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Abstract
This thesis analyzes the problem of acquiring stereoscopicimages in all gazing directions

around a reference viewpoint in space with the purpose of creating stereoscopic panoramas

of non-static scenes. The generation of immersive stereoscopic imagery suitable to stimulate

human stereopsis requires images from two distinct viewpoints with horizontal parallax in

all gazing directions, or to be able to simulate this situation in the generated imagery. The

available techniques to produce omnistereoscopic imageryfor human viewing are not suitable

to capture dynamic scenes stereoscopically. This is a not trivial problem when considering

acquiring the entire scene at once while avoiding self-occlusion between multiple cameras.

In this thesis, the termomnidirectionalrefers to all possible gazing directions in azimuth

and a limited set of directions in elevation. The acquisition of dynamic scenesrestricts the

problem to those techniques suitable for collecting in one simultaneous exposure all the nec-

essary visual information to recreate stereoscopic imagery in arbitrary gazing directions.

The analysis of the problem starts by de�ning anomnistereoscopic viewing modelfor

the physical magnitude to be measured by a panoramic image sensor intended to produce

stereoscopic imagery for human viewing. Based on this model, a novelacquisition modelis

proposed, which is suitable to describe the omnistereoscopic techniques based on horizon-

tal stereo. From this acquisition model, an acquisition method based on multiple cameras

combined with the rendering by mosaicking of partially overlapped stereoscopic images is

identi�ed as a good candidate to produce omnistereoscopic imagery of dynamic scenes.

Experimental acquisition and rendering tests were performed for different multiple-camera

con�gurations. Furthermore, a mosaicking criterion between partially overlapped stereoscopic

images based on the continuity of the perceived depth and theprediction of the location and

magnitude of unwanted vertical disparities in the �nal stereoscopic panorama are two main

contributions of this thesis. In addition, two novel omnistereoscopic acquisition and rendering

techniques were introduced.

The main contributions to this �eld are to propose a general model for the acquisition of

omnistereoscopic imagery, to devise novel methods to produce omnistereoscopic imagery, and

more importantly, to contribute to the awareness of the problem of 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 of image-based applications in recent

years. However, the acquisition and rendering of direction-independent stereoscopic imagery,

in particular of real-time events is still a problem open to novel contributions. There are numer-

ous technologies capable to produce high-quality omnistereoscopic imagery. However, only a

few of them can create direction-independent images capable to provide the correct binocular

cues of depth to the human viewer. Furthermore, most of thesepanoramic technologies are

limited to static scenes, whereas a state-of-the-art omnistereoscopic camera should be suitable

to capture dynamic scenes as well.

The problem is how to acquire an omnistereoscopic image of a non-static scene, with re-

spect to a single reference viewpoint in space, but representing two viewpoints with horizontal

parallax in every gazing direction. This challenging constraint imposed by our binocular visual

system requires an acquisition technology capable to sample the whole visual scene at once in

order to reconstruct stereoscopic views in arbitrary directions. In this thesis, I investigate tech-

niques suitable to acquire the whole scene stereoscopically around a reference viewpoint in

space and in one simultaneous exposure.

In this thesis, the termomnidirectionaldenotes imagery that can be rendered in any direc-

tion in azimuth around a reference viewpoint in space. This imagery can have360� �eld-of-

view (FOV) in the panning (azimuth) direction and a limited FOV in elevation. A wide-angle

image or apanoramic imagecan be created from an omnidirectional image by de�ning a de-

sired FOV in azimuth and elevation around a particular virtual gazing direction in azimuth.

Additionally, a panoramic image can have a full (360� ) �eld-of-view in azimuth. In the latter

case, an omnidirectional and a panoramic image are the same.The term stereoscopic panorama

1
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will be used interchangeably with omnistereoscopic imagery in this thesis.

My analysis of the problem starts by de�ning the signal that the omnistereoscopic image

sensor needs to measure. This approach has led to anomnistereoscopic viewing modelwhich is

based on geometrical constraints imposed by our binocular visual system. Based on this model,

I derive the physical signal to be measured by an omnistereoscopic image sensor, whether in

dynamic or static scenarios.

In addition, based on the omnistereoscopic viewing model, Ipropose anacquisition model,

which is used to describe a large variety of omnistereoscopic technologies based on horizontal

stereo. By means of changing the geometric parameters of this acquisition model, I propose to

summarize the main acquisition technologies of omnistereointo four arrangements of stereo-

scopic cameras. From these four variations, two model the sequential acquisition while the

other two model the simultaneous acquisition of the whole scene. I use this model to con-

trast the available omnistereoscopic technologies in the context of their capability to acquire

dynamic scenes.

One of the contributions of my thesis is to de�ne the acquisition and rendering constraints

based on the continuity of the perceived depth, which is applicable to the rendering by mo-

saicking of partially overlapped stereoscopic images. Another important contribution is the

prediction of the location and magnitude of unwanted vertical disparities in the �nal stereo-

scopic panorama. Both results are important for rendering stereoscopic views in arbitrary

gazing directions based on mosaicking partial stereoscopic views.

I also introduce two novel omnistereoscopic acquisition and rendering techniques. The

�rst technique is based on sequentially acquiring three panoramic images in a co-planar tri-

angular pattern. The second technique is a novel multiple-camera con�guration suitable to

capture non-static scenes, which is based on the simultaneous acquisition of partially over-

lapped stereoscopic images using a novel geometric distribution of cameras. Both techniques

are supported with extensive experimental results.

In the next sections of this introductory chapter, I presentthe main problem to be addressed

and its relevance in the area of panoramic vision, followed by a discussion of the existent

solutions in the literature and the methodology used in thisthesis. At the end of this chapter, I

describe the organization of this thesis.
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1.1 The problem to be addressed

The speci�c problem to be addressed is to �nd a suitable strategy to produce direction-independent

stereoscopic imagery with horizontal parallax, from a single reference viewpoint in space. A

general omnistereoscopic system must be capable to sample the light-�eld of a scene in order

to at least approximate the trichromatic values from each eye's viewpoint and do so for ev-

ery gazing direction. Additionally, the acquisition system should be able to capture dynamic

scenarios. In summary, this thesis is going to study the problem of direction-independent ac-

quisition of stereoscopic imagery in the context of dynamicscenes.

The problem of acquiring stereoscopic snapshots of dynamicscenes depends on the strat-

egy used to sample two distinctive viewpoints, with horizontal parallax, in every gazing direc-

tion at once. Stereoscopic panoramic methods proposed in the past are partially inadequate

because they are not conceived to acquire dynamic scenes.

A good strategy is to simultaneously acquire a number of partially overlapped stereoscopic

snapshots of the scene and then mosaic1 these samples to create a stereoscopic panorama. This

approach can provide the necessary information to generateomnistereoscopic imagery and

videos in real-time. However, there are a variety of aspectsto take into account during the

design of such a camera, e.g., the number of actual cameras necessary to cover the scene om-

nidirectionally, the �eld-of-view of each lens, and the geometric speci�cation of the camera

arrangement. These design considerations will determine the best rendering strategies, and the

inherent limitations to render artifact-free stereoscopic views of near and far scene elements.

Moreover, the geometry of the multiple-camera system will affect the rendering strategy. Fi-

nally, the consistency in the binocular illusion of depth isconnected to the acquisition system

and rendering method.

There are no analyses to justify the capabilities of variousomnistereoscopic techniques to

produce omnidirectional stereoscopic imagery. Therefore, an analytical framework to compare

these cameras is needed. Such an analytical model will help to suggest rendering strategies

to cope with the horizontal disparity continuity, mosaicking quality and stitching errors, i.e.,

ghosting due to stitching and blending, undesired sources of visual discomfort such as vertical

disparities, among other problems.

Another constraint is the stereoscopic format to display the results. For instance, the ren-

dered stereoscopic image can be a complete panoramic image or interactive stereoscopic views

1Mosaic in this context the process by which a set of partiallyoverlapped images of the scene are stitched and

blended together to form an image seemingly continuous in the azimuth direction.
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of the scene at desired gazing directions. Each display scenario determines a particular model

for the stereoscopic viewing. In any case, the acquisition system should provide the informa-

tion necessary for the real-time or off-line stereoscopic rendering.

Wide-angle stereoscopic formats, i.e., cubic, cylindrical or spherical stereoscopic panora-

mas, are required in situations where the image is projectedin an immersive display. The

problem in this case is how to properly render wide-angle stereoscopic images of the scene in

order to provide consistent and undistorted binocular cuesof depth to the user.

The interactive stereoscopic navigation involves the real-time rendering of stereoscopic im-

ages corresponding to left and right eyes for each gazing direction. This scenario is more suit-

able for interactive applications such as interactive three-dimensional television (3DTV2) [1],

and image-based stereoscopic virtual environments [2]. Inboth cases, the experience is in-

dividual and supported by feedback information of the user's gazing direction, e.g., a head

mounted display equipped with an eye-tracking device.

A multiple-camera system introduces new challenges. For instance, some camera con�g-

urations are limited to render stereoscopic views only whenthe scene is far from the camera.

Paradoxically, the human binocular perception of depth uses the horizontal disparity between

elements in the foreground of the scene as seen by each eye. Infar distant scenes, these binoc-

ular cues become secondary. In those cases, other monocularcues of depth are predominant,

i.e., perspective, blurring, shading, and even colour contrast. Therefore, the use of certain

multiple-camera con�gurations for omnistereoscopic photography is marginal. More studies

are required to understand the limitations and advantages of different multi-cameras con�gu-

rations.

In this thesis, I am going to focus on suitable strategies to sample the necessary information

to produce omnistereoscopic views of dynamic scenarios. The main problem is to de�ne the

visual information necessary to sample in order to produce direction-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 that most real-world scenes are intrin-

sically dynamic and the large majority of the panoramic cameras and rendering techniques

proposed over the last decade are inadequate to capture omnistereoscopic snapshots of such

2The complete list of acronyms and abbreviations can be foundin Appendix D
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events. Recent multiple-camera proposals promise solutions for this problem, but their capa-

bilities and feasibility are not supported by a model. Hence, there is a need for an omnis-

tereoscopic camera con�guration suitable to capture real-time events (dynamic scenes) and,

moreover, there is a need for a theoretical framework to understand the pros and cons of such

cameras.

The commercial development of single-snapshot panoramic cameras has already facili-

tated the popularization of image-based virtual tours and virtual navigation applications, i.e.

Google's StreetView [3], MapJack [4] and EveryScape [5] to mention some of them. These

virtual tours require the acquisition of a large number of panoramic snapshots of the scene

to facilitate the free navigation in image-based simulations of remote world locations [6]. A

camera mounted on a mobile platform, e.g., cameras mounted on cars, bicycles, or robots, are

generally used to capture a large number of (monoscopic) panoramic snapshots. Stereoscopic

virtual tours can be made in a similar manner, provided the technology to acquire large number

of omnistereoscopic samples becomes available.

The addition of stereoscopic visualization will improve the realism of image-based simu-

lations, e.g., image-based backgrounds for stereoscopic video production, training simulations

using stereoscopic snapshots of remote locations, educational applications, stereoscopic telep-

resence, etc. The bene�ts of omnistereoscopic media can be extended to other applications

such as free-viewpoint television [7], which can use an omnistereoscopic camera to provide

interactive 3DTV to the viewer, with the additional capability to navigate the scene at will.

A further improvement will be to propose an omnistereoscopic camera that can provide the

means to adjust the rendered depth of a scene. Although the impact in multimedia systems of

this technology is evident, a panoramic camera capable to capture omnistereoscopic snapshots

has not been made commercially available yet to my best knowledge.

The virtual navigation of remote-world locations is another example that shows the need for

an omnistereoscopic technology to acquire real-time imagery. For instance, in a telepresence

system such as the one illustrated in Fig. 1.1, an omnistereoscopic camera is used to acquire a

large number of samples of a remote location, which are likely dynamic scenes. The collected

visual information can be stored for future access, or processed in real-time depending of the

application. For instance, the stereoscopic navigation ofthis virtual environment will be based

on dynamically rendering stereoscopic views in the chosen gazing directions.
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Figure 1.1: Omnistereoscopic telepresence: (A) the omnistereoscopic camera samples the

scene at a remote location, sending images to remote server (B) where they are stored for

future access by a remote user (C) who explores the virtual scene choosing the gazing direc-

tion.

