camera. Two cameras
were mounted on a retractable mast and were rotated aroemaidhpoint between each cam-
era's nodal point. The pair of cameras, whose resolution mwadest as is expected for an
interplanetary probe of that er&12 256, were toed in 0.03 rad, de ning a xation point
(zero parallax distance) at 2.5 meters from the rotatioriecerThe stereoscopic panoramas
produced by this camera received much attention in the néds g6, 67]. Although these
omnistereoscopic images are not impressive in terms oftyudlthe binocular stereo, they
constitute an important precedent for the marketing valuesalistic immersive imagery to
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promote a planetary mission to the layperson [68].

Other authors reported variations on the rotating stemgnsaig method that are worth
mentioning. For instance, Romain et al. [69] proposed airgalatform with two degrees
of freedom, which can rotate in azimuth and elevation to poedspherical omnistereoscopic
images. More recently, Ainsworth et al. [70] revisited thethod of a rotating stereoscopic
rig to minimize (not to eliminate as the authors statedxisiitg problems. They reported
their method to create stereoscopic panoramas [71] basetbsaicking partially overlapped
scene's images, which they tested using an off-the-shgitfadicamera (Panasonic Lumix) and
a commercial rotating platform (GigaPan EPIC Pro Robotint@uler).

In ref. [11], Ho-Chao Huang and Yi-Ping Hung proposed a itatamera to acquire
stereoscopic images of scenes, which were aligned and chesiaio render omnistereoscopic
images. Their idea, originally published in 1996, is ilhased in Fig. 4.9-(a) showing a cen-
tral camera which is rotated around its nodal point while @ed camera is rotated off-axis
providing a parallax view of the scene. Their method coroesis to thecon guration 2 (Sec-
tion 3.2), which produces non-SVP stereoscopic panoramiasie the stereo budget can be
selected by choosing the baselme= b of the rotating stereo rig.

This con guration is interesting because it helps to acgstereoscopic images where one
camera (central) is in the optimum position to minimizec$ting errors (nodal point), while
the second camera captures a second view of the scene witloftat parallax. The central
camera produces an SVP panorama while the second camera uaadto render a binocular
polycentric panorama. Because of camera self-occlusienidea is dif cult to implement
using multiple cameras, although a multi-camera con goratising planar mirrors can ap-
proximate an SVP for a central camera and acquire a horizoatallax view simultaneously.
There have not been proposals based on this catadioptigndesour best knowledge.
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Figure 4.9: Omnistereoscopic methods based on sequettdjiailsition of partially overlapped
images: (a) method proposed by Huang et al. in 1996 to genaredrrect panorama (central
camera) and accessory information to estimate a horidgmgatallax view (lateral camera),
and (b) the acquisition strategy proposed by Yamada et hichws similar to Huang's method,
is based on acquiring images to produce an SVP panoramagdceamera) and, in this case,
estimating the panoramic depth map based on a large bassm®scopic pair of images (left
and right cameras).

Using a similar approach, Yamada et al. [33, 32, 72] propdksedriple camera system
shown in Fig. 4.9-(b). Similarly to Huang et al. method, tleattal camera produces an SVP
panorama while the two satellite cameras help to estimasmargmic disparity map using a
large baseline. This sequential acquisition techniquebeaseen as a modi cation of tle®n-
guration 1, used only to estimate depth by exploiting the larger basdbi= 2 r.) between
the satellite cameras, and adding a central camera to pg@iu8VP panorama. This acquisi-
tion scheme is a hybrid betweean guration 1and2. Again, self-occlusion between cameras
makes it dif cult to parallelize Yamada's approach in a sitaneous acquisition scheme. But
a catadioptric scheme to acquire an SVP and a multi-sensenszto simultaneously acquire
a number of partially overlapped stereoscopic snapshatseo$cene is an interesting design
challenge and a suitable approach for dynamic scene omgusisopic acquisition. No camera
following the suggested approach has been proposed to suki@vledge.

A variation of the idea of rotating sensors was proposed bgnCind Clarke [73] who
devised a camera where a mirror is rotated while a singleosesegjuentially captures binoc-
ular stereoscopic images of the scene. Their idea was @tsfriom endoscopic applications
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where a single probe has to be inserted in a biological cavity an archeological site. The
principle behind the idea is similar to other proposals imigof a sequential acquisition. For
instance, carefully selecting the planar mirror and carteration, thecon guration 1can be
implemented with this technique.

Ishiguro et al. [12] proposed in 1992 a method to create aiemr@escopic imagery based on
a single rotating camera, but for robot navigation instdatuonan visualization. This method
corresponds to theon guration 1L Peleg and Ben-Enzra [31] rediscovered this method in the
late 1990's, but tailored the idea with human visualizailmmind. This method has became
one of the most popular sequential techniques to createqughty omnistereoscopic imagery
given its hardware economy and simplicity.

The principle is based on a single camera rotating aroundira pehind its projection
center, as depicted in Fig. 4.10-(a). In one complete tathe camera captures a number
of images which are used to extract lafn( ) and right (mr) columns. These two image
columns correspond to the back-projection of the imagaBoad stripes de ned by intersect-
ing the rays passing through the camera projection céntend the projection point®, and
Or. The ray tracing concept is depicted in Fig. 4.10-(b). Thedamns are then mosaicked
producing left and right-eye panoramic views. The end{tésequivalent to theon guration
1 (Section 3.2) used to acquire left and right views columsewiThere have been proposals
for omnistereoscopic cameras that can be directly tracedrallelization of a single rotating
camera [15, 74, 75].

The ubiquity of digital cameras has motivated the contirsu@search on rendering tech-
niques based on Ishiguro-Peleg's method using a singulareoitered camera. For instance,
in [76] the authors presents their approach in solving tigmaient between snapshots acquired
with a hand-held mobile camera used to manually pan the s@#seey Research has also be-
ing doing research recently in the alignment correctioreded when using Ishiguro-Peleg's
acquisition method to produce omnistereoscopic imageiy 13].

The method has the advantage of de ning a virtual basdlrre 2 r.) that can be varied
according to the stereoscopic budget desired for the sgedeamging the relative distance be-
tween left- and right-eye vertical stripes extracted frbomsuccessively acquired images [79].
Changing the distance has the effect of changing the viewinote diameter. More recently,
Wang et al. proposed an interactive method to adjust thedtgpn panoramas created using
the single off-centered rotating camera [80] based on tleeantive selection of objects in the
scene.
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Figure 4.10: Rotating method to produce omnistereoscopagery based on a single rotating
camera: (a) a single camera is rotated from a off-centeretitm, and (b) two projections
corresponding to left and right-eye projections can be dd intersecting the rays passing
through the cameras projection cen@rand the point®_ andOr de ned over a virtual
viewing circle

Examples of 3D (not stereoscopic images) created usincethieal stereoscopic rignethod
for monoscopic panoramas and omnistereoscopic imagesecasited online [81, 82]. Addi-
tionally, several patents have been granted to Peleg atradcfuiring, disparity adjusting, and
displaying stereoscopic panoramas using the single camettzod [83, 84, 85], one of which
has been licensed to HumanEyes [56], not to create omnisiawpic imagery, but to create
multi-view 3D billboards.