1.3 Solutions in the literature

Over the last decade, problems such as robot navigation and omnidirectional 3D-scene recov-

ery originated strategies for omnistereoscopic depth map acquisition [8, 9, 10]. Although they

are attractive for their simplicity, these methods are in general inadequate to simulate human

stereopsis directly since they are based on multiple views with vertical parallax. Occlusion

handing and other problems arise when trying to adapt these techniques to create omnistereo-

scopic views of the scene.

Some technologies rely on the sequential acquisition of narrow image columns from two

viewpoints. The horizontal parallax between the viewpoints makes this method suitable to

emulate binocular visual mechanisms [11, 12, 13, 14, 2]. These techniques can produce high-

resolution omnistereoscopic imagery but only for static scenes. Although some of these con-

�gurations can be implemented with multiple cameras for simultaneous omnidirectional ac-

quisition, the number of necessary samples makes most of these approaches impractical [15].
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In more recent times, the interest in new immersive and interactive media has motivated

several proposals suitable to capture real-time omnistereoscopic imagery [16, 17, 18, 19].

Some recent proposals based on multi-camera arrangements,were conceived speci�cally to

satisfy the dynamic scene sampling constraint. These con�gurations mostly come from patents

and technical reports.

In this context, there is a lack of models to re�ect the impactof the multiple-camera ge-

ometry in problems such as the depth consistency based on binocular cues and other factors

that will affect the visual comfort such as ghosting by stitching of adjacent views and vertical

disparities. There have been attempts to model the omnidirectional acquisition, but for se-

quential acquisition only [20, 21]. A model for the omnidirectional viewing signal based on

the geometric constraints imposed by the human visual system has not been proposed in the

literature.

There have also been some attempts to model the depth distortions in stereoscopic displays

based on estimations of the binocular depth resolution in humans [22, 23]. However, these

studies were constrained to particular displays and rendering systems. A model applicable to

different acquisition con�gurations has not been proposed.

1.4 The method

The main hypothesis of my thesis is that omnistereoscopic imaging of real-time events can be

satisfactorily approximated using a limited number of partially overlapped stereoscopic snap-

shots of the scene. Given that acquisition strategy, the most attractive rendering method is

based on mosaicking the acquired samples. This can be justi�ed by the low computational

requirements of this rendering approach. But this particular acquisition and rendering combi-

nation needs to provide a satisfactory immersive experience to the user. Therefore, the omnis-

tereoscopic results have to be free of stitching artifacts and have to provide consistent binocular

cues of depth in every direction. These are the main problemsI am studying in this thesis.

My approach to study the problem is to propose �rst a model that sets the geometric con-

straints for theomnidirectional viewing functionthat represents the stereoscopic visual infor-

mation to be acquired. The development of this model starts from the plenoptic function to

propose a multidimensional array of real-valued signals, that, when sampled by a panoramic

sensor, provides the necessary information to recreate a binocular image in any desired gazing

direction.
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Based on the geometric constraints of theomnistereoscopic viewing model, I propose a gen-

eralacquisition modelapplicable to variety of sequential and simultaneous acquisition meth-

ods. This acquisition model is based on a pair of pinhole cameras with horizontal parallax

between their projection centers.

Using thisacquisition model, I compare the different omnistereoscopic technologies avail-

able in the literature. From this comparison and given the objective of acquiring real-time

events, I justify the con�gurations based on multiple cameras as one of the best candidates

for the task. Then, I propose using a rendering approach based on mosaicking since its low

complexity enables to produce real-time imagery.

In order to test the proposed acquisition and rendering approach, I discuss the development

of the complete mosaicking pipeline. Even though the rendering is not a core element of this

thesis, its implementation is necessary to produce omnistereoscopic imagery as a proof-of-

concept. Moreover, the rendering helps me to identify important issues to address for each

acquisition con�guration. Consequently, I emulated each of the four basic acquisition con�g-

urations derived from the acquisition model and I tested therendering blocks on the acquired

samples.

During the rendering experiments, I identi�ed two main aspects to model: the problem of

depth continuity after mosaicking partially-overlapped images and the modeling of the vertical

disparities that affect the visual comfort.

In order to test the usability of the mosaicking approach, I developed a method to de�ne

the required number of stereoscopic images to be mosaicked based on the limits of the human

depth resolution. My �rst approach to model the problem relies on two simpli�ed 3D-models

of the scene. In a different approach, I use the projective model derived from each variation of

theacquisition model. Based on the latter, I propose a ray-tracing method to �nd the relation-

ships between the scene depth and the optimum location of stitching in each image. I used the

consistency in the horizontal disparity between stitched stereoscopic images as the criterion to

study these relationships.

Using the acquisition model, I estimate the magnitude of undesired vertical disparities as

function of the gazing direction. This approach helped me tomodel the regions where the

vertical disparities are negligible and those where they are more severe.

Finally, two novel approaches for the omnistereoscopic acquisition and rendering are pre-

sented as part of this thesis.

A note has to be made regarding the thesis scope. The subjective evaluation of the visual
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comfort in human is beyond the scope of this thesis. Neither is part of this thesis the render-

ing algorithms and their implementation. Although the mosaicking implementation has been

instrumental to test and to produce a proof-of-concept of the acquisition con�gurations, their

optimization is beyond the scope of this thesis.

1.5 Contributions

The following list summarizes the original contributions of this thesis to �eld of stereoscopic

panoramas.

� I proposed a model for the direction-independent stereoscopic viewing of any scene,

which is applicable to static and dynamic scenes. From this model, I de�ned the physical

signal to be measured by an omnidirectional image sensor intended for human stereo-

scopic vision. This approach for modeling this omnidirectional stereoscopic signal has

not been attempted before.

� In addition, I proposed a general model for the omnistereoscopic image acquisition based

on projective geometry. This model can describe a large variety of single or multiple-

camera con�gurations and it was used to contrast the available technologies to produce

direction-independent stereoscopic imagery intended forhuman viewing. This is another

original contribution.

� Based on the acquisition model, I proposed the mosaicking ofa number of partially over-

lapped images of the scene as a suitable method to acquire andrender omnistereoscopic

imagery. Hence, I focused on the problems arising when mosaicking these partially

overlapped images. This approach has been used recently, but to my best knowledge this

is a novel attempt to identify the problems of acquiring real-time imagery. Hence, this is

one of the most important contributions of this thesis.

� Although the rendering by mosaicking partial stereoscopicsnapshots of the scene is not

part of the core of this thesis, the unsuitability of the available commercial panoramic

stitching products to produce omnistereoscopic imagery made me propose and imple-

ment a suitable rendering pipeline. This stereoscopic mosaicking technique is also novel

and therefore is one of the contributions of this thesis.
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� I identi�ed and proposed a method to obtain the acquisition system constraints necessary

to consistently render depth cues around the reference viewing point. The ray-tracing

approach I used to study this problem as well as the acquisition model in which it is

supported are both novel contributions.

� I proposed methods to estimate the number of stereoscopic images necessary to acquire

for the mosaicking based on the distance between the scene and the camera. This esti-

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

for the human depth resolution based on binocular cues. The use of the human depth

resolution to determine the usable mosaicking width has notbeen used before in this

problem to my best knowledge.

� In addition, I modeled the vertical disparity based on the general acquisition model. The

vertical disparities have been attributed as one of the mainsources of visual discomfort

in stereoscopic imagery. The approach used in the modeling of this effect is a novel

contribution.

� I proposed a novel multiple-camera approach suitable for rendering by mosaicking and

for the off-line synthesis of stereoscopic views of the scene in any gazing direction. The

stereoscopic conversion (2D-to-3D) is an ongoing research. However, its application

to dynamically create omnistereoscopic imagery is a new approach. Furthermore, the

acquisition con�guration I propose for this purpose is alsonovel.

� Also, I proposed a novel sequential acquisition method based on clusters of three panora-

mas that improves similar sequential acquisition approaches (Appendix A). This ap-

proach has been presented before for four cameras in a squarecluster. The cluster I

proposed reduces the number of necessary panoramas to threeand it has not been pro-

posed before to my best knowledge.

� Finally, I proposed an uncalibrated method to align pairs ofpanoramas (Appendix B).

Other methods have been proposed to align panoramas in different formats to arbitrary

directions in the scene. All these methods are based on assuming a pinhole camera and

estimating from it the calibrations parameters to obtain a fundamental matrix and de�n-

ing a homography between panoramas. The method I proposed isdifferent because it is

based on identifying the unique directions offocal expansionandcontractionin a dense

disparity map de�ned between panoramas. The obtained direction in azimuth is unique
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and it enables to identify the regions usable for stereoscopic mosaicking in any pair of

panoramas with coplanar projection centers and parallel vertical axes. This technique

does not assume any camera model and it is uncalibrated. To mybest knowledge, this

panorama alignment method is another novel contribution ofthis thesis.

1.6 Thesis organization

A rationale of this thesis organization that has motivated the order of appearance and contents

of each chapter is provided next.

Chapter 2: Viewing functions

In this chapter, I �rst present the derivation of theomnidirectional viewing model(C) that rep-

resent the multidimensional signal to be measured from a panoramic sensor located in a refer-

ence viewpoint in 3D-space. After that, I extend this model to the de�ne theomnistereoscopic

viewing model(CS) which encompasses all the constraints necessary to de�ne the signal to be

measured by an omnistereoscopic sensor. I called this multidimensional real-valued signal the

omnistereoscopic viewing function.

Chapter 3: Acquisition model

In this chapter, I use the model forCS to propose ageneral acquisition model. This model is

based on a pair of pinhole cameras with parallel optical axesand co-planar projective centers.

The majority of the omnistereoscopic cameras can be modeledby changing the relative spatial

location of the two pinhole cameras on the reference plane where they are located. The four

different spatial variations of the general acquisition model are denoted ascon�gurations. Fi-

nally, I detail the transformations between coordinate systems in the stereoscopic pair as well

as the general notation used through this thesis.

Chapter 4: Review of the omnistereoscopic technology

In this chapter, I present a review of the different technologies capable to produce omnistereo-

scopic imagery based on theacquisition modelintroduced in the previous chapter. In order to

classify and compare the different technologies, I de�ne four families based on the strategies
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used to acquire the necessary information to produce omnistereoscopic imagery. These fami-

lies are: catadioptric cameras, sequential methods, methods based on panoramic images, and

multiple cameras systems. I evaluate each of the four families in terms of their capabilities

to acquire and produce omnistereoscopic imagery of dynamicscenes. From this comparison,

I chose the multiple cameras approach as the best candidate in the context of the proposed

problem.

Chapter 5: Disparities and rendering approaches

In this chapter, I formally introduce the corresponding coordinate points and their disparities

in a stereoscopic image. Moreover, I derive the depth resolution limits based on the human

binocular vision system. From this analysis, I propose valid thresholds for the horizontal dis-

parity based on the resolution limits of the human binocularsystem. In addition, I discuss three

related but different rendering approaches in decreasing order of complexity. From this com-

parison, I conclude that the mosaicking approach has advantages for the rendering of real-time

omnistereoscopic imagery using the images acquired by a multiple-camera system. Finally,

as a �rst approximation to calculate the number of stereoscopic images, I apply the proposed

thresholds for human depth resolution obtained at the beginning of this chapter.

Chapter 6: Mosaicking of stereoscopic images

In this chapter, I present the mathematical models used for the alignment of left and right image

sequences. In addition, I introduce formal de�nitions for the set of correspondence image

coordinates in the overlapping area between consecutive image samples. Finally, I discuss the

need for the stereoscopic registration and the approaches used for image stitching and blending.

Chapter 7: Experimental acquisition and rendering

I present in this chapter the result of the acquisition experiments based on the variations of the

general acquisition model introduced in Chapter 2. In orderto produce stereoscopic panora-

mas with the acquired image samples, I detail the implementation of the complete rendering

pipeline based on mosaicking. At the end of this chapter, I present 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, I de�ne thestereoscopicand omnistereoscopic�eld-of-view. In addition, I

present the mathematical formulation and a ray-tracing approach to calculate the minimum

distance between the camera and the scene based on the horizontal disparity continuity in all

gazing directions. In order to do this, I use the projection on the scene on each camera, which

is based on the generalacquisition model, combined with the threshold for the resolvable

horizontal disparity proposed in Chapter 5. Finally, I derive a 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 of the different acquisition con�gura-

tions. In order to do this, I emulated the different acquisition con�gurations based on the

parameters of three different off-the-shelf cameras and lenses. Actually, I used one of these

cameras and lens combination in the experiments presented in Chapter 7. This comparison is

based on the ray-tracing method discussed in Chapter 8 to estimate the optimal location of the

stitching position based on distance between the camera andthe scene. Finally, I present an

analysis of the magnitude and value of the expected verticaldisparities.

Chapter 10: Conclusions

In this concluding chapter, I discuss the results presentedin this thesis as well as the aspects

that require further investigation.

Appendix A: Experimental acquisition based on panoramic clusters

In this appendix of my thesis, I present the sequential method based on three panoramas in a

triangular-shaped acquisition pattern. This was a initialresearch on omnistereoscopic image

acquisition that I did to test the mosaicking of wide-angle stereoscopic snapshots extracted

from panoramic images in a controlled pattern. This work is avalid contribution to research

on omnistereoscopic imagery, but it is not suitable to capture dynamic scenes. Therefore, I

decided to present it as an appendix of the main thesis.



CHAPTER 1. INTRODUCTION 14

Appendix B: Alignment of panoramas for best stereoscopic usability

This appendix contains the development of the panoramic alignment used in the Appendix A.

The alignment method I present here is one of the novel contributions of this thesis, but since

it was developed for the panoramic triad method, I decided topresent it as an appendix.

Appendix C: Displaying stereoscopic images

This appendix contains clari�cations of the industry de�nitions for the rendering of stereo-

scopic imagery. These de�nitions have been originated in the 3D-movie industry and nowa-

days have widespread usage.

Appendix D: Acronyms and Abbreviations

This appendix contains an explanation of the typographic convention used in this thesis and a

summary of the acronyms and abbreviations.



Chapter 2

Viewing functions

In order to analyze and compare different omnistereoscopicacquisition techniques, �rst it is

necessary to de�ne the physical magnitude to be sampled by the omnidirectional sensor, which

must be de�ned as a signal function. In order to de�ne this function, I am going to model the

signal that contains the necessary information to reconstruct an omnistereoscopic view of the

scene. The sampling of this signal is the �rst step towards producing stereoscopic images

capable to stimulate the human binocular vision system for all gazing directions around a

reference viewpoint.

In this chapter, I am going to derive theomnidirectional viewing functionto be sampled

by an omnistereoscopic sensor starting from the plenoptic model. The omnidirectional view-

ing function can be used to produce a monoscopic panoramic view of the scene. Using this

function, I am going to extend the model to de�ne anomnistereoscopic viewing functionto de-

scribe the color components of the light to be measured from two viewpoints with horizontal

parallax, for any gazing direction around a reference pointin 3D-space.

This is a novel approach to describe the problem of omnistereoscopic image acquisition

which is one of the contributions of this thesis.

The omnistereoscopic viewing function will help to de�ne inthe next chapter a general

acquisition model that encompasses the geometric constraints for human binocular viewing of

the scene.

15



CHAPTER 2. VIEWING FUNCTIONS 16

2.1 The plenoptic model

The plenoptic functionP 1 models the light arriving at any viewpoint in 3D-space from any

direction [24]. The plenoptic function is de�ned as

P (�; �; �; r ; t); (2.1)

wherer is a the viewpoint location with respect toXYZ in R3, � (azimuth) and� (elevation)

angles de�ne thegazing directionD (D 2 S2), whereS2 is the unit sphere (S2 = f r 2

R3 : krk = 1g), � is the light wavelength(� 2 R) andt is the instant(t 2 R). As de�ned,

P : S2 � R3 � R � R ! R models the directionalpower spectral densityof light arriving at

any point in space.

Figure 2.1: The plenoptic functionP models the power spectrum of light arriving at a singular

viewpoint in 3D-space from the directionD .

A graphical interpretation of the plenoptic model is illustrated in Fig. 2.1. The gazing di-

rectionD is measured with respect to the viewpoint point located atr . This implies measuring

D using a reference of coordinatesX 0Y 0Z0 centered atr with respect to a global reference

frameXYZ , where the frame of coordinates transformation is a pure translationT = r . The

unit vectorv̂ , as shown in Fig. 2.1, indicates the gazing direction with respect toX 0Y 0Z0.

1The typographic conventions used in this thesis are explained in Appendix D
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The multi-dimensionality characteristic of the plenopticfunction is lost when sampled by a

regular photographic camera, unlessP is captured by an image sensor speci�cally designed to

prevent that dimensionality reduction [25]. As a matter of fact, this dimensionality reduction

is part of the derivation of the omnistereoscopic viewing function as is shown next.

2.2 The viewing function

The �rst step towards de�ning the signal to be measured by an omnidirectional sensor is to

de�ne the set of signals to be measured in a given color space.Even though the color space is

speci�c to the sensor device used, this approach leads to a general expression of a measurable

signal which is applicable to all kinds of image sensor, whether omnidirectional or not.

A given color spaceC is de�ned by a set of color matching functions� n (� ), wheren 2

f 1; 2; 3g [26]. For this analysis, I use a trichromatic color space without loss of generality. The

functionscn represent the measurable color information in the sensor sensitivity range, from

� min to � max , which can be obtained fromP as follows

cn(�; �; r ; t) =
Z � max

� min

P (�; �; �; r ; t) � � n (� ) d�; (2.2)

wherecn : S2 � R3 � R ! R, for then th chromatic component (n 2 f 1; 2; 3g), are functions

of r , the gazing directionD (�; � ) and timet.

A trichromatic color basis represents the typical color vision in the human population.

However, this biological parallel is not related to the obtention of these tristimulus functions

cn . The color spaceC used is strictly dependent on the image sensor technology.

The result of removing the wavelength dependency ofP are the tristimulus functions of the

arriving light. Light sensor devices such as digital cameras measure these tristimulus functions

over an exposure time� t . For instance, this is done by accumulating voltage proportional to

the light intensity in each color component over a given� t in a charged-coupled device (CCD)

sensor array. Spatial multiplexing is normally used to sample simultaneously each chromatic

component of the image. This is done by using color �lter arrays (CFA) such as the widely

used Bayer �lter and other well known spatial multiplexing techniques.
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2.2.1 Omnidirectional viewing function

Theomnidirectional viewing functionC models the signal to be measured by any omnidirec-

tional image sensor. This function can be de�ned as an array of tristimulus functions

C(u) = ( c1(u); c2(u); c3(u))T ; (2.3)

whereu = ( �; �; r ; t).

An ideal omnidirectional image sensor located atr integrates the three components of

C over a given exposure time� t , obtaining a snapshot or video frame of the time-varying

sequence. The vector function obtained by the sensor is de�ned as follows

I (�; �; r ) =
Z

� t

C(�; �; r ; t) dt; (2.4)

= ( I 1; I 2; I 3)T ; (2.5)

whereI n is de�ned as follows

I n (�; �; r ) =
Z

� t

cn (�; �; r ; t) dt; (2.6)

wheren 2 f 1; 2; 3g. Each functionI n corresponds to the intensity of light of the chromatic

componentn at r as a function of the gazing directionD . Therefore, the function arrayI :

S2 � R3 ! R3 is a panoramic image of the scene that satis�es the constraints of monocular

vision.

2.2.2 Panoramic acquisition example

A digital panoramic camera measuresC to reconstruct a panoramic imageI which can be

mapped onto variety of convex surfaces. For example, a cylindrical representation covers360�

in azimuth and a partial FOV in elevation. Alternatively, itcan be mapped onto any curved

surfaces topologically equivalent to a cylinder.

Alternatively, a partial FOV of the scene can be mapped onto aplanar screen, allowing

the user to changeD while exploring the scene relative to a viewpoint located atr . This is

illustrated in Fig. 2.2 whereC is measured for the viewpointr by integratingcn over� t . The

acquisition is limited to a range of azimuth and elevation angles around the gazing directionD .

The sampling of this section of the spherical space around the viewpoint produces a discrete

multidimensional arrayI : Z2 ! R3.
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Figure 2.2: Acquisition of the omnidirectional imageI from the viewpointr : the discrete

imageI represent a partial FOV of the scene in a gazing directionD .

The advent of panoramic photography in recent years has enabled the measurement of

C. However, the available acquisition techniques for omnidirectional imagery enable only to

generate approximations ofI with different degrees of distortion. Many panoramic techniques

are based on acquiring multiple images obtained from close but distinct viewpoints instead of

a singular viewpoint. Other approaches such as catadioptric based systems acquire the scene

omnidirectionally from a singular viewpoint, but at the price of introducing distortions onI .

The omnidirectional viewing functionC, although valid only to model the acquisition of

omnidirectional monoscopic imagery, can be used to proposea model for the omnistereoscopic

viewing function, which is the goal of this chapter.

2.3 Omnistereoscopic viewing function

The omnistereoscopic viewing functionCS models the visual information to be acquired to

reconstruct an omnidirectional stereoscopic image of the sceneI S. As a difference withI ,
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which can be used to render monoscopic images in anyD , I S must provide the user with

binocular visual cues in any gazing direction around the acquisition point.

The functionCS can be de�ned as an arrangement of a pair of omnidirectional viewing

functions,CL andCR de�ned at two viewpoints in 3D-space. These viewpoints havehorizon-

tal parallax with respect to a reference viewpointr . In this model, the location of the left(L)

and right(R) viewpoints are denotedr L andr R , respectively. Although the subindexesf L; Rg

respectively refer to the left and right viewpoints, this classi�cation depends on the location

of the viewer with respect to the camera coordinate frame. The omnistereoscopic viewing

function can be de�ned as

CS = ( CL (uL ); CR (uR ))T ; (2.7)

whereCL and CR are omnidirectional viewing functions,uL = ( � L ; � L ; r L ; t) and uR =

(� R; � R ; r R ; t) are the input parameters for left and right omnidirectionalviewing functions,

respectively. A depiction of the omnistereoscopic viewingmodel is presented in Fig. 2.3.

2.3.1 Gazing vector

Thegazing vectorv that connects the scene pointPW with the reference viewpointr can be

de�ned as

v = r � PW : (2.8)

The magnitudev = kvk de�nes the �xation distance and it will be used to determine the

relative skew! or vergence anglebetween left and right optical axes.

The unit vector̂v introduced in Sec. 2.1 can be formally de�ned as

v̂ =
v

kvk
: (2.9)

This unit vector determines the gazing directionsDL = ( � L ; � L ) andDR = ( � R; � R ) as shown

in Fig. 2.3.

For anyPW andr , there is a unique 3D localization forr L andr R given abaseline distance

b. This is explained next.

2.3.2 Stereoscopic viewing points

The stereoscopic viewpointsr L andr R are located on a plane parallel to the reference �oor

XZ -plane which containsr as shown in Fig. 2.3.
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Figure 2.3: Stereoscopic viewing model.

The baseline vector is de�ned byb = r L � r R . By de�nition, the baseline vectorb is

on theX 0Z0-plane. The baseline length used in the analysis is denotedb = kbk. Finally, the

direction between right and left viewpoints is given by the unit vector

b̂ =
r L � r R

kr L � r Rk
: (2.10)

In this model, the direction of̂b is always perpendicular tôv for any panning angle. This

constraint determines that, for each pointPW , a different location forr L andr R is uniquely

de�ned. Furthermore, the location of these stereoscopic viewing points is de�ned uniquely

by the panning direction in azimuth. The perpendicularity betweenb̂ andv̂ guarantees that

the scene will be acquired from two distinct viewpoints witha constant horizontal parallaxb

independently of the gazing direction.
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In Fig. 2.4-(a) is shown the case of a point in the scenePW which is located at a distance

kvk = v from the reference viewpointr , which in this �gure is atO. According to the

omnistereoscopic model, this situation determines a vergence angle! 1 and the location of the

stereoscopic viewpoints(r L ;1; r R ;1). In Fig. 2.4-(b), a different pointPW is chosen, which is at

the same distance from the reference point as before but in another gazing direction in azimuth

� 2. According to the model forCS, the same vergence! 2 = ! 1 is necessary, but different

stereoscopic viewpoints(r L ;2 ; r R ;2) are determined by this new gazing direction. The last

example shown in Fig. 2.4-(c), corresponds to a point in the scene suf�ciently far from the

sampling point with respect to the baseline length(v � b). In this �nal example, the gazing

direction for left and right viewpoints are parallel,v̂ L k v̂ R , and the vergence angle! = 0 � .

Figure 2.4: The perpendicularity constraint betweenb̂ andv̂ de�nes the locations of the stereo-

scopic viewing pointsr L and r R : (a) and (b) illustrate the case change in the stereoscopic

viewpoints for two scenes points at the same distance from the reference point but in two dif-

ferent gazing directions in azimuth, and the example (c) shows the case of a point in the scene

suf�ciently far from the reference point.