A different approach was proposed by Hongfei et al. [29] wihgppsed using a single
digital single-lens re ex (DSLR) camera to successivelyuce twelve images of an static
scene. Firstly, three stereoscopic image pairs (six imagedal) are acquired by placing the
camera in the positions labeléd ;iR ), fori 2 f 1; 2; 3g, as indicated in Fig. 4.11-(a). After
that, the camera is rotatedlB0 and six new stereoscopic images are successively acquired
following the pattern illustrated in Fig. 4.11-(b). Thiscagsition scheme corresponds to the
con guration 1lillustrated in Fig 3.2-(a). Although the Hongfei et al.'s thed is not suitable
for dynamic scenes acquisition, a parallelized versiorhefdame idea was already proposed
by R. G. Baker et al. [86] as a patent application in 2003.
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Figure 4.11: Method based on rotating a single camera tauapix stereoscopic images by
positioning the camera in twelve different locations andmtations: (a) rst, the stereoscopic
pairs (1L,1R),(2L,2R) and (3L,3R) are acquired one-by-atating and positioning the cam-
era to the corresponding locations, and (b) nally, the ceamg rotatedl80 around its nodal
point and the pairs (4L,4R),(5L,5R) and (6L,6R) are segaéyntacquired.

Among the panoramic sequential methods, those based og lustnsensor cameras de-
serve a particular mention. Cylindrical omnistereoscapiagery produced by this method
produce geometrically correct binocular views of the scainthe center of the image, while
the depth perception is distorted in the periphery of thegeng87]. This viewing paradigm
is valid for cylindrical panoramas projected in a cylin@diclisplay, in both monoscopic and
stereoscopic panoramas, in part because it does not haealtovih parallax ghosting while
blending images. Sequential line scanning is based on oldsgiimage columns a single
pixel wide and therefore it produces high-quality sterepscpanoramas. However, this virtue
is offset by their lengthy acquisition time, which is commntorall sequential scanning meth-
ods. The line scanning methods to acquire omnistereosaopigery can be modelled by the
con guration 1(Section 3.2).

High-quality omnistereoscopic images, in cylindricalrf@t, can be produced using line-
scanning sensors. This sequential method has been stweietthe rst decade of the 2000's [21],
partially thanks to the commercial availability of lineasming cameras [88]. As their name
indicates, these cameras acquire the scene column-wiseonistereoscopic view of the
scene can be acquired by rotating the line-scanning seffisoemter at radius. to acquire



CHAPTER 4. REVIEW OF OMNISTEREOSCOPIC TECHNOLOGY 63

column by column leftl(r ) and right () cylindrical panoramas, one at the time. The acquisi-
tion model corresponds to tleen guration lillustrated in Fig. 3.2-(a), where a line-scanning
sensor is in the position of each of the cameras for one cdmpi¢ation, acquiring succes-
sively each eye viewpoint after two complete rotations. esaglvauthors have contributed to
the understanding and modeling of omnistereoscopic inyaggng line sensors, covering the
line-scanning camera calibration [21, 89], a geometricadieh for polycentric panoramas us-
ing this acquisition strategy [20], and the omnistereogcpage acquisition [90, 30, 91, 92].
Although the literature on line sensors is extensive andyimtiul, this approach cannot be
adapted to acquire dynamic scenes.

Hybrid approaches have been proposed that use a laser radge and rotating sensors
to provide a high resolution depth mapping of the scene. Rstance, Jiang and Lu [93]
proposed a method that combines an off-center CCD cameheawéser range sensor which
together produced a monoscopic panorama and its denserdapthlheir approach is shown
in Fig. 4.12. Once again, the problem addressed was the s&aotion of a 3D scene and
not to produce binocular omnistereoscopic imagery. Bassdgequential conception, this idea
cannot be used for an omnistereoscopic 2D-to-3D convessime occlusion information is
not collected during the sequential acquisition. Similaitiations in handling occlusions arise
in a recent proposal by Barnes [94] which combines grounddhaght detection and ranging
(LIDAR) and monoscopic panoramas.

Figure 4.12: Combined camera and laser range sensor intangofdatform for sequential
acquisition: an SVP panorama plus a panoramic depth mapeabthined for static scenes
using this acquisition method.
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The rotating sensor for omnistereoscopic imagery has apged@th some variations over
the last decade [95, 87]. A good summary of methods to createstereoscopic images based
on rotating sensors was published in 2006 by Burke [96].

4.3.2 Pros and cons of the sequential acquisition

Sequential acquisition strategies are an interestingrsggroint to devise multi-camera con g-
urations for real time omnistereoscopic acquisition. Toe guration proposed by Ho-Chao
Huang and Yi-Ping Hung [11] is interesting since it presengslution to reduce the parallax-
induced errors while stitching multiple images. This metican be parallelized to simultane-
ously acquire a number of image patches and their correspgpstereoscopic counterparts in
a non-SVP scheme. The sequential method of Peleg and Bea-&sing a single off-centered
camera [31] is interesting for reducing the hardware ined\but it is dif cult to parallelize
since it would require a prohibitively large number of caageto prevent blending artifacts
while mosaicking. In that case, the mosaicked image columme to be constrained to a few
pixels wide, which implies taking hundred of snapshots. Atiple camera con guration that
attempts to take this number of simultaneous pictures isastjzal, but, as will be shown in
the Section 4.5, some multiple camera con gurations thahdoparallel acquisition have been
proposed.

The large overhead when acquiring hundreds of snapshatsttage two narrow slices is
partially compensated by line cameras which scan the sadomn-wise. Unfortunately, the
large acquisition time of line cameras limits them to coliéa static environments such as
most indoor scenarios.

However, it is possible to devise improvements in acquisispeed of omnistereoscopic
images using line sensors. For instance, using multipleaseopic line sensors, the acqui-
sition speed can be increased linearly with the number oésseopic sets. This approach
would enable the simultaneous capture of non-overlapgegrgsscopic images of the scene,
which can then be mosaicked to create a full omnistereosamgige in a fraction of time that
a single sensor can achieve. Unfortunately, a rotating casystem with such characteristics
is still commercially unavailable and, if it were, it wouldhbe suitable to acquire dynamic
scenes.
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4.4 Omnistereo based on panoramic sources

The panoramic based methods use panoramic snagsh@is2 f 1;:::;; Ng) as raw material
to synthesize omnistereoscopic images of a scene. Thisagprelies on sampling the om-
nidirectional functionC from a number of different viewpoints, (n 2 f 1;:::; Ng), which
provide a set of panoramic imagks. These panoramic images are sampled to produce the
panoramic representatiohs. An omnistereoscopic view of the scehg can be built at any
desired viewpoint based on the set of,, providing their reference viewpoin, is known.

An example illustrating the use of multiple panoramic shas to estimaté s at different
viewpoints [2] is shown in Fig. 4.13. In this example, {@ig are clusters of three panoramic
snapshots acquired in a triangular co-planar pattern. Téaod uses the three panoramic
images(l1n; 12n; 130 tO estimate an omnistereoscopic view for the center gedaoreinter of
each cluster.

Figure 4.13: Estimation of s at different viewpoints using the information acquiredrfro
multiple cylindrical panoramas.

This is a relatively new alternative resulting from the coenaial availability of panoramic
cameras during the last decade, which made capturing parmosaapshots of the scene prac-
tical.
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4.4.1 Omnistereo using panoramic sources: antecedents

The idea of using multiple stereoscopic panoramas of theeste perform a 3D mapping
of a scene has started in the late 1980's [97]. For instarsteguro et al. [12] proposed to
render a sequence of omnistereoscopic images, not for hareasng, but to estimate the
3D relationship within objects in a scene. To do this, théharg proposed using a mobile
platform (a robot) equipped with a rotating camera mountedop. The mobile unit moved
on a pre-programmed route, stopping at intervals to acauireistereoscopic images of the
scene using the single rotating sensor. Tae guration 1was used. This sequence of omnis-
tereoscopic views can be used to estimate the distance tactéssfrom the travelling path by
matching feature points between stereoscopic imagesngotdietween successive panorama
views, e.g., exploiting motion parallax between sampléss Thethod is constrained to static
scenes, the panoramas have to be coplanar, the locatioctofpp@aoramic sample has to be
precisely known, and more importantly, the accuracy of 8igreation decreases as soon as the
viewing direction approximates the direction of motion gmession (robot acquisition path).
The panoramas can be aligned by determining the cylindejegioles, or alternatively, nd-
ing the focus of expansion [34] direction using motion aseyetween panoramic frames in
the sequence (Appendix B). The method is only valid for atlhisubset of panning angles
around the perpendicular of the planned trajectory. Fumlbee, uncertainties in the stereo-
scopic baseline lead to inconsistencies in the nal depticgieed from different viewpoints.

Similarly to Ishiguro, Kang and Szeliski presented a metf88] to reconstruct the 3D
structure of a scene using multi-base stereo obtained famhamly located panoramic sam-
ples (Fig. 4.14). The idea was to use stereo matching froniplesViewpoints, whose loca-
tions were mapped, to estimate an omnidirectional depth fakgek also described a method
similar to Ishiguro's to reconstruct a 3D model of the sce®@].| These methods were con-
ceived for robot navigation and not to produce omnistergoiscrenderings for binocular hu-
man viewing.

Many techniques were speci cally conceived for the offelinavigation of image-based
stereoscopic virtual environments. For instance, Yamiaigetcal. [100] and, in a more recent
follow up, Hori et al. [101], proposed a method to generadeesiscopic images based on a
light- eld rendering of synthetic novel views using panoma video frames as sources. This
approach enables a smooth navigation of the scene, buingdatge data overhead. A key
problem with this idea is the exact position of each panocgnaime must be known a priori
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Figure 4.14: Multi-base stereo reconstruction of a scesedan information acquired from
multiple cylindrical panoramas.

to nd the best panoramic pair to render a binocular imagestieh user's virtual location and

gazing direction. In addition, it is not practically fealgilto acquire the panorama frames in
an accurate equally spaced grid to have control over theageopic baseline. To cope with
this problem, Hori et al. [45] proposed capturing a panocavideo by simultaneously using

two panoramic cameras mounted on a rig. Unfortunately,abmoach cannot provide a full

omnistereoscopic rendition of the scene, but only in dioast perpendicular to the travelling

path, and does not solve the data overhead problem.

Vanijja and Horiguchi proposed an alternative method [$&ics cally tailored for acave
automatic virtual environmer{CAVE) type of display. Their idearelies on a limited set ofif
panoramas acquired in a controlled square sampling pa#teitustrated Fig. 4.15-(a), which
were used to render four wide eld-of-view panoramic imagBsese four partial stereoscopic
views were projected on each wall of a CAVE [102] to produceamistereoscopic immer-
sive experience. The image patches extracted from eachgraa®f the cluster were arranged
according to the camera panning direction in azimuth. Trappng is illustrated in Fig. 4.15-
(b). The type of display, in this case a CAVE display, imposesdrictions in terms of the num-
ber and the spatial distribution of cylindrical panoranasise. The authors constrained the
viewable stereoscopic range to certain elevation anglesuse the distinct cylindrical projec-
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tion centers of each stereoscopic pair produced undesivaplical disparities at low and high
gazing angles in elevation. Even with these problems, tlethod offers advantages in terms
of acquisition time and depth consistency between sampé&dooints, making it suitable for

a practical stereoscopic telepresence system. Unfoglyndhis technique does not satisfy
the dynamic scene acquisition constraint since indivighasloramas still need to be acquired
sequentially. This omnistereoscopic acquisition appnazn be modelled using tlo®n gu-
ration 1 where four wide-angled0 FOV in azimuth) stereoscopic snapshots of the scene are
sequentially or simultaneously acquired for= ( ; 0), where 2 f0;90;180;270gin
azimuth to produce the image patcligs . ;img;), fori 2 f 0:::7g as indicated in Fig. 4.15.

Figure 4.15: Vanijja and Horiguchi proposed in using clustef four panoramic snapshots of
the scene, taken in a square pattern, to extract eight wigke-atereoscopic images to render
a full omnistereoscopic image: (a) the mapping of the eigiage sections from panoramas
fl1;12;13;149, and (b) the mosaicking of these sections to create a cyt@ldomnistereo-
scopic pair(l_;Ir).

An interesting antecedent of the method of Vanijja et al. lmafiound in a patent applica-
tion by Baker et al. [86] from 2003, which was granted in 200fis omnistereoscopic camera
proposal is built around four panoramic cameras in a squatterp. The camera is shown in
Fig. 4.16-(a) illustrating four panoramic cameras in a sgudistribution. The arrangement
simultaneously acquires four cylindrical panoramas thatused to compose four wide angle
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stereoscopic views of the scene as is illustrated in Figh-@o) and (c). Although this is a

multi-camera system, it is relevant to include it in thistggtsince it is a parallelization of the
sequential method proposed by Vanijja et al. three yeags[[a4]. 1t should be mentioned that
this con guration has a minimum distance to the camera whkereect stereoscopic acquisi-
tion is possible; however it has the potential to produce istareoscopic images of dynamic
scenes. Another drawback is its xed stereoscopic baselihieh limits its use to certain

scenes. This is a good candidate for the real time omnisteopac acquisition of dynamic

scenes, but no attempt has been done in formalizing theostpic image formation of this
camera.

(@) (b) (€)

Figure 4.16: The omnistereoscopic camera patented by Bakeehalf of Image Systems Inc.

proposed a parallel acquisition of a panoramic cluster phatedes Vanijja and Horiguchi's

proposal: (a) using four panoramic cameras in a squarerpattsimultaneously acquire four

overlapping cylindrical panoramic snapshots of the scéimea possible rendering strategy
using sections of each cylindrical panorama to render @sempic close-ups, and (c) and al-
ternative with a slightly larger baseline, but where thaaeg for stereoscopic rendering are
farther away form the camera.

A different approach, also based on using a cluster of ciiltatipanoramas in a controlled
pattern, has been developed as part of this thesis resegrchitjis technique was designed
to reduce the acquisition time and improve the overheadi@ficy. The idea improves upon
the method proposed by Vanijja et al. [36] by using clustdr¢hcee co-planar cylindrical
panoramic snapshots of the scene. Each cluster has anterplilsiangular pattern, where
each side length is directly related to the desired steogusdaseline. The triangular cluster
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is shown in Fig. 4.17-(a), where the projection centers ohegylindrical panorama are at the
vertices of the triangle. Once the panoramas are aligngdif3¢ possible to map and extract
stereoscopic images from pairs of panoramas within thderl@s a function of the panning
direction, similarly to Vanijja's method. A similar idea &d on panoramic triad was suggested
by Zhigang Zhu in 2001 [38]. An example of this mapping foriadrof cylindrical images
is illustrated in Fig. 4.17-(b), where each image sectiopaforamasl ;;1,;13) corresponds
to a particular camera panning direction in azimuth. Mdsag these six pairs of images
renders a full omnistereoscopic view of the scene in a foacif the time needed by sequential
methods based on acquiring an omnistereoscopic image nelise. This method can be
modeled by the&on guration 1 (Fig. 3.2-(a)), where six stereoscopic pdims . ; img. ), for

i 2f0;::;59, are sequentially acquired. This acquisition strategifustrated in Fig. 4.17.

Figure 4.17: Omnistereoscopic images using a cluster ekthanoramas: (a) three cylindri-
cal panoramasl ;;1,;13) in a co-planar, triangular pattern can be used to extracinsage
sections, and then mosaicking them using the sequencealled in (b) to create two novel
stereoscopic viewd | ; Ir).