2.3.3 Viewing circle

The reference viewpointr is de�ned in this model by the midpoint betweenr L and r R , in

vector expression

r = r L �
b
2

b̂ (2.11)

= r R +
b
2

b̂: (2.12)
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The possible location of all the stereoscopic viewing points de�nes a circle centered atr , whose

diameter is the stereoscopic baselineb. This circle is theviewing circleand it is depicted in

Fig. 2.3.

If the user's head has freedom of movement in 3D-space, such as in the case of a zero-

gravity environment, a more general omnistereoscopic viewing model would eliminate the

restriction of having(r L ; r R ) on theX 0Z0-plane. In that situation, the set of all possible lo-

cations for the stereoscopic viewpoints would fall onto a spherical surface with center inr

and diameterb that would de�ne aviewing sphereinstead of aviewing circle. However, for

this thesis, limiting the possible locations of(r L ; r R ) to a reference plane whose normal is

the vertical axis de�ned by the user's head orientation (perpendicular to the �oor plane) is a

reasonable assumption.

The geometric constraints introduced so far reduce the necessary information to character-

ize CS to only a few parameters: a reference viewpointr , a gazing directionD = ( �; � ) and

a time variablet. The individual gazing directions de�ned forCL andCR can be calculated

from these parameters.

2.3.4 Binocular vergence

Any point PW in the scene determines a�xation point. This can be seen by de�ning lines

containingvL andvR . These lines intersect in a�xation point coincident withPW . The set

of all possible �xation points at the same distancev de�nes a sphere centered atr : the zero

parallax sphere. This is the spherical region depicted in Fig. 2.3.

The �xation distancev determines two dependent gazing directionsDL = ( � L ; � L ) and

DR = ( � R; � R ) de�ned by the directions

v̂ L =
r L � PW

kr L � PW k
; (2.13)

and

v̂ R =
r R � PW

kr R � PW k
; (2.14)

as depicted in Fig. 2.3. The gazing directionsDL andDR are measured with respect to systems

of coordinatesX L Y L ZL andX R Y R ZR , centered atr L andr R, respectively, whose axes are

parallel to the axes in the global coordinate systemXYZ .

The trigonometric relationship between the panning angles� L and� R given the vergence
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pointPW is illustrated in Fig. 2.5-(a). The vergence angle! is de�ned as follows

! = arctan
�

b
2v

�
; (2.15)

wherev is the vergence distance to the scene as shown by the geometric relation ships in

Fig. 2.5-(b). When the �xation distance isv >> b , ! ' 0� and� L = � R = � . The latter is

equivalent to a stereoscopic camera with parallel optical axes.

(a) (b)

Figure 2.5: Geometric relationship between the gazing direction and location of the stereo-

scopic viewpoints with respect tor : (a) gazing directions, and (b) stereoscopic viewpoint

locations.

2.3.5 Left and right gazing directions

The perpendicularity constraint de�ned in Section 2.3.2 determines the relationship between

DL , DR and the global gazing directionD = ( �; � ). The vergence angle! given in Eq. 2.15

determines the gazing directionsDL andDR as follows

� L = � � !; (2.16)

� R = � + !;

� R = � R = �;
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hence, theD de�nesDL andDR

DL = ( � � !; � ); (2.17)

DR = ( � + !; � ):

These gazing direction relationship are shown in Fig. 2.5-(b).

2.3.6 Left and right viewing functions

The viewing function de�ned in Eq. 2.7 can be used to de�ne theviewing functions for the left

and right-eye viewpoints

C j (u j ) = ( cj; 1(u j ); cj; 2(u j ); cj; 3(u j ))
T ; (2.18)

wherecj;n , for j = f L; Rg andn 2 f 1; 2; 3g, are the tristimulus values de�ned in Sec. 2.2, and

u j are the input vectors forC j . These input vectors are

uL = ( DL ; r L ; t);

= ( � � !; �; r L ; t); (2.19)

uR = ( DR ; r R; t);

= ( � + !; �; r R ; t): (2.20)

2.3.7 Omnistereoscopic viewing function

Theomnistereoscopic viewing functionCS can be derived from the general plenoptic function

P for a given color spaceC once the viewpoint in space, the baseline, the gazing direction

and vergence are de�ned. The functionCS : S2 � S � R3 � R � R ! R6, models the three

tristimulus values from two distinct viewpoint with horizontal parallax and can be written as a

vector quantity

CS(uS) = ( cL; 1; cL; 2; cL; 3; cR;1; cR;2; cR;3)
T ; (2.21)

where the input parameters forCS are

uS = ( �; �; !; r ; b; t): (2.22)

The input parametersuL and uR can be derived fromuS 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 viewing function

is unde�ned at the poles.

2.4 Omnistereoscopic image acquisition

The acquisition of an omnistereoscopic image of a scene, suitable for binocular human view-

ing, requires the acquisition of the functionCS. Similarly to the monoscopic case, an omnis-

tereoscopic sensor acquires the color intensity components for the left and right viewpoints by

integrating the tristimulus function values over a de�ned exposure time� t .

The captured information in a reference viewpointr can be used to approximate the value

of an omnistereoscopic imageI S, which is de�ned for a set of gazing directionsD , e.g.,

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

A possible representation ofI S is as pair of panoramic images(I L ; I R ), which are the

left and right-eye views of the scene for anyD and a given vergence distance. As in the

monoscopic case,I S can be mapped onto variety of surfaces and displayed by usingdiverse

stereoscopic technologies.

For a givenr , the spatial sampling ofI S leads to a multidimensional arrayI S : Z2 ! R6,

or equivalently to a pair of arraysI L : Z2 ! R3 andI R : Z2 ! R3.

OnceI S has been approximated by sampling theCS function, stereoscopic images with

partial FOV can be rendered. This approach enables the interactive navigation of the image-

based scene by dynamically generating pairs of left and right imagesim L andim R , respec-

tively, for each gazing directionD .

2.4.1 The acquisition problem

The sampling ofCS in order to generateI S can be done by using a variety of techniques [27].

Some methods are based on the sequential sampling ofCS over a de�ned� t and for a given

color spaceC (Fig. 2.6-(a)). Other techniques are based on the simultaneous acquisition of par-

tially overlapped stereoscopic snapshots of the scene thatare used to reconstructI S according

to a given geometric model (Fig. 2.6-(b)). A few proposed techniques rely on light diffrac-

tive devices to acquire the scene from two distinct viewpoints in every direction (Fig. 2.6-(c)).

The various acquisition techniques mentioned here aim to produce imagery suitable for human
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stereopsis in every gazing direction in azimuth. The literature review on this topic is presented

in Chapter 4.

Figure 2.6: Alternatives for the acquisition ofCS: (a) sequential acquisition, (b) acquisition of

a reduced number of stereoscopic images, and (c) method based on diffractive lenses.

One problem that is of particular interest for this thesis isthe acquisition of omnistereo-

scopic imagery of dynamic scenes. The majority of the real-world scenes are dynamic and the

acquisition of omnistereoscopic snapshots and videos is a problem that has not been addressed

by traditional techniques to produce stereoscopic panoramas and videos. An example of this

acquisition ofCS, which relies on a rotating pair of pinhole cameras to acquire the scene is

shown in Fig. 2.7.

2.5 Summary

In this chapter, I proposed a novel mathematical model for the omnistereoscopic viewing of any

scene. This model is applicable to static and dynamic scenesas well and it sets the geometric

constraints for theomnidirectional viewing functionthat represents the stereoscopic visual

information to be acquired by an omnidirectional image sensor intended for stereo vision.

The model uses the plenoptic function to derive a multidimensional array of real-valued

signals, that, when sampled by a panoramic sensor, providesthe necessary information to

recreate a binocular image at any desired gazing direction.

This approach of modeling the visual information that need to be captured to emulate

stereoscopic vision in humans has not been attempted beforeto my best knowledge. Hence,

this model is one of the contributions of this thesis.
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Figure 2.7: Omnistereoscopic viewing functionCS and the acquisition of a partial stereoscopic

view of the scene.

In the next section, I propose a model for omnistereoscopic acquisition of the functionCS.

This singularacquisition modelcan model fouracquisition con�gurations, each of which is

applicable to different omnistereoscopic acquisition methods presented in the literature. Since

this acquisition model is constrained to the omnistereoscopic viewing model presented in this

chapter, it is a useful mathematical framework to study the problem ofCS acquisition andI S

reconstruction in different situations.



Chapter 3

Acquisition model

The main problem in omnistereoscopic imaging, when it is intended for human viewing, is

de�ning a con�guration of cameras to acquire the visual �eldomnidirectionally, from two

viewpoints with horizontal parallax, as de�ned by the function CS. The problem becomes

more constrained when the idea is to acquire dynamic scenes omnistereoscopically. In this

scenario, problems such as avoiding camera self-occlusion, depth consistency, vertical dis-

parities and producing a credible reproduction of the sceneappealing to the human binocular

system are some of the challenges to take into account.

The self-occlusion problem is common to all the conceptualizations of panoramic photog-

raphy which must be considered when a single or multiple cameras are used to sample the

scene omnidirectionally. If the image sampling is sequential, self-occlusion can be avoided.

However, the acquisition of dynamic scenes exacerbates therestrictions since all the infor-

mation to produce omnistereoscopic images has to be acquired at once. The parallax arising

from sampling the scene from different viewpoints is another problem common in panoramic

photography. The problem gets more complicated when the simultaneous acquisition of stereo-

scopic images from different viewpoints enters into the equation.

One possible solution to the problem is to acquire multiple stereoscopic snapshots of the

scene simultaneously. In this case, the geometric con�guration of the multi-sensor device must

be carefully designed to avoid self-occlusion which occurswhen one camera lies in the �eld-

of-view of another. A solution is using diffractive optics to obtain two views of the scene with

horizontal parallax, and doing so omnidirectionally.

In this chapter, I introduce a model for omnistereoscopic image acquisition to describe the

different variations of omnistereoscopic imaging techniques and cameras. The four variations

29
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of this model are used in the next chapter to classify and present the cameras and techniques

suitable for omnistereoscopic imaging.

3.1 Omnistereoscopic acquisition model

The general acquisition modelis composed of two pinhole cameras separated by a baseline

distancebwith respect to a global reference of coordinates in three-dimensional (3D) space as

illustrated in Fig. 3.1. This model is used to derive four camera con�gurations which can be

distinguished by the relative location of the stereoscopicpair of cameras with respect to the

reference center. In this thesis, we refer to these four spatial variations of the acquisition model

asCon�gurations, and we assign them numbers from one to four.

Figure 3.1: The global reference frame versus the camera frames for the stereoscopic camera

composed by cameras
 L;i and
 R;i , which is oriented at� i in azimuth.

Although this model consists of one pair of cameras, it can model complex multiple camera

con�gurations as well as a single stereoscopic camera rig rotated at different azimuth angles.

Also in Chapter 4, I review a large variety of acquisition cameras and methods to produce

omnistereoscopic imagery suitable for human viewing that each can be described by one of

these four variations of the acquisition model.

The location and orientation of this stereoscopic camera pair in 3D space is restricted by the

need to capture two snapshots of the same scene from two viewpoints with horizontal parallax.
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One constraint is that all the possible locations for this pair of pinhole cameras are restricted to

the horizontalXZ -plane, which is used as the reference horizontal plane. Another constraint

is that the optical axes of the stereoscopic pair of pinhole cameras are parallel and lay on the

XZ -plane. A consequence of these constraints is that the orientation (panning angle) of each

virtual stereoscopic rig is described by apitch rotation around theY -axis. The reference point

O is used to describe the panning direction of the stereoscopic rig. Hence, the locations of the

projection centers of each camera can be described by a Euclidean translation in theXZ -plane.

3.1.1 General notation

The subindexj (j 2 f L; Rg) refers to the left(L) or right (R) cameras in a stereoscopic

camera pair. The subindexi refers to one ofN consecutive gazing directionsD = ( � i ; 0� )

(i 2 f 0; :::; N � 1g) de�ned as

� i =
i � 360�

N
: (3.1)

It follows that � N = � 0. Unless speci�cally said, the stereoscopic rig orientation in azimuth

will be referred to� i . This direction is different of the user's gazingD , which indicates a

direction in 3D-space(�; � ) with respect toXYZ .

The subindex(j; i ) indicates the cameraj (j 2 f L; Rg) from a stereoscopic pair of cameras

which is oriented at� i in azimuth(i 2 f 0; :::; N � 1g) with respect to the global reference of

coordinates. For a complete description of the typographicconventions used in this document,

please refer to Appendix D.1.