Details about the panoramic triad method and the necessaiyramic alignment can be
found in Appendix A and B, respectively.
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4.4.2 Pros and cons of using panoramic sources

Although the sequential methods based on panoramic soareaot suitable to acquire dy-
namic scenes, some of them can be adapted to multi-sensgucations using wide angle
cameras. This is the case of clusters of panoramas wherdstaack and spatial location
between projection centers are precisely known. An exawiplleis parallelization in the ac-
quisition is the camera proposed by Baker et al. [86] using fsanoramic sources and the
sequential approach proposed by Vanijja et al. [14] usiegsime square pattern. Similar par-
allelization can be applied to the panoramic triad clus2grThe main cons of using panoramic
sources to extract wide angle stereoscopic views of theesisethe natural self occlusion be-
tween panoramas in parallel acquisition approach thasleathrge data overhead.
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4.5 Omnistereo based on multi-camera con gurations

This is an interesting approach to sam@le in dynamic scenarios since it enable the simulta-
neous acquisition of visual information for all gazing diiensD at once. The captured set of
omnistereoscopic imagésn i ;img.i), wherei 2 0;:::;;N  1g, can be used to estimate the
panoramic imagé s at the acquisition point and for any gazing directiod = ( ; ) within
the camera FOV.

An example of multi-camera acquisition &fs can be seen in Fig. 4.18. This camera
concept [19] is based on three sh-eye lenses mounted iraagtilar pattern, each of which
captures a partially overlapped aspherical eld-of-vietee scene. This acquisition con gu-
ration is similar to the triangular cluster of panoramic eaas [34] presented in Appendix B.
A rendering strategy can mdp,. andCgr samples from individual spherical images to esti-
matel s. More interestingly, since this camera capture the whad@sat once, it is suitable
for dynamic scenes. More details regarding this acquisitian guration are given at the end
of this section.

Figure 4.18: Multi-camera con guration to capture pattiabverlapped stereoscopic snap-
shots.

4.5.1 Omnistereo using multi-camera con gurations: anteedents

The earlier antecedents of using multiple cameras to coenpagide-angle stereoscopic im-
age date back to 1965, when Clay was granted a patent [37]dam&ra designed to capture
wide-angle stereoscopic images. Although this camera wasanceived to produce omnis-
tereoscopic imagery, it is one of the earliest anteceddmarmramic (in the wide angle sense)
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stereoscopic photography to our best knowledge. The dékistated in Fig. 4.19-(a) is made
of a multitude of cameras. The different optical axes cageén the direction of the object or
region-of-interest (ROI) to photograph; each camera capttne image from a different view-
point. Each camera, paired with its immediate neighborsttutes a stereoscopic pair. This
can be taken as a precursor of a parallelization ottreguration 4 presented in Section 3.2.

The downfall of this camera is that it relies on a multiplyaaif narrow angle lenses, which
creates stereoscopic pairs that can only capture stergosuagects when they are located far
from the camera. In other words, this camera acquires steopa views of scenes where
the distance from the camera is so large that human binopelaeption is just marginal.
Conversely, the foreground scene can be captured by ingil/chmeras only, hence there is
an importanblind stereoscopic region. In its original conception, this idsad off-the-shelf
Im cameras, but a similar idea has been reused to capturgptaubverlapping sections of the
image from different viewpoints using lenticular array$ront of each individual camera [54,
83, 64].

An approach for constructing a panoramic depth map usingipheicameras distributed
over an icosahedric structure (Fig. 4.19-(b)) was propdse&himada et al. [103] and by
Tanahashi et al. [104, 105]. Each face of the icosahedrosdsothree cameras, determin-
ing an arrangement @0 cameras, more speci cally0 sets of three cameras. The authors
proposed to use the stereo images from three differeniospeties per face, e.g., grouping the
three cameras in three groups of two, to create disparitysnmaghree spatial directions. The
beauty of this idea is that only one camera per face is usedngpose a spherical panorama,
while each face's estimated depth map is registered on thespherical image. The authors
of this camera con guration proposed this idea to detect @noents in every direction; how-
ever, the concept of independently creating a correct @emarand a panoramic depth map
can be exploited to create a synthetic omnistereoscopigetfi8]. The geometric distribution
of cameras makes this con guration attractive to rendarest&copic panoramas in spherical
format, unlike the majority of the omnistereoscopic aciis methods that focus on cylin-
drical topologies. The problem of acquiring sphericalepsicopic views of dynamic scenes is
still open to further research. Although this camera coeendde-angle FOV in elevation, it
can still be modeled by theon guration 4where the stereoscopic pairs are at a regular radial
distance . from the spherical symmetry center.

Firoozfam et al. presented a camera capable to produce mreuscopic images by mo-
saicking six stereoscopic snapshots of the scene [106]. alii®rs of this work proposed



CHAPTER 4. REVIEW OF OMNISTEREOSCOPIC TECHNOLOGY 74

(@) (b)

Figure 4.19: Examples of omnistereoscopic cameras basedutliple sensors: (a) in an

early patent from 1965, Clay exploited the overlapping F@&sveen cameras with slightly

different viewpoints to produce stereopsis, and (b) Sheread Tanahashi's multiple camera
con guration designed to produce omnidirectional depttpeia real time.

to add omnidirectional depth estimation capabilities teirtiprevious panoramic camera de-
sign [107]. To do so, a con guration based on six stereosc@pmera rigs in a star-like
hexagonal pattern was used. This camera corresponds tmthguration 4in Fig. 3.2-(c),
where stereoscopic rigs are located radially in six equapiaced angles. An illustration of
their camera is shown in Fig. 4.20-(a). A prototype of thenmstereoscopic camera, which
was conceived for underwater visualization, was builta2002, and even calibration of the
stereoscopic camera pairs were reported. Although thiscamas proposed for underwa-
ter robot navigation, the possibility of real time omnist@scopic visualization by a remotely
located human operator was foreseen.

Baker et al. led a patent application [17] in 2008 on an ontgrieoscopic camera using
Firoozfam et al.'s concept. More speci cally, their camavas also based on acquiring six
partially overlapped stereoscopic images, using a dtareon guration (Fig. 4.20-(a)). This
camera can be modeled using tien guration 4.
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(@) (b)

(€)

Figure 4.20: Multi-camera examples: (a) panoramic cameragaration using multiple
stereoscopic pairs in an hexagonal pattern (Baker et b).ylifferent con guration using nar-
rower FOV lenses and larger number of cameras, and (c) amatitee multi-camera con gu-
ration proposed by the authors.
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In 2012, H. Baker and Constantin led a patent applicatios] @ a different multi-camera
con guration. An example of this camera is illustrated irgF4.20-(b) for twelve cameras,
although the authors suggested using a larger number ofraamas in the cases discussed
above, the ideais to acquire partially overlapped stemgmssnapshots of the scene, which can
be mosaicked to render a cylindrical omnistereoscopic endbe authors suggested usitt
to 24 individual cameras witd5 to 30 FOV in azimuth, respectively. The distance between
projection centers of adjacent camefas.i; Li+1) and( ri; Rri+1), fori 2 f0;:::;59
can be kept smaller than in the star-like hexagonal digiohuillustrated in Fig. 4.20-(a).
However, the price to pay for this increased proximity isngsa larger number of cameras
with narrower angle lenses to prevent self-occlusion. Kangle, usin@4 cameras, the inter-
camera distance is approximat@hl5 b, whereb = 65mm for a normal interocular distance,
and can be smaller for hypo-stereo. The main attractionisfdbn guration is reducing the
parallax between adjacent cameras' projection centerflewiaintaining a larger baseline than
the con guration in Fig. 4.20-(a). However, using narronglnlenses the minimum distance
to objects in the scene is larger for stereoscopic acquisié.g., the distance where the scene
appears in both cameras FOV of a stereoscopic rig. The samgucation has appeared in
another recent patent application [108], but reducing timaler of stereoscopic pairs by using
wider angle lenses (Fig 4.20-(b)). This camera can be mediekcon guration 4.

Also using thecon guration 4, Jiajun Zhu et al. proposed in 2007 [109] using an ar-
ray of six pairs of digital single-lens re ex (DSLR) camerasthe arrangement illustrated in
Fig. 4.20-(b). Their target application was 3D scene retanson instead of producing om-
nistereoscopic imagery for human viewing. Despite its nagplication and large baseline,
this camera concept can sample g to synthesizd s in certain outdoor scenarios where
the distance between the scene an the camera is large. Thang/ due to the excessively
large baseline distandebetween projection centers.

My contribution to multi-camera con gurations [18] is ilktrated in Fig. 4.20-(c). This
camera addresses the problem of creating a monoscopicgmaaavith respect to a common
cylindrical projection cente®, and to acquire accessory information to render an omeister
scopic counterpart. The stereoscopic information follthesidea behind the approaches of
H. C. Huang et al. [11] and Yamada et al. [32], but using a redtisor con guration to satisfy
the real time omnidirectional constraint of the problem.likenthe majority of the cameras
presented in this section, this multi-sensor con guratiam be modelled by theon gura-
tion 3 (Section 3.2), which in this case models acquiring six st&repic snapshots separated
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in equal panning incremenfs = 60 ). The use of wide-angle lenses helps to reduce the
number of necessary stereoscopic pairs.

The omnistereoscopic rendering based on the images adduyrthe camera proposed in
Fig. 4.20-(c) can be done by mosaicking stereoscopic soépsh by synthesizing a stereo-
scopic view in every direction based on ttentral panorama and the horizontal disparity and
occlusion maps extracted from each stereoscopic imagecditteal panorama is always ren-
dered by mosaicking images originating from cameras (i 2 f 0:::5g). The mosaicking of
the images originating from camerag.;; produces a right-eye omnidirectional view of the
scene, but only when the radial distangeand baselindy, which in this case are equivalent
(re' b),aresmalllp 3:5cm). Thisis done to prevent excessive ghosting while mé&saic
the right-eye panorama. The mosaicking is a low complexyraach suitable for real time
acquisition and rendering. The second approach involvieg) aslarger baseline, which also
implies a larger.. This con guration helps to estimate horizontal depth mapd occlusion
maps from each stereoscopic pair. However, the parallaxdset projection centers is larger
and so are the stitching artifacts while mosaickingd@etralmonoscopic view, although there
are techniques to reduce these artifacts [18]. The secardr@g alternative has advantages
in terms of controlling the stereoscopic budget of the s@mkthe visual comfort in postpro-
cessing that make it attractive.

Tzavidas et al. [15] were one of the rstin attempting to pel&ze theacquisition method
4 using a multi-camera approach. Their idea is based on usiagga number of radially
distributed cameras, as is depicted in Fig. 4.21-(a). Thepgsed to use a minimum &f =
24 cameras to capturd snapshots of the scene. Similar to Ishiguro and Peleg's adeth
described in Section 4.3, Tzavidas et al.'s idea is basedwaating a pair of image columns
(im;;img;) from each image. The concept is illustrated in Fig. 4.10-(bhese image
columns are de ned by the back-projection of the scene frachecamera's own projection
centerO, onto two new projection cente(® ; Or), for the left- and right-eye viewpoints
with horizontal paralla. The idea is to mosaic th¢ columns ofim ; to render a cylindrical
left-eye panoramé, , and following the same procedure, mosaic fheolumns ofim g to
generate the right-eye panoraia Since each individual image column must be larger than
one pixel, noticeable artifacts appear in the panoramamafsaicking. However, the larger the
number of cameral , the narrower the image column width and the smootherl r ) would
be. On the same idea, Peer and Solina [110] estimated thhhdrayal stereoscopic panorama
of 1680pixels wide can be rendered by mosaicking image coluf@hgixels wide extracted
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from N = 120 cameras in a circular radial con guration. The latter egtiion is perhaps too
optimistic to produce good results. The large number of caméat may be necessary to
produce an acceptable omnistereoscopic image by simplgiokiisg stereoscopic is the main
drawback of this approach.

There have been different multi-camera con gurations dase distributing a multiplic-
ity of cameras on 3D surfaces as with Shimada and Tanahasb$ahedric camera. One of
them using a semi-spherical surface housifg evenly distributed cameras has been built at
theEcole Polytechnique Fédérale de Lausanne (EPFL) [1221, The hemispherical camera,
which resembles a multifacet@asect-eyeis illustrated in Fig. 4.21-(b). It was conceived to
produce polycentric spherical panoramas by mosaickingge laumber of snapshots. Further-
more, the developers of this camera propose to estimateltstr8cture of the scene using
stereo images extracted from pairs of cameras in selectedtidins. The fact that the opti-
cal axes of adjacent cameras are divergent is not an obstadeonstruct a 3D depth map,
although it poses a problem to compose stereoscopic imagésiman viewing. In a recent
development [111, 113], this camera was used to reconstieirgoscopic panoramas in cylin-
drical format. However, it is necessary an analysis of thaidimectional depth distortions
after mosaicking multiple stereoscopic images capturechoyeras pairs with divergent opti-
cal axes.
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Figure 4.21: Multi-camera con gurations: (a) the camerais guration proposed by Tazvidas
et al. in 2002, (b) the omnistereoscopic camera conceplajme at theEcole Polytechnique
Fédérale de Lausanne (EPFL), and (c) spherical con gamgiroposed by Pierce et al. in a
patent application.
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Similarly to theinsect-eyecamera, Pierce et al. proposed an omnistereoscopic camera
based on a spherical surface covered with a large numberaiwmangle cameras [114]. The
idea is to compose an omnistereoscopic image by mosaickintipie adjacent images where
one camera corresponds to the left-eye view while the imatediorizontal neighbor corre-
sponds to the right-eye view. Following this reasoning, sueset of cameras are mosaicked to
form a left-eye spherical panorama while the images ortgigdrom the immediate (horizon-
tal) neighbor are mosaicked to form the right-eye panoran@w. The fact that the adjacent
cameras taken in pairs have divergent optical axes, instepdrallel or convergent optical
axes, seems to be ignored by the authors. There is neitheroautar model of the image
formation nor rendering examples to support the authoashs.

In an attempt to reduce the number of cameras involved toysedmnistereoscopic im-
agery, Grover patented a multiple camera system using iaUdant array [64], which is based
on similar principles to Peleg's spiral lens con guratid®d]. Grover's optical approach is
based on sampling interleaved image blocks corresponditegtt and right-eye views over a
single two-dimensional (2D) planar sensor instead of aamjwertical columns corresponding
to left and right-eye views. Using high-resolution sensand a high-density lenticular array,
it would be in theory possible to de-interleave left- andhtigye views from each camera,
mosaicking a complete omnistereoscopic image. One of tha prablems with this con-
guration is the complexity of building and calibrating thenticular arrays. Another major
problem is the xed stereoscopic base-line of this cametaclvcan lead to undesirable ef-
fects in the stereoscopic composition. Furthermore, timelbar of cameras necessary given a
particular lenticular array and the problems of mosaickirese segmented stereoscopic views
have not been determined, nor has there been made availablstereoscopic imagery as
proof of concept of this device.