Each of the four con�gurations presented in Fig. 3.2 can be modeled by a set of single

stereoscopic rigs with different gazing directions or by a singular stereoscopic camera sequen-

tially rotated at different� i angles. All con�gurations can be described by a single stereoscopic

camera, after de�ning the spatial location of left and rightcameras 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 toXYZ and its spatial location location differs

for each con�guration. A point in the scene is written asPW = ( X W ; YW ; ZW )T , whereX W ,

YW andZW are the coordinates in this reference frame.

Each camera has its own local frame of coordinates, which is denoted asX j;i Y j;i Z j;i .

Similarly to the world reference of coordinates, a point in the camera coordinates frame is
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denotedP j;i = ( X j;i ; Yj;i ; Z j;i )T . The global (reference) and local (cameras) coordinate frames

are illustrated in Fig. 3.1 forcon�guration 1.

3.1.3 Cameras and stereoscopic rigs

Each individual camera is denoted
 j;i , wherej 2 f L; Rg andi 2 f 0; :::; N � 1g. A camera


 j;i has a projective center, which is referred in the text using locationO j;i of its projective

center. The individual cameras are grouped in stereoscopiccamera pairs(
 L;i ; 
 R;i ), where

i 2 f 0; :::; N � 1g de�nes its orientation angle in azimuth according to Eq. 3.1as illustrated in

Fig. 3.2 for each con�guration.

The distinction between left and right does not necessarilycorrespond to the relative spatial

location of each camera in world coordinates, but it is used here to distinguish each camera in a

stereoscopic pair. In order to eliminate ambiguities, the cameras are labeled according to their

position in the reference of coordinatesXYZ when� 0 = 0 � , e.g., when the baseline vector

b is parallel toX axis. Using this convention, the camera
 L;i is the one whose projection

centerOL;i is centered atX � 0 and, conversely, the right camera, which is called
 R;i , is the

one whose projection centerOR;i is centered atX > 0. This labelling scheme is exempli�ed

in Fig. 3.1. After labelling them for� 0, each camera retains its left or right for all� i in the

acquisition sequence.

3.1.4 Location and orientation of each camera

Two planes are de�ned byX j;i Z j;i in a stereoscopic camera with orientation� i . These two

planes are coincident with theXZ -plane. Hence, all projection centersO j;i are located on the

same reference plane.

Each camera's frame and its projection center are co-located. TheY j;i -axes are parallel

to theY-axis. The optical axis of camera
 j;i is aligned with the its correspondingZ j;i -axis.

Furthermore, eachZ j;i axis is perpendicular to the vectorb = OL;i � OR;i , which is de�ned

by each stereoscopic camera. Consequently, the optical axes of each camera pair are parallel.

Finally, the image plane is parallel to theXY -plane and it is located atZ j;i = f as shown in

Fig. 3.1.

The optical axes of the cameras are parallel and located on the XZ -plane as well as their

projection centersO j;i . Parallel optical axes means that the vergence distance forCS is �xed at

in�nity (! = 0 � ) as de�ned in Section 2.3.4. The latter condition does not affect the generality
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of model to describe the sampling ofCS since the vergence can be de�ned when reconstructing

I S.

The gazing directionD is de�ned by the angle� i in azimuth and� i = 0 � , since optical

axes of all cameras are on theXZ -plane.

3.1.5 Stereoscopic image pairs

A stereoscopic pair of images is denoted(im L;i ; im R;i ), whereim L;i and im R;i are images

respectively acquired by a stereoscopic camera(
 L;i ; 
 R;i ), whose orientation is� i with respect

to the global reference.

The two-dimensional (2D) reference of coordinates in each image is located at the sym-

metry center of each image as shown in Fig. 3.1. A coordinate point on each image plane is

denotedp j;i = ( x j;i ; yj;i ), where the subindex(j; i ) has the meaning given in Section 3.1.1.

The image window is a rectangular subregion of the image plane, whose center intersects the

camera optical axisZ j;i and whose area is de�ned by its horizontal width(Wh) and its aspect

ratio (ar ).
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3.2 Acquisition con�gurations

This simple model can describe complex multiple camera con�gurations for simultaneous cap-

ture of the whole scene as well as sequential acquisition techniques. The �rst two con�gura-

tions of the acquisition model (con�guration 1 and 2) are limited to sequential acquisition

schemes due to self-occlusion between individual cameras that prevent them from being im-

plemented using multiple sensors. The other two con�gurations (con�guration 3 and4) can

also model the simultaneous scene acquisition and they can be implemented using multiple

sensors. The simultaneous acquisition case is of particular interest in the context of the prob-

lem studied in this thesis.

Acquisition con�guration 1

Thecentral stereoscopic rig(con�guration 1) is illustrated in Fig. 3.2-(a). This con�guration

models the sampling of the scene by means of a rotating stereoscopic camera, which captures

partial snapshots at regular angular intervals in azimuth.This method has been the �rst tech-

nique to create omnistereoscopic images with horizontal parallax. This camera con�guration

consists of two cameras with co-planar projection centers which are separated by a baselineb.

The stereoscopic camera rotation is around theY-axis exclusively (pitch rotation). This con�g-

uration describes acquisition methods that have been widely used over the last decade, whether

using planar [28, 29] or line sensors [11, 30] for sequentialacquisition. This con�guration also

models a widely used technique based on rotating an off-centered camera at regular angles� i ,

wherei 2 f 0; :::; N � 1g andN is usually large, producing a set of overlapped stereoscopic

images of the scene [12, 31]. Although simple in its conception,con�guration 1 cannot to be

used in a parallel acquisition con�guration due to self-occlusion between cameras, hence it can

only represent sequential omnistereoscopic acquisition.



CHAPTER 3. ACQUISITION MODEL 35

(a)con�guration 1
(b) con�guration 2

(c) con�guration 3 (d) con�guration 4

Figure 3.2: Variations of the acquisition model: (a) central stereoscopic rig, (b) lateral stereo-

scopic rig, (c) lateral-radial stereoscopic rig, and (d) off-centered stereoscopic rig.
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In this document, the termparallel refers to thesimultaneousacquisition of multiple im-

ages, in contrast tosequentialwhich in this context refers to the non-simultaneous acquisition

of partial FOV stereoscopic images of the scene.

Acquisition con�guration 2

The lateral stereoscopic rig(con�guration 2) is shown in Fig. 3.2-(b). This con�guration

models the sequential acquisition of partial images of the scene by rotating the stereoscopic

camera at regular intervals� i , wherei 2 f 0; :::; N � 1g. The main difference withcon�guration

1 is that the pitch rotation is de�ned around the nodal point ofone of the cameras, i.e., making

the rotation axis to coincide with the projection center of the left or right camera.

In this approach, a singular view point panorama is producedby mosaicking the images

acquired by the central camera, while a second image with horizontal parallax for each� i is

acquired by the lateral camera [32, 33]. The lateral camera (stereoscopic counterpart) describes

a circle of radius equal to the stereo baselineb. Similar tocon�guration 1, this con�guration

cannot be used for the simultaneous acquisition of the wholescene due to self-occlusion of the

central camera.

Acquisition con�guration 3

Thelateral-radial stereoscopic rig(con�guration 3) is shown in Fig. 3.2-(c). This con�gura-

tion models a stereoscopic camera rotated off-center, where one camera is radially displaced

from the rotation axis inO by a distancekr ck, and the second camera is laterally displacedb

perpendicularly with respect to the direction ofkr ck. This arrangement enables the capture of

a second snapshot of the scene with horizontal parallax for each sampling angle� i [18].

This con�guration can be derived fromcon�guration 2 by radially displacing the stereo-

scopic camera a distancekr ck away from the central camera nodal point. This con�guration

can be used to model a multiple sensor arrangement since the self-occlusion of the central

camera can be avoided.

Acquisition con�guration 4

Theoff-centered stereoscopic rig(con�guration 4) is a stereoscopic camera located at a radial

distancekr ck from the geometrical centerO as depicted in Fig. 3.2-(d). This con�guration
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can be derived fromcon�guration 1 by locating the pitch axisO a distancekr ck behind the

stereoscopic camera midpoint.

This con�guration models the case where multiple stereoscopic rigs, radially located with

respect of the pitch centerO, are used to acquire partially overlapped snapshots of the whole

scene [34, 17, 35, 36]. In one approach, the successive images acquired by left and right

cameras can be mosaicked to create left and right eye panoramas:(I L ; I R ) [37].

3.3 Coordinate transformations

The transformation to represent a pointPW in each camera frame of coordinates can be de�ned

as

P j;i = R i � (PW � T j;i ); (3.2)

whereR i is the rotation matrix de�ned by� i andT j;i de�nes the location ofO j;i in the global

frame.

The rotation matrix is de�ned as follows

R i =

0

B
@

cos� i 0 sin� i

0 1 0

� sin� i 0 cos� i

1

C
A ; (3.3)

The generic notation to refer to the translation vectors are

T L;i = ( tL; 1; tL; 2; tL; 3)T ; (3.4)

T R;i = ( tR;1; tR;2; tR;2)T ; (3.5)

wheret j;k , for j 2 f L; Rg andk 2 f 1; 2; 3g, are the translation components in the global frame

of coordinates forO j;i . The translation vectors for each con�guration are de�ned as follows

Con�guration 1:

T L;i =
�

�
b
2

cos� i ; 0; �
b
2

sin� i

� T

; (3.6)

T R;i =
�

b
2

cos� i ; 0;
b
2

sin� i

� T

; (3.7)

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

T L;i = (0 ; 0; 0)T ; (3.8)

T R;i = ( bcos� i ; 0; bsin� i )T : (3.9)

This is shown in Fig. 3.3-(b).

Con�guration 3:

T L;i = ( kr ck sin� i ; 0; kr ck cos� i )
T ; (3.10)

T R;i = ( kr ok cos� i ; 0; kr ok sin� i )
T ; (3.11)

where� i = arctan
�

kr c k
b

�
+ � i andkr ok =

p
kr ck2 + b2. This is shown in Fig. 3.3-(c).

Con�guration 4:

T L;i = ( �k r ok sin� i ; 0; kr ok cos� i )
T ; (3.12)

where� i = � i + arctan
�

b
2kr ck

�
andkr ok =

q
kr ck2 +

�
b
2

� 2
, and

T R;i = ( kr ok sin� i ; 0; kr ok cos� i )
T ; (3.13)

where� i = arctan
�

b
2kr c k

�
� � i . This is shown in Fig. 3.3-(d).

Alternatively, the transformation of coordinates in Eq. 3.2 can be written as,

P j;i = R i � PW � T j ; (3.14)

where

T j = R i � T j;i : (3.15)

HereT j is the camera translation with respect toO of the left or right camera frame of

coordinates. By this formulation,T R = T L + ( b;0; 0)T 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 pointPW into the frame of coordinates

of 
 j;i is de�ned by Eq. 3.2. Furthermore, any pointPW in the FOV of both cameras of a

stereoscopic camera can be projected into each imageim j;i as a point with coordinatesp j;i =

(x j;i ; yj;i ). The 2D image coordinates in each image are given by the projective equations

� (x j;i � ox )sx =
X j;i

Z j;i
= f

R 1;i (Pw � T j;i )
R 3;i (Pw � T j;i )

; (3.16)

� (yj;i � oy)sy =
Yj;i

Z j;i
= f

R 2;i (Pw � T j;i )
R 3;i (Pw � T j;i )

; (3.17)

where the subindexj indicated the left(L) or right (R) image, the orientation of the stereo-

scopic camera� i in the acquisition sequence is denoted byi 2 f 0; :::; N � 1g (Eq. 3.1),R k;i for

k 2 f 1; 2; 3g is arow vectorformed by thekth row of R i , f is the camera focal length,(sx ; sy)

is the pixel size in each dimension, and(ox ; oy) is the image center in the image coordinate

frame.

It can be assumed without losing generality thatox = oy = 0 and the pixel size issx =

sy = 1. Hence, the general expressions for the coordinates in eachimage are given by

x j;i = � f
R 1;i (Pw � T j;i )
R 3;i (Pw � T j;i )

; (3.18)

yj;i = � f
R 2;i (Pw � T j;i )
R 3;i (Pw � T j;i )

: (3.19)

An example that illustrates the mapping ofPW into pR;i andpL;i is shown in Fig. 3.1.
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(a) (b)

(c) (d)

Figure 3.3: The geometric relationships for each con�guration.
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3.4 Summary

In this chapter, I proposed a general model for the omnistereoscopic image acquisition based

on projective geometry. This generalacquisition modelcan describe a large variety of omnis-

tereoscopic strategies to acquire samples ofCS. This approach to model the function to be

sampled by an omnistereoscopic sensor is an original contribution of this thesis to the research

on stereoscopic panoramas.

The next section is dedicated to a literature review of the acquisition technologies suitable

to sample the omnistereoscopic viewing functionCS. The acquisition model presented in this

chapter will be used in the description of the different methods. Special focus is made on

comparing the potential and disadvantages of historical solution to sample theCS function in

dynamic scenarios.



Chapter 4

Review of omnistereoscopic technology

Most real-world scenarios to be rendered omnistereoscopically are intrinsically dynamic, and

hence a practical omnistereoscopic camera should facilitate the reconstruction ofI S by sam-

pling theCS function in different gazing directionsD . The reconstructedI S or its sample

I S should be able to stimulate the mechanism of human binocularvision, reproducing a cred-

ible and consistent perception of depth in any gazing direction. A few cameras are capable of

acquiringCS in a single-snapshot. However, not all of them are suitable to produce omnis-

tereoscopic images adequate for human viewing, at least notdirectly.

In 2001, Zhigang Zhu [38] presented an extensive classi�cation of the different technolo-

gies to create omnidirectional stereoscopic imagery. Thisis an excellent survey of omnistereo-

scopic methods up to its publication date, which presented ataxonomical classi�cation of cam-

era con�gurations and methods, comparing their capabilities to produce viewable stereoscopic

imagery in any azimuthal gazing direction around the viewer. However, the omnidirectional

acquisition of dynamic scenes, which is relevant for today's multimedia applications, was not

taken into account in that work.

This chapter presents an up-to-date classi�cation and review of the different technologies

to produce omnistereoscopic renditions of real-world scenes in arbitrary gazing directions.

This survey of the different technologies for omnistereoscopic image acquisition has been

published in the SPIE Electronic Imaging Journal [27] in July 2013. A companion website [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 functionC as de�ned in Chapter 2.2.1: a

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

tric panoramic model. Any technique available to approximate a monoscopic and omnidirec-

tional imageI from the measuring ofC can be classi�ed into one of these two acquisition

alternatives.

In the SVP acquisition, for any gazing directionD = ( �; 0� ), there is a unique projection

centerO which marks a single convergence point for all incident light rays. This model groups

the catadioptric cameras used to acquire the whole scene using, for example, a single photo-

sensitive sensor array and a curved mirror. Panoramas created by a rotating camera around its

nodal point, or its projection center assuming a pinhole camera model, also satisfy the SVP

model. These panoramas are created by acquiring planar images to be mosaicked, or by scan-

ning the scene column-wise, e.g., using line sensor camerasand turning 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 rendered using a centrally symmet-

ric set ofN projection centersOk (k 2 f 1; :::; N ), which are not spatially collocated. Cameras

based on the non-SVP paradigm are more common than those based on an SVP model because

the physical dimension of multiple camera con�gurations prevents sampling the scene from a

single viewpoint. A way around this problem is using planar mirrors to re-position the pro-

jection centers closer to each other, approximating an SVP con�guration. Examples non-SVP

cameras are shown in Fig. 4.1-(c) and (d).

In the context of the problem studied in this thesis, stereoscopic panoramas are by de�nition

non-SVP panoramas since the scene is imaged from two distinct viewpoints (left and right-eye

viewpoints) for anyD .
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4.1.1 Panoramic acquisition: cameras and methods

The omnistereoscopic technologies reviewed herein have been classi�ed into four families

based on the strategies used for image acquisition or in their technology. 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 fouracquisition models introduced in

Section 3.1. Nevertheless, each omnistereoscopic family can be modelled using a speci�c

variation of the acquisition model (con�gurations 1-4). The catadioptric cameras based on

vertical parallax are the only exception to this rule, sincethe acquisition models are based on

horizontal stereo.

In the following section, the pros and cons of each family arestudied individually, distin-

guishing those cameras whose characteristics are suitablefor acquiringCS of dynamic scenes.
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(a) (b)

(c)
(d)

Figure 4.1: Examples of omnidirectional image acquisition: (a) catadioptric cameras based

on parabolic or hyperbolic mirrors to produce SVP panoramas, (b) rotating a camera about

its nodal point to acquire multiple perspective projections with a common projection center

also produces SVP panoramas, while (c) non-SVP panoramas can be created by rotating an

off-centered camera to acquire image patches around a pointdifferent than its nodal point, as

well as (d) multi-sensor cameras such as the Ladybug2 panoramic camera, which also produce

non-SVP panoramas.
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4.2 Catadioptric cameras

A catadioptric panoramic camera can capture a wide-angle FOV, e.g.,360� in azimuth and a

wide-angle range in elevation, at once by combining the use of mirrors (catoptric system) to

re�ect the light arriving from every direction towards a lens system (dioptric system), which

focuses the light over a planar image sensor. This technology enables to measureC and to esti-

mate the panoramic imageI for a wide FOV. Since a simple sample mapping transformation

is between the sampledC and the panoramic image, this approach favours the fast rendering

of I from I .

In the case of a parabolic pro�le mirror, light rays emanating from the mirror's focal point

are re�ected outwards as parallel rays. Conversely, by applying the principle of reversibility of

the optical path, ray paths intersecting the mirror's innerfocal point are re�ected parallel to the

mirror's symmetry axis. A dioptric system coaxially located at certain distance from the mirror

surface focuses the light over the image sensor. The principle is analogous to a parabolic dish

antenna, which collects electromagnetic radiation at its focal point by concentrating incident

wavefronts arriving from a source relatively far from the antenna.

In Fig. 4.2, a simpli�ed model of the catadioptric principleis illustrated, showing how

a ray of light emanating from the scene pointPW is re�ected by the catoptric system and

focused by the dioptric system onto the pointp = ( x; y)T on the image plane. The sampled

panoramic imageI is an orthographic projection of the scene, which can then beprojected

onto a canonical representation used in panoramic imaging,i.e., cylindrical, cubical, spherical,

among others, or to extract a partial FOV of the scene in any direction in azimuth.

In a real-world scenario, a parabolic mirror pro�le re�ectslight in quasi-parallel fashion,

affecting the quality of the orthographic projection. In the case of using a hyperbolic mirror

pro�le, light rays directed toward a focal point (located inside the convex mirror's surface) are

re�ected towards the other focal point of the hyperbola, where the dioptric system is located.

4.2.1 Catadioptric cameras: antecedents

One of the �rst panoramic cameras exploiting this idea is attributed to Rees [40], who proposed

in 1967 to combine a hyperbolic mirror and a TV camera to provide an omnidirectional view

of the scene to the operator of a military armored vehicle. This is an early example of sampling

C function to produce panoramic videos.

Panoramic cameras based on the catadioptric con�guration,where light is focused on a
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Figure 4.2: SVP catadioptric camera principle using parabolic mirrors.

single projection point, correspond to the SVP model. Following the SVP principle, a full

spherical panorama can be approximated by using two coaxialcatadioptric cameras back-to-

back and mosaicking the semi-hemispherical images originating from each camera. This idea

was proposed by Nayar [41] in 1997. At about the same time, S. Baker and Nayar proposed

a model for catadioptric image formation [42] from which they concluded that only parabolic

and hyperbolic mirror pro�les satisfy the SVP criterion.

Other con�gurations of catadioptric cameras based on different mirror pro�les, i.e., semi-

spherical or multi-faceted pyramidal mirrors, exhibit multiple focal points, which makes them

require multiple cameras. An example of these non-SVP camera is illustrated in Fig. 4.3, where

the catoptric system uses planar mirrors. These con�gurations are being used in commercial

panoramic cameras to produce monoscopic panoramas [43, 44].

The camera con�gurations described so far can only produce monoscopic panoramas when

used as a single-snapshot camera. However, catadioptric cameras can be used to produce om-

nistereoscopic images when used in clusters [14, 2, 45]. Thecase of omnistereoscopic images

based on a number of monoscopic panoramas is studied in Section 4.4. Along with the develop-

ment of monoscopic catadioptric cameras, there has been a parallel development of catadiop-

tric omnistereoscopic cameras. The family of the catadioptric cameras for omnistereoscopic
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Figure 4.3: Catadioptric camera using planar mirrors instead of hyperbolic or parabolic pro�les

mirrors.

imagery is described next.

4.2.2 Omnistereo using catadioptric cameras: antecedents

The development of omnistereoscopic catadioptric camerashas paralleled the development of

general (monoscopic) catadioptric sensors. It should be mentioned that omnistereoscopic cata-

dioptric cameras were originally intended for the real timeestimation of depth maps. In other

words, these omnistereoscopic approaches were not intended to produce omnistereoscopic im-

agery for human viewing, but they were motivated by applications such as robot navigation

and 3D scene reconstruction.

One important remark is necessary here: the omnistereoscopic cameras based on a cata-

dioptric con�guration with vertical parallax presented inthis section are not modelled by any

of the acquisition models presented in Section 3.1 since theomnistereoscopic acquisition clas-

si�cation has been constrained to human-viewable omnistereoscopic imagery, i.e., binocular

stereo with horizontal parallax.

One of the earlier examples of this technology was an SVP catadioptric camera proposed

by Southwell et al. [8] in 1996. This omnistereoscopic catadioptric camera is based on a
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coaxial, dual-lobe parabolic mirror, and its main application was to generate omnidirectional

depth maps of the terrain. A depiction of this camera appearsin Fig. 4.4-(a).

Another con�guration was proposed by Gluckman et al. [9] in 1998. Their con�guration

is based on using two co-axial catadioptric cameras whose vertical baseline helps to acquire

an omnistereoscopic pair of images. This camera, illustrated in Fig. 4.4-(b), enables the esti-

mation of the 3D location of a scene pointPW in space, matching pairs of feature points in

the panoramic views from each camera. The larger the vertical baselineb used, the better the

accuracy of depth estimation achieved. A theoretical modelof the image formation in a dual

mirror, axially symmetrical, catadioptric sensor was proposed by Stürzl et al. [46].

(a) (b)

Figure 4.4: Omnistereoscopic catadioptric examples: (a) the camera proposed by Southwell et

al. in 1996 using dual-lobe mirror, and (b) an early SVP catadioptric omnistereoscopic camera

proposed by Gluckman in 1998: this con�guration uses two coaxial catadioptric panoramic

cameras with a large vertical baseline to acquire two panoramic views of the scene with verti-

cal parallaxb, the 3D scene structure is estimated from the vertical disparity arising between

matched feature points in each panorama.



CHAPTER 4. REVIEW OF OMNISTEREOSCOPIC TECHNOLOGY 50

The coaxial catadioptric camera has been a popular method toestimate omnidirectional

depth over the past two decades due to its simplicity and hardware economy. Unfortunately,

it is not suitable to produce a satisfactory omnistereoscopic rendition of the scene capable to

stimulate human stereopsis. The binocular visual process is based on fusing two views of

the scene obtained fromhorizontallydisplaced viewpoints (horizontal parallax). This camera

provides two views of the scene in every direction, but basedon vertical parallax. Although

the omnidirectional depth can be estimated using this information, it cannot be used to produce

satisfactory horizontal stereoscopic views. For instance, when using a two-dimensional to

three-dimensional (2D-to-3D) conversion techniques, thegaps in image coming from occluded

areas need to be �lled, e.g., using texture synthesis [47]. One of the problems of the vertically

coaxial method is that the visual information regarding occluded areas is not acquired.

A similar omnistereoscopic camera based on the catadioptric principle was proposed by

Kawanishi et al. [10] in 1998. Their camera consists of two non-SVP catadioptric cameras in

vertical co-axial con�guration as shown in Fig. 4.5-(a). Each catadioptric camera consists of

six planar mirrors, each of which re�ects a partial view of the scene over a video camera. This

con�guration produces twelve video streams covering360� in azimuth. Each camera in the top

of the arrangement is paired with the camera located directly below, i.e., the camerasn and

n0 form a stereoscopic camera pair, whose vertical baseline isb, as illustrated in Fig. 4.5-(b).

Similarly to Gluckman's camera [9], the vertical parallaxb between camera pairs enables the

panoramic estimation of the scene's depth, but does not provide the means to render viewable

stereoscopic images. In a follow up of this design, Shimamura et al. [48] built a working

prototype based on the Kawanishi et al. design capable to produce panoramic depth-maps.

Spacek [49] relaxed the non-SVP condition using two conic mirrors, instead of pyramidal

mirrors, coaxially aligned with cameras. This con�guration was conceived to estimate dis-

tances based on vertical disparities. The author reported bene�ts in using conical mirrors over

other pro�les in terms of the uniformity of the resolution density. However, this type of pro�le

introduces out-of-focus blurring in some regions of the orthographic image because the optical

focus in not uniformly located as in the case of hyperbolic and parabolic mirrors.