In a recent proposal, Weijia Fen at al. [115], a camera coegbosfour sheye lensesin a
star-like con guration has been suggested to produce demgigscopic imagery. This camera
is illustrated in Fig. 4.22 showing four cameras radiallstdbuted around a cent€r. The de-
signers of this camera propose to use the overlapping aetasén adjacent images to extract
stereoscopic views of the scene. Each image req@B8sFOV in azimuth or more, so each
of them overlaps over at lea® FOV in azimuth with the adjacent image. The authors of this
conceptual camera propose to mosaic these overlapped steves, after correcting each lens
distortion, to create a full stereoscopic spherical pamaraThis is a work in progress at the
moment of writing this chapter, hence there are still masyeés to be addressed. For instance,
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the modeling of stereoscopic views for the poles of the gpakriew has not be contemplated.
In general, a model for the 3D human binocular viewing is seagy to explain this camera
con guration as well as other con gurations reviewed hareAdditionally, the disparity dis-
tortion due to using sheye lenses when trying to maintairoasistent and continuous depth
perception in every direction has not been addressed.

Figure 4.22: Multi-camera con guration to capture pattiabverlapped stereoscopic snap-
shots.

A recent development at the Université of Montréal [156 novel example of a promising
con guration to produce real-time omnistereoscopic intgg&9]. Their omnipolarcamera
consists of three vertically oriented sh-eye lenses toduae a triad of partially overlapped
stereoscopic views of the scene, each of them with horitpatallax (Fig. 4.18). This mul-
tiple camera con guration is similar than the panoramiadrmethod [2] (Section 4.1.1). The
similarities reside in the triangular distribution of wid@gle cameras to capture simultane-
ously three partially overlapped samples of the omnidioaetl functionC at three distinct
viewpoints. But the similarities ends there. This camemdaajor advantage over previous
sequential methods [117]: the real-time acquisition ofatyic scenes. However, this acqui-
sition approach requires to de ne a proper warping strateggorrect lens distortions and a
suitable mosaicking algorithm based on an optimal cutrshtg[118].
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4.5.2 Pros and cons of multi-camera con gurations

The parallelization o€on guration 4 [15] is an interesting option, especially given the trend
in miniaturization of high-quality cameras. The reasonldeing skeptical about this approach
is simple: the narrower the images's vertical stripes usedxtract two parallax views of
scene, the better the quality of the mosaicking, but thessarg number of cameras to be able
to extract narrow image columns is too large to be practielwever, a more sophisticated
rendering approach based on light eld rendering [119] cea thhis samples &, andCg at
close but continuous gazing directiddsto approximate an artifact-free.

A radial arrangement to capture partially overlapped swrepic images using reasonably
large baselines implies a careful design of the camera gepmdultiple camera con gura-
tions using this strategy have been proposed recently B, 84 35, 18]. However promising,
there are still unsolved issues regarding the camerasllgaritfect in the rendering of inter-
mediate views between samples, e.g., stitching pannimgtihns, maintaining the disparity
continuity. Moreover, the effect of the geometric disttiba of cameras on the minimum dis-
tance to objects on the scene for a correct stereoscopiingdvas not been properly studied.

Another point to be considered when mosaicking wide-angeesscopic samples is the
distortion incurred in creating a cylindrical stereos@opanorama by mosaicking a limited
number of partially overlapped stereoscopic snapshots.



CHAPTER 4. REVIEW OF OMNISTEREOSCOPIC TECHNOLOGY 83

4.6 Summary

This chapter has presented a comprehensive review of netb@dquire the necessary visual
information from a scene to render stereoscopic omnidoeat images, most in the form of
cylindrical panoramas. The different proposals for onarsbscopic acquisition have been re-
viewed with an emphasis on their direct or indirect potdntaender stereoscopic snapshots
of dynamic scenes in any panning direction. Our review restevo separate classi cations
of the proposed methods. The rstis a classi cation intoffacquisition models according to
the different geometric con gurations used to acquireestecopic pairs in all directions. The
second is a classi cation into four families based on the eantonstruction and/or the acqui-
sition strategy. The chapter contains four main sectiovisneng proposals from the technical
and patent literature belonging to these four familiesnidiging the acquisition model cor-
responding to each proposed camera con guration and diswyishe relative strengths and
weaknesses of each family.

Single-view point catadioptric cameras are the most dtator their reduced hardware,
using a single image sensor, but the omnistereoscopiaattees based on vertical co-axial
con gurations are not suitable to produce horizontal siscepic views of the scene. The
omnistereoscopic catadioptric cameras are suitable tair@cpanoramic depth maps, but their
incapability to handle occlusions render the informatioguared by these cameras incomplete,
at least in the context of the problem investigated.

Sequential acquisition methods were reviewed becauseftbtential to be adapted for a
real time omnistereoscopic sampling of dynamic scenesoWinlg this idea, there were inter-
esting proposals of using multiple cameras to extract fedtraght-eye views in every direction
simultaneously. These methods generally underestimataumber of cameras necessary to
produce artifact free omnistereoscopic pairs. A simplel more ef cient approach is sam-
pling the scene with a limited number of partially overlagméereoscopic snapshots, which is
the concept behind multiple camera con gurations.

Before discussing the multiple camera methods, anothepapp has been presented: us-
ing multiple panoramic snapshots to render omnistereasamages. This approach has also
intrinsic problems to render omnistereoscopic views ofatgit scenes since it is based on
the sequential acquisition of panoramic snapshots. Threeigl® use stereoscopic wide-angle
views of the scene obtained from different panoramas tdeistareoscopic views in arbitrary
gazing directions. When the panoramas are acquired in arkisamwpling pattern, the con-
sistency in the perceived depth can be guaranteed. Sindglawlide-angle snapshots of
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the scene can be strategically acquired to cover all loo#lirgctions, the panoramic cluster
approach can be replaced by a set of multiple stereoscopieregpairs strategically oriented
to cover the whole scene.

Multiple camera con gurations are probably the best caatid in the context of the pro-
posed problem. There are many variants of the same ideall lofitlaem are based on the si-
multaneous acquisition of partially overlapped set ofestecopic snapshots of the scene. The
geometric distribution between cameras varies betwegnogeads, and there is no theoretical
framework to contrast them. The lack of a formal analysis aldends to the omnistereoscopic
rendering methods, which are intrinsically linked to theltiple camera geometry. Further-
more, a model representing the binocular visual eld detifrem the plenoptic function model
will be useful to contrast the different acquisition stgags and rendering results.

The conclusions of this background research in terms of titenpial of each panoramic
camera to acquire dynamic scenes omnistereoscopicallynmgrized in Table 4.1.
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Table 4.1: Comparison between different omnistereosaogithods.
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Con guration

Pros

Cons

Catadioptric

Simple hardware con guration and,In vertical coaxial con guration it

when hyperbolic and parabolic mi

rors are used, ts the SVP mode
avoiding mosaicking problems du

to multiple projection centers. |

other non-SVP con gurations, it of-focus blurring.

can acquire horizontal stereo
multiple panning directions usin

lenticular optics [63] or multiple

stereoscopic rigs [51].

r-can only capture depth based on {

nradial distortion may leads to ou

n
g

lvertical disparity map; in this mode
gt cannot handle occlusions. Lens

he

t

Sequential
acquisition

Not suitable for stereoscopic acquiTheir
Howi- make these methods unsuitable
ever, some con gurations can [

sition of dynamic events.

used in parallel acquisition con g
uration [11, 21, 13].

lengthy acquisition timé

esample dynamic scenes.

A4

Using
panoramic
sources

The idea of using wide-angle snapSequential acquisition of panor
mas make these methods unsuit-

shots of the scene at controlled |
cations can be used in a multi
camera con guration [2].

leble for sampling dynamic scen
stereoscopically and omnidirectio
ally.

Using multi-
ple sensors

A solution for the problem can b

implemented using off-the-shelftroduce artifacts in the images af

cameras in different geometric co

gurations as long as they acquirgects in stereo to a minimum dis
partially overlapped stereoscopitcance from the camera. The ¢
the wholemetric distribution of the camer

snapshots covering
scene [17, 35, 103, 64].

eParallax between cameras may

nimits their capability to render ob

determines the rendering strate(
which needs further research.

A-




Chapter 5
Disparities and rendering approaches

This chapter introduces the different rendering methods tise the visual information ac-
quired by any of the con gurations presented in Section 3:A&hough this thesis does not
focus on the rendering of omnistereoscopic imagery, theBagiof Cs is entangled with the
usage of this information to estimate the valué gf and to its sampling to produce a discrete
omnistereoscopic imade.

First, | de ne the disparity between corresponding cooatis of the same poifty, after
being projected onto imagés j; . This is important in order to de ne the limits of horizontal
disparity resolution in humans and how this limit can be eipt to determine the continuity
in the depth perceived after mosaicking stereoscopic israge

The methods to generate are presented in reverse order of feasibility and complexit
in the context of this problem, which is the rendering onmerisbscopic imagery of dynamic
scenes. The rst method is based on mosaicking a large nuofberage columns acquired
sequentially. The second rendering method is based onraagtine whole scene at once
using a reduced number of stereoscopic snapshots and efdrenation about the scene 3D
structure. The last rendering approach is based on the pagaioking of a limited number of
stereoscopic snapshots to crelafewithout the need for extra depth information of the scene.
The acquisition constraints originated in the mosaickipgraach for rendering are studied
extensively in this thesis.

An example of scene navigation based on projective tramsfions of a planar stereo-
scopic image extracted froiy is presented and the end of this chapter. Additionally, the
estimation of the number of necessary images to protiiby mosaicking is presented at the
end of this chapter along with two models for the 3D scene.

86
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5.1 Disparities

A point in the scend®\, , which is in the FOV of cameras;; , is projected ontam;; . The
coordinates of these corresponding projectionspare= ( X;:i;V;i )" . The set of coordinates
on each image plane de nescarresponding pairwhich will be referred to
Ki=(pLi:Pr;i); (5.1)

where the index denotes the; andj = fL;Rg. The vector de ned by a corresponding pair
K is denoted

di(Ki) = pri  Pu;i: (5.2)
The components af; in the horizontal and vertical dimensions are de ned asirezontal disparity

(dn;i) andvertical disparity(d,.i), respectively. The correspondent pair of projections for a
pointPy and ; is illustrated in Fig. 3.1.

5.1.1 Disparity functions in a planar stereoscopic image

The disparity can be de ned as functiods; ; dy; : R?! R, which can be de ned foK ; as
follows

Ohi (Ki) = Xri  XLis (5.3)
dvi (Ki) = Yri Vi (5.4)
A graphical depiction of the disparities is shown in Fig.-5&a).
A point Py in the FOV of a stereoscopic pair of cameras oriented de nes the corre-

sponding seK ;. Consequently, the set of &l; for a given stereoscopic imag®a ;; de nes
amotion eld [120].

5.1.2 Angular disparity

The projection ofim; onto a canvas can be a done onto a planar or warped surface. An
alternative de nition for the disparities is based on #rgular spreadbetween corresponding
pointsK ; with respect td reference viewpoint. These angles are de ned as follows

hi (Ki) =2 arctan dh”z(F ) ; (5.5)
(K =2 arctan 24 0<) (5.6)

2f
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(a) (b)

Figure 5.1: Disparities: (a) as the distance between rigtit@ft coordinates ok ; in a planar
image and (b) as the angular spread betweewith respect to the reference viewpot

The angular disparities are usually expresseahiimutes of ardarcmin) orsecond of ardarc-
sec) units. The angular disparities in the horizontadzmmuth( ;) and vertical orelevation
( v:i) directions are illustrated with an example in Fig. 5.1-(b)

The advantage of using this angular representation is toge@ consistent measure of the
disparity between corresponding points independent afiigpay. For instance, after warping
and projecting a stereoscopic image on a curved or plangliagiighe disparity between corre-
sponding points on a planar canvas will vary depending teadce fronO, but ; and ;
will remain the same. The idea is illustrated with a simplaraple in Fig. 5.2 where points
Pw andPy, , both located at the same distarmeén Z;-axis, de nes corresponding paiks;
andK ;% respectively. The horizontal disparities in the planaretscopic imagan j; must
satisfy that

dhi (Ki) = dhi (K, 9:

The projection of the same corresponding sets of points amaed canvas leads to angular
disparities

i (KD = 5 (K9

which conveys the same depth by binocular cues to the userefidre, both representations
are equivalent.
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Figure 5.2: Equivalence between disparitie&gfandK 9 on a planar and curved canvas.

5.1.3 Depth estimation

The depth of a scene eleméhy; is de ned by the distance id-axis. It can be estimated from
dn;i using the geometric constraints for the stereoscopic capesr de ned in Section 3.1.2.
For instance, the depth &%, isZ,,; for camera [ ; andZg; for camera .. The parallel
optical axes constraint maké&s; = Zg, = Z;, which can be determined by

fb

Zi(Kj)= rﬂ(K i);

(5.7)

whereZ; is the projection oP in an axis perpendicular to, on theXZ -plane, with origin
atO. Hence, the distance with respect to ¥¢Z system of coordinates is

Z(K)= Zi(Kj)cos j; (5.8)
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as illustrated in Fig. 5.3.

Figure 5.3: Depth of the scene.

The availability of(dy;; dy;i) for all K; de ned in |5 enables the de nition of an omni-
directional depth map : R? ! R, whereM (p;i) = Z(p;i) the depth of the panoramic
scene. Conversely, the availability of the scene 3D infaionaontained ifM  helps to obtain
an accurate estimation bfs based on a number of stereoscopic samples of the scene.

5.1.4 Disparity difference function

The disparity difference between any pair of correspondiets,(K »; K %), can be used
to determine how the disparity changes over one image orreopanages. Based on this
notation, whem = m = i, the comparison is between two corresponding pointsii . But,
whenn = i andm = i+1, the comparison is between corresponding sets on neigirbages
imj; andimj; .1, respectively. Note that the corresponding sets usingerctmparison of
disparities does not necessarily are from the sBigein the scene.

Thedisparity difference functionsan be de ned as follows

Eh;(n;m) (K n K n?) = dh:n (K n) dh:m (K Om); (59)
EV:(ﬂ:m)(Kﬂ;Kn?) = din(Kn)  dym (K D); (5.10)
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wheren;m 2 f 0;::;; N 1g, andh andv indicates horizontal and vertical, respectively. As
de ned, the disparity difference functions &g n:my; E:(nm) : R2 R?*! R.

The disparity difference can be also expressed as the @liiterbetween the angular dis-
parities as follows

Ah;(n;m)(K n;Kn?) = h:n(K n) h:m(K n?)a (5-11)
Aviinm) (K ﬂ;Kn?) = vn(Kn) vim (K n?): (5.12)

In the context of this thesis, there are two particular peots where the disparity difference
functions can be applied:

the difference in horizontal disparity within the same stecopic image, that is for
n=m=i,and

the difference in horizontal disparity between adjaceeatesiscopic images, when the
projections of the sam@y, inimj; is matched (aligned) with its projectionimj; .1 .

The rst case is relevant to compare the depth rendition wixendifferent points in the scene,
Pw andPy, , are projected in the same stereoscopic iniage with corresponding point sets
K andK % respectively. In this case, Eq. 5.9 and 5.10 can be densttsdiaws

Eni (Kii K9 = dni (Ki)  dg (K 9); (5.13)
Bui (KiiK ) = dyi(Ki)  dyi(K 9): (5.14)

This situation is used in Section 5.2.3 to estimate the esabhge width or the number of
necessary stereoscopic samples to be acquired based aadtieg limits of the human depth
resolution.