A recent interesting development is due to researchers at the Fraunhofer Heinrich Hertz In-

stitute [50], who are currently working on a prototype of an omnistereoscopic high-de�nition

television (HDTV) camera based on a catadioptric design. Conceived for omnistereoscopic

3DTV broadcasting, this set-up uses six stereoscopic camera rigs, each of which is associ-

ated with a planar mirror. Each mirror re�ects a partial viewof the scene on a camera pair,
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(a) (b)

Figure 4.5: Omnistereoscopic camera con�guration based oncoaxial planar mirrors: (a) con-

�guration based on Kawanishi et al. idea, and (b) virtual location of each camera's projection

center and vertical baselineb.

for a total of twelve HDTV cameras [51, 16]. These video streams can be mosaicked into a

full omnistereoscopic video, or into free-panning 3DTV signal. The concept of this camera is

presented in Fig. 4.6. The creators of this camera have reported dif�culties when mosaicking

partially overlapping stereoscopic frames due to the largeparallax between adjacent projection

centers [52]. Part of the problem resides, similarly to other star-like con�gurations, in the ex-

cessive parallax introduced by the stereoscopic rigs whereboth cameras are laterally displaced

with respect to each other. The minimum distance to objects in the scene for correct rendering

is affected by the large inter-camera parallax, reducing the stereoscopic usability in foreground

regions of the scene. This camera corresponds to theacquisition con�guration 4(Section 3.2),

where six stereoscopic camera rigs, equally distributed ata distancer c from the geometric

centerO, capture simultaneously six, partially-overlapped, stereoscopic video signals of the

scene.

Peleg et al. [53] proposed a different catadioptric camera con�guration capable of acquiring

horizontal binocular stereo omnidirectionally and in realtime. This catadioptric system uses a

complex spiral lenticular lens and an optical prism to acquire a complete omnistereoscopic im-
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Figure 4.6: Omnistereoscopic video camera developed at theFraunhofer Heinrich-Hertz Insti-

tute: (a) each planar mirror face is associated with a stereoscopic 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 light rays as if the scene were acquired

simultaneously from multiple perspective points located on a virtualviewing circle. This cam-

era can be modeled by theacquisition con�guration 1illustrated in Fig. 3.2-(a), where a large

number of stereoscopic image vertical stripes (central columns of left and right images) are si-

multaneously sampled and mosaicked to create complete leftand right cylindrical panoramas

in real time.

Peleg et al.'s lenticular arrangement is shown in Fig. 4.7-(a), which illustrates the acqui-

sition of one eye (left or right) panoramic view. Using a Fresnel-like diffractive system with

thousands of lenses to capture both omnistereoscopic viewssimultaneously, this idea could

in theory produce an omnistereoscopic video in real time. The lenticular arrangement can be

built around an SVP panoramic camera as shown in Fig. 4.7-(b). The authors have proposed

using a beam splitter and the described lenticular system toacquire both viewpoints of a stereo

projection simultaneously as illustrated in Fig. 4.7-(c).

This camera could be a solution to the problem of omnistereoscopic image acquisition of

dynamic scenes. Furthermore, Peleg, Ben-Ezra and Pritch were granted a patent [54] for this

camera in 2004, but no prototype has been built or licensed yet to our best knowledge. This

commercialization lag must not be taken as a proof of the inadequacy of the idea; e.g., over
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(a) (b) (c)

Figure 4.7: Peleg et al. proposal for a real time omnistereoscopic camera based on a catadiop-

tric principle: (a) a Fresnel-like lenticular lens arrangement diffracts the light over a viewing

circle, (b) a catadioptric scheme with a cylindrical diffractive material composed by vertical

stripes of the proposed Fresnel lens, to capture one (left orright view) panorama, and (c) using

an optical beam splitter such as a prism and combining diffraction lenses for left and right view

in the same cylindrical surface, both (left- and right-eye)views can be captured simultaneously.

than 70,000 patents were granted annually in the U.S. by the turn of the century and only very

few of them were commercially developed [55]. As a matter of fact, a variation of the lenticular

lens, although not an omnistereoscopic application, has been licensed for the production of 3D

billboards [56]. Peleg et al. proposed a geometrical model of their elliptic lens [57]; however,

there are still aspects of the image formation for this camera that have not been extensively

studied. More importantly, the capabilities of such an optical approach to produce high-quality

omnistereoscopic imagery are open for further studies.

It is important to remark that a cylindrical stereoscopic panorama produces a correct binoc-

ular experience only in the center of each rectangular view extracted from these left and right

panoramas. The peripheral image region, outside the image center produces a distorted binoc-

ular perception [58, 23]. Although this is a noticeable effect, the user tends to focus in a region

of interest at the center of the image, where the binocular perception is correct, reducing the

likelihood of uncomfortable effects that could lead to eye strain. Furthermore, if a cylindrical

omnistereoscopic image created with this acquisition method were projected in a cylindrical

surface around the user (located at the center), a correct binocular depth would be experienced

by looking in any direction around the user, as long as the zero parallax distance (eyes ver-
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gence) coincide with the distance to the cylindrical screen[59].

Other con�gurations based on catadioptric cameras have appeared in the last decade mainly

focused in the problem of omnidirectional stereo reconstruction [60, 61] following the idea

of co-axial catadioptric stereo, which makes them inadequate to produce omnistereoscopic

imagery suitable for binocular human viewing.

4.2.3 Pros and cons of the catadioptric omnistereoscopic cameras

The most evident advantage of an SVP catadioptric camera is its simplicity: a single camera

and dioptric system can sample the scene's visual �eld, in addition to estimating the panoramic

depth, in a single snapshot. The SVP approach avoids stitching problems and imperfections

that arise by parallax between multiple projection centersin non-SVP cameras. However, fo-

cusing the light uniformly on a planar image sensor after re�ecting light in a non-planar mirror

is problematic. Not all the rays are parallel after re�ection in a parabolic surface, nor are they

perfectly re�ected towards the convex focal point in a hyperbolic mirror. In practice, image

blurring as a function of the radial distance from the centerof the image [42] is dif�cult to

avoid. This problem can be reduced, although not completely, by a careful design of the catop-

tric system (mirror) and its dioptric (focusing) counterpart. The high resolution CCD sensors

available nowadays can help to reduce problems while projecting the acquired orthographic

projection of the scene into a canonical panoramic surface.Furthermore, a catadioptric cam-

era has advantages with respect to other mirror-less systems in terms of reducing chromatic

aberrations present in most aspheric lenses, e.g., �sheye lenses. Offsetting the advantages of

catadioptric cameras, there are still inherent problems inusing this camera to render an omnis-

tereoscopic scene for binocular viewing.

Although catadioptric omnistereoscopic con�gurations using vertically coaxial mirrors are

undoubtedly an elegant method for acquiring omnidirectional depth maps in real time, the

camera con�gurations are unable to handle occlusions in thescene. A binocularly correct

stereoscopic view can be synthesized with one panoramic image plus a dense horizontal dis-

parity information of the scene. The disparity informationcan be used to generate a pixel-wise

horizontal displacement map. Applying this map to displacehorizontally pixels (or regions)

in the image can produce a correct illusion of depth. The necessary information to produce

this omnistereoscopic image can be acquired using an omnistereoscopic catadioptric con�g-

uration: a correct panorama of the scene, and an omnidirectional depth map. Unfortunately,

the information to �ll image gaps (occluded areas) cannot directly be obtained using a camera
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con�guration based on only vertical parallax. But, there are still suboptimal solutions coming

from the �eld of 2D-to-3D conversion that can be applied. Forinstance, pixels can be copied

from the adjacent regions of the missing areas to �ll these gaps. A much better alternative

will be to simultaneously acquire a different view, e.g., a horizontal stereoscopic pair for each

gazing direction. The parallax view information can be usedto �ll-in the occluded areas using

a texture inpainting technique [62].

A good candidate to produce directly viewable omnistereoscopic imagery, capable to sat-

isfy the real time acquisition of dynamic events as well, is the optical diffractive approach

proposed by Peleg et al. [63, 54] illustrated in Fig. 4.7. However, the design and implemen-

tation of such a lenticular arrangement is challenging. Similarly to Peleg's approach, there

has been at least one other recent proposal, also based on lenticular arrays to multiplex two

horizontal binocular views of the scene, but using non-SVP con�gurations [64] which will

be presented in Section 4.5. Besides the lack of commercial interest for an optical based ap-

proach, an alternative solution, based on off-the-shelf lenses and camera sensors, can provide

a satisfactory solution to the problem with reduced hardware complexity.

Another good candidate is the panoramic 3DTV camera developed at the Fraunhofer Heinrich-

Hertz Institute. This omnistereoscopic camera, which is illustrated in 4.6, uses multiple off-

the-shelf high-de�nition television (HDTV) cameras and mirrors to produce real-time stereo-

scopic videos with broadcasting quality. The downfall of this camera is its size [51] which

makes dif�cult the mosaicking of individual video streams.Additional improvement may be

achieved by using a different camera distribution to enableregistering stereoscopic images of

scene elements closer to the camera.



CHAPTER 4. REVIEW OF OMNISTEREOSCOPIC TECHNOLOGY 56

4.3 Sequential acquisition methods

A literature review of omnistereoscopic methods and con�gurations cannot be complete with-

out mentioning the family of sequential acquisition methods. It is necessary to point out that

sequential methods are intrinsically inadequate to acquire dynamic scenes omnistereoscopi-

cally since they require the scene to be static for correct rendering. However, many multiple

camera con�gurations that will be presented in Section 4.5 can be directly traced back to par-

allelized (simultaneous acquisition) versions of sequential methods presented in this section.

Therefore, these sequential techniques deserve a closer look.

The sequential acquisition of images has been widely used toproduce high-quality panora-

mas. The idea is simple: using a single camera, it is possibleto capture samples ofCL andCR

functions as de�ned by the omnistereoscopic viewing model in Section 2.3.7. These sequential

sampling leads to an accurate estimation ofI S accordingly to the omnistereoscopic viewing

model ofCS and, after sampling, the rendering ofI S for the chosen format of panoramic

representation.

An example of sequential sampling ofCS is usingacquisition con�guration 1. A number of

partially overlapped stereoscopic snapshots at discreet gazing directions� i , for i 2 f 0; :::; N �

1g, can be used to reconstruct an approximation ofI S. This camera set-up is illustrated in

Fig. 4.13.

Figure 4.8: Example of sequential acquisition.

One of the �rst methods to sampleCS function at a reference viewpointr has been to rotate

a stereoscopic camera rig around the midpoint between nodalpoints. This scheme corresponds
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to thecon�guration 1(Section 3.2). A valid rendering strategy in this case is mosaicking ver-

tical image stripes from the center of each image pair, to sample I S to createI L and I R

panoramic images. The number of stereoscopic images to be acquired determines the incre-

mental panning angle� � and, consequently, the width of each image to be mosaicked. As was

mentioned in Section 4.2.2, the stereoscopic panoramas arecorrect only at the center of each

view, becoming distorted outside the central region. Note that each camera's projection center

(nodal point) de�nes aviewing circleof diameter(b= 2 r c) during the scene panning.

Alternatively, rotating the stereoscopic rig about one camera's nodal point corresponds to

the con�guration 2 (Section. 3.2). Unfortunately, the latter strategy cannotbe implemented

using multiple cameras for a simultaneous (parallel) acquisition.

The other sequential acquisition strategy corresponds to thecon�guration 4 (Section 3.2).

In this case, the scene is sampled by acquiring a sequence of stereoscopic snapshots, rotating

the stereoscopic rig off-center translationr c.

A modi�ed version of this sequential method consist of radially aligning the nodal point of

one of the cameras with the centerO, which corresponds to thecon�guration 3(Section 3.2).

Both sequential variants can be parallelized for simultaneous acquisition using multiple cam-

eras.

These sequential techniques, their variations, and other alternatives are individually de-

tailed in the next section.

4.3.1 Omnistereo using sequential acquisition: antecedents

Perhaps one of the most illustrious application of omnistereoscopic sequential acquisition was

integrated to the Mars Path�nder rover [28] in the late 1990s. The camera can be modelled by

thecon�guration 1presented in Section 3.2. It was designed to provide a variety of telemetric

measurements beyond producing omnistereoscopic imagery;actually, producing stereoscopic

images suitable for human stereopsis was not the primary goal of this camera. Two cameras

were mounted on a retractable mast and were rotated around the mid-point between each cam-

era's nodal point. The pair of cameras, whose resolution wasmodest as is expected for an

interplanetary probe of that era (512� 256), were toed in 0.03 rad, de�ning a �xation point

(zero parallax distance) at 2.5 meters from the rotation center. The stereoscopic panoramas

produced by this camera received much attention in the news [65, 66, 67]. Although these

omnistereoscopic images are not impressive in terms of quality of the binocular stereo, they

constitute an important precedent for the marketing value of realistic immersive imagery to
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promote a planetary mission to the layperson [68].

Other authors reported variations on the rotating stereoscopic rig method that are worth

mentioning. For instance, Romain et al. [69] proposed a rotating platform with two degrees

of freedom, which can rotate in azimuth and elevation to produce spherical omnistereoscopic

images. More recently, Ainsworth et al. [70] revisited the method of a rotating stereoscopic

rig to minimize (not to eliminate as the authors stated) stitching problems. They reported

their method to create stereoscopic panoramas [71] based onmosaicking partially overlapped

scene's images, which they tested using an off-the-shelf digital camera (Panasonic Lumix) and

a commercial rotating platform (GigaPan EPIC Pro Robotic Controller).

In ref. [11], Ho-Chao Huang and Yi-Ping Hung proposed a rotating camera to acquire

stereoscopic images of scenes, which were aligned and mosaicked to render omnistereoscopic

images. Their idea, originally published in 1996, is illustrated in Fig. 4.9-(a) showing a cen-

tral camera which is rotated around its nodal point while a second camera is rotated off-axis

providing a parallax view of the scene. Their method corresponds to thecon�guration 2(Sec-

tion 3.2), which produces non-SVP stereoscopic panoramas,where the stereo budget can be

selected by choosing the baseliner c = bof the rotating stereo rig.

This con�guration is interesting because it helps to acquire stereoscopic images where one

camera (central) is in the optimum position to minimize stitching errors (nodal point), while

the second camera captures a second view of the scene with horizontal parallax. The central

camera produces an SVP panorama while the second camera can be used to render a binocular

polycentric panorama. Because of camera self-occlusion this idea is dif�cult to implement

using multiple cameras, although a multi-camera con�guration using planar mirrors can ap-

proximate an SVP for a central camera and acquire a horizontal parallax view simultaneously.

There have not been proposals based on this catadioptric design to our best knowledge.
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Figure 4.9: Omnistereoscopic methods based on sequential acquisition of partially overlapped

images: (a) method proposed by Huang et al. in 1996 to generate a correct panorama (central

camera) and accessory information to estimate a horizontally parallax view (lateral camera),

and (b) the acquisition strategy proposed by Yamada et al., which is similar to Huang's method,

is based on acquiring images to produce an SVP panorama (central camera) and, in this case,

estimating the panoramic depth map based on a large baselinestereoscopic pair of images (left

and right cameras).

Using a similar approach, Yamada et al. [33, 32, 72] proposedthe triple camera system

shown in Fig. 4.9-(b). Similarly to Huang et al. method, the central camera produces an SVP

panorama while the two satellite cameras help to estimate a panoramic disparity map using a

large baseline. This sequential acquisition technique canbe seen as a modi�cation of thecon-

�guration 1, used only to estimate depth by exploiting the larger baseline (b = 2 � r c) between

the satellite cameras, and adding a central camera to produce an SVP panorama. This acquisi-

tion scheme is a hybrid betweencon�guration 1and2. Again, self-occlusion between cameras

makes it dif�cult to parallelize Yamada's approach in a simultaneous acquisition scheme. But

a catadioptric scheme to acquire an SVP and a multi-sensor scheme to simultaneously acquire

a number of partially overlapped stereoscopic snapshots ofthe scene is an interesting design

challenge and a suitable approach for dynamic scene omnistereoscopic acquisition. No camera

following the suggested approach has been proposed to our best knowledge.

A variation of the idea of rotating sensors was proposed by Chan and Clarke [73] who

devised a camera where a mirror is rotated while a single sensor sequentially captures binoc-

ular stereoscopic images of the scene. Their idea was inspired from endoscopic applications
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where a single probe has to be inserted in a biological cavityor in an archeological site. The

principle behind the idea is similar to other proposals in terms of a sequential acquisition. For

instance, carefully selecting the planar mirror and cameralocation, thecon�guration 1can be

implemented with this technique.

Ishiguro et al. [12] proposed in 1992 a method to create omnistereoscopic imagery based on

a single rotating camera, but for robot navigation instead of human visualization. This method

corresponds to thecon�guration 1. Peleg and Ben-Enzra [31] rediscovered this method in the

late 1990's, but tailored the idea with human visualizationin mind. This method has became

one of the most popular sequential techniques to create high-quality omnistereoscopic imagery

given its hardware economy and simplicity.

The principle is based on a single camera rotating around a point behind its projection

center, as depicted in Fig. 4.10-(a). In one complete rotation, the camera captures a number

of images which are used to extract left (im L ) and right (im R ) columns. These two image

columns correspond to the back-projection of the image's vertical stripes de�ned by intersect-

ing the rays passing through the camera projection centerO and the projection pointsOL and

OR . The ray tracing concept is depicted in Fig. 4.10-(b). Thesecolumns are then mosaicked

producing left and right-eye panoramic views. The end-result is equivalent to thecon�guration

1 (Section 3.2) used to acquire left and right views column-wise. There have been proposals

for omnistereoscopic cameras that can be directly traced toparallelization of a single rotating

camera [15, 74, 75].

The ubiquity of digital cameras has motivated the continuous research on rendering tech-

niques based on Ishiguro-Peleg's method using a singular off-centered camera. For instance,

in [76] the authors presents their approach in solving the alignment between snapshots acquired

with a hand-held mobile camera used to manually pan the scene. Disney Research has also be-

ing doing research recently in the alignment corrections needed when using Ishiguro-Peleg's

acquisition method to produce omnistereoscopic imagery [77, 78].

The method has the advantage of de�ning a virtual baseline(b = 2 r c) that can be varied

according to the stereoscopic budget desired for the scene by changing the relative distance be-

tween left- and right-eye vertical stripes extracted from the successively acquired images [79].

Changing the distance has the effect of changing the viewingcircle diameter. More recently,

Wang et al. proposed an interactive method to adjust the disparity in panoramas created using

the single off-centered rotating camera [80] based on the interactive selection of objects in the

scene.
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(a)

(b)

Figure 4.10: Rotating method to produce omnistereoscopic imagery based on a single rotating

camera: (a) a single camera is rotated from a off-centered location, and (b) two projections

corresponding to left and right-eye projections can be de�ned intersecting the rays passing

through the cameras projection centerO and the pointsOL and OR de�ned over a virtual

viewing circle.

Examples of 3D (not stereoscopic images) created using thecentral stereoscopic rigmethod

for monoscopic panoramas and omnistereoscopic images can be visited online [81, 82]. Addi-

tionally, several patents have been granted to Peleg et al. for acquiring, disparity adjusting, and

displaying stereoscopic panoramas using the single cameramethod [83, 84, 85], one of which

has been licensed to HumanEyes [56], not to create omnistereoscopic imagery, but to create

multi-view 3D billboards.

A different approach was proposed by Hongfei et al. [29] who proposed using a single

digital single-lens re�ex (DSLR) camera to successively acquire twelve images of an static

scene. Firstly, three stereoscopic image pairs (six imagesin total) are acquired by placing the

camera in the positions labeled(iL; iR ), for i 2 f 1; 2; 3g, as indicated in Fig. 4.11-(a). After

that, the camera is rotated180� and six new stereoscopic images are successively acquired

following the pattern illustrated in Fig. 4.11-(b). This acquisition scheme corresponds to the

con�guration 1 illustrated in Fig 3.2-(a). Although the Hongfei et al.'s method is not suitable

for dynamic scenes acquisition, a parallelized version of the same idea was already proposed

by R. G. Baker et al. [86] as a patent application in 2003.



CHAPTER 4. REVIEW OF OMNISTEREOSCOPIC TECHNOLOGY 62

(a) (b)

Figure 4.11: Method based on rotating a single camera to capture six stereoscopic images by

positioning the camera in twelve different locations and orientations: (a) �rst, the stereoscopic

pairs (1L,1R),(2L,2R) and (3L,3R) are acquired one-by-onerotating and positioning the cam-

era to the corresponding locations, and (b) �nally, the camera is rotated180� around its nodal

point and the pairs (4L,4R),(5L,5R) and (6L,6R) are sequentially acquired.

Among the panoramic sequential methods, those based on using line sensor cameras de-

serve a particular mention. Cylindrical omnistereoscopicimagery produced by this method

produce geometrically correct binocular views of the sceneat the center of the image, while

the depth perception is distorted in the periphery of the image [87]. This viewing paradigm

is valid for cylindrical panoramas projected in a cylindrical display, in both monoscopic and

stereoscopic panoramas, in part because it does not have to deal with parallax ghosting while

blending images. Sequential line scanning is based on mosaicking image columns a single

pixel wide and therefore it produces high-quality stereoscopic panoramas. However, this virtue

is offset by their lengthy acquisition time, which is commonto all sequential scanning meth-

ods. The line scanning methods to acquire omnistereoscopicimagery can be modelled by the

con�guration 1(Section 3.2).

High-quality omnistereoscopic images, in cylindrical format, can be produced using line-

scanning sensors. This sequential method has been studied over the �rst decade of the 2000's [21],

partially thanks to the commercial availability of line-scanning cameras [88]. As their name

indicates, these cameras acquire the scene column-wise. Anomnistereoscopic view of the

scene can be acquired by rotating the line-scanning sensor off-center at radiusr c to acquire
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column by column left (I R ) and right (I L ) cylindrical panoramas, one at the time. The acquisi-

tion model corresponds to thecon�guration 1illustrated in Fig. 3.2-(a), where a line-scanning

sensor is in the position of each of the cameras for one complete rotation, acquiring succes-

sively each eye viewpoint after two complete rotations. Several authors have contributed to

the understanding and modeling of omnistereoscopic imagery using line sensors, covering the

line-scanning camera calibration [21, 89], a geometrical model for polycentric panoramas us-

ing this acquisition strategy [20], and the omnistereoscopic image acquisition [90, 30, 91, 92].

Although the literature on line sensors is extensive and insightful, this approach cannot be

adapted to acquire dynamic scenes.

Hybrid approaches have been proposed that use a laser range �nder and rotating sensors

to provide a high resolution depth mapping of the scene. For instance, Jiang and Lu [93]

proposed a method that combines an off-center CCD camera with a laser range sensor which

together produced a monoscopic panorama and its dense depthmap. Their approach is shown

in Fig. 4.12. Once again, the problem addressed was the reconstruction of a 3D scene and

not to produce binocular omnistereoscopic imagery. Besideits sequential conception, this idea

cannot be used for an omnistereoscopic 2D-to-3D conversionsince occlusion information is

not collected during the sequential acquisition. Similar limitations in handling occlusions arise

in a recent proposal by Barnes [94] which combines ground based light detection and ranging

(LIDAR) and monoscopic panoramas.

Figure 4.12: Combined camera and laser range sensor in a rotating platform for sequential

acquisition: an SVP panorama plus a panoramic depth map can be obtained for static scenes

using this acquisition method.
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The rotating sensor for omnistereoscopic imagery has appeared with some variations over

the last decade [95, 87]. A good summary of methods to create omnistereoscopic 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 interesting starting point to devise multi-camera con�g-

urations for real time omnistereoscopic acquisition. The con�guration proposed by Ho-Chao

Huang and Yi-Ping Hung [11] is interesting since it presentsa solution to reduce the parallax-

induced errors while stitching multiple images. This method can be parallelized to simultane-

ously acquire a number of image patches and their corresponding stereoscopic counterparts in

a non-SVP scheme. The sequential method of Peleg and Ben-Enzra using a single off-centered

camera [31] is interesting for reducing the hardware involved, but it is dif�cult to parallelize

since it would require a prohibitively large number of cameras to prevent blending artifacts

while mosaicking. In that case, the mosaicked image columnshave to be constrained to a few

pixels wide, which implies taking hundred of snapshots. A multiple camera con�guration that

attempts to take this number of simultaneous pictures is impractical, but, as will be shown in

the Section 4.5, some multiple camera con�gurations that dothis parallel acquisition have been

proposed.

The large overhead when acquiring hundreds of snapshots to just use two narrow slices is

partially compensated by line cameras which scan the scene