The second case of interest is when the same point of the $bgnes imaged by two
neighbour stereoscopic images;; andimj;.,, originating corresponding points; and
K.9 , respectively. This comparison is especially relevantwbee of the points in th&
set is mapped (aligned) with another point in #ag, set. This is part of the aligning process
to stich partially overlapped stereoscopic images, whechdtailed in Section 6.1. In this
case, the disparity difference becoméisparity error function which can be used to study
the depth continuity in mosaicked stereoscopic images. diggarity error functionan be

de ned using Eq. 5.9 and 5.10 as follows
Eniivy) KitK i1 = Oni(Ki)  disa (K Ga1); (5.15)
EV:(i:i +1) Ki;K igl = dvi(Ki) duisa(K 0i+1): (5.16)
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A graphical depiction of the disparity error functions i€pented in Fig. 5.4.

5.1.5 Depth resolution

The binocular vision system in humans is capable to resaleeselements at different depths.
Determining the limits of the human depth resolution is imant for the rendering of s,
especially when the mosaicking of stereoscopic imagewvavad.

Two scene elements whose respective depthgaa@dZ; + , have horizontal disparities
given bydy;i (K ;; ) anddy; (K J-;?), whereK ;; andK j;? are the corresponding point sets de ned
in imj; for the projections of both points in the scene. This is shawfig. 5.4. In this
scenario, there is a minimum depth differengéhat can be resolved by a human viewer using
binocular cues only.

Figure 5.4: Disparity difference.

The horizontal disparity difference is de ned by the abselualue of the horizontal dis-
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parity function as

wherek,; is de ned in Eq. 5.9. Equivalently, the horizontal dispgudifference can be de ned
as a function of the angular disparity as follows

ani = KAk (5.18)

This is valid for two points in the scene projected in the sategeoscopic imagen;; as
shown in Fig. 5.4.

In the case when the same scene is projected in two overlegipezbscopic images, the
horizontal disparity error is de ned as follows

en = KEni+1) K; (5.19)
or, in terms of the angular disparities, as follows
ap = KA i+ K (5.20)

In summary,e, is referred to horizontal disparity error between projausi of the same
point in the scen®\, onto two stereoscopic imagésn ; ;imj;+1), while e,; denotes the
horizontal disparity difference between two points in theree Pw ,Pw 9 projected onto one
stereoscopic imagen j; .

Human depth resolution

The perceptual depth resolution in the average adult papolédZ,) can be approximated
by [121]

Z?

de

where is thestereo or vergence acuity humans (de ned in Appendix D), considered here
as a dimensionless constaait,is the average interocular distance in adusraim), andZ. is
the distance from the reference system de ned on the steopascamera. The stereo acuity
in humans has been characterized as 20 arcsec by Diner ih fi®®2ever, other authors have
attributed a larger gure to this parameters, e.g., 10 ar¢$23, 124]. The stereo acuity may
even vary between subjects [125]. As a reference value,d 28arcsec as a measure for the
human stereo acuity. Note that is equivalent to the angular horizontal disparity eragr

th = (5.21)
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(Eq. 5.18) andZz, = , (Fig. 5.4). A diagram that helps to understand these passet
shown in Fig. 5.5-(a). Note that various visual cues areatqal to estimate depth, but in this
analysis only the horizontal disparity between correspanaonage elements is considered.

(@) (b)

Figure 5.5: Depth resolution scheme: (a) stereoscopid@e) camera, and (b) simpli ed
binocular vision model.

Camera depth resolution
The depth resolutiofdZ.) of a stereoscopic camera can be approximated by [126]

_ZP"

(5.22)

In Fig. 5.5-(b) is presented an illustration that helps ustdanddZ..
The goal isto havdZ,  dZy for a camera to surpass or equal the human depth resolution.
The largest threshold is de ned ldZ. = dZ;,, hence, from Eq. 5.21 and Eq. 5.22, the disparity

threshold is
_fb

de

(5.23)
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5.1.6 Practical limits of the depth resolution

The model for human depth resolution presented here is ampttto interpret a series of
physiological tests done on human subjects [121]. Thess ve=re designed to obtain mea-
sures of the horizontal disparity resolution in subjectsergfore, these tests attempt to remove
other bias that in uences the human depth resolution; orte@Mmost important ones are the
geometrical cues in the visual scene [127]. Under thesemistances, the parallel between
human binocular vision and the stereoscopic pair of pinbaleeras may not be an accurate
accurate way to obtain a threshdld

As an example, a stereoscopic camera system with the samzettat FOV as the binoc-
ular vision systemX20 or , = 60 ), a baselindb = d. and a horizontal sensor siX#,
requires a horizontal disparity resolutidmgiven by [128]

_ Wh
2 tan—2

(5.24)

The pixel width of a Nikon 800D sensor de nes a minimum angdiaparity of65arcsec,
or approximatel\8 for a20arcsec stereo acuity resolution. Hence, the achievabiedmal
resolution of a stereoscopic camera using this sensor esvitble depth acuity of the human
vision.

A good threshold foey,; is the maximum horizontal resolution of the camera, which is
suf cient to guarantee depth consistency in a practicahade [18, 2]. Hence, a threshold for
ey, in a practical scenario can be de ned as

"= s; (5.25)
wheres is a pixel width. This threshold is not only a practical compise due to the available
technology, but also has proven to be valid in a renderingasoe based on mosaicking. In
that case, it guarantees continuous disparity betweensseduite preventing visible ghosting
after mosaicking and blending.
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5.2 Omnistereoscopic rendering

The rendering methods to estimatg and to produce an omnistereoscopic imagelepend
on the information made available by the acquisition teghei The more information is made
available during the acquisition, the better the approxiomeof | s and the better the quality
of the depth illusion achieved in any gazing direction.

In this section, | present three cases of rendering baseiferett acquisition models. The
rst method is based on the exhaustive samplin@gfby sequentially acquiring stereoscopic
images of the scene. The second method relies on a limiteb&woh stereoscopic samples to
estimatd s when the depth of each scene element is available. The @midkering approach
does not require the omnidirectional depth informationiarsdbased on stitching and blending
areduced number of stereoscopic images of the scene. Tineaiagnts in terms of acquisition
constraints to use the mosaicking method are the main fddissdhesis.

The contribution of this thesis is not focused on the remapof omnistereoscopic imagery,
although suitable rendering methods are proposed baseatbraequisition technique.

5.2.1 Mosaicking a large number of narrow image columns

A traditional omnistereoscopic acquisition approach heentthe exhaustive sampling 6%

by acquiring a large number of stereoscopic samples usioigarg stereoscopic camera. This
technique has been explained in Section 4.3.1. This metbeslpartial information of images
imj; to render s when pinhole cameras are used [13]. Line sensors have beenadively
used to capture a pair of narrow image columns that are masaioto a fulll s [11, 21]. An
example to illustrate this omnistereoscopic method isereesd in Fig. 5.6.

This rendering approach conveys a correct depth illusicgheauser located at the center
of projection when s is projected in cylindrical displays. However, this bintcorrectness
is limited to the region of interest at the center of the usgdze. For instance, based on the
model forCs (Fig. 2.3.7), in any gazing directions in azimuth, the cep@nding point¥ ;
convey a horizontal angular disparity;; that can be directly translated into a degihwhen
the baseline distandematches the user's interocular distance.

Line cameras and the omnistereoscopic viewing model

When considering only narrow image columns to approxirhaté seems at rst a downfall of
the omnistereoscopic viewing function model since it doagg@present what a user with nor-
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Figure 5.6: Sequential acquisition of image columns forandsng intol s.

mal binocular vision would see when gazingdndirection. This is true whehg is the result
of mosaicking image columns obtained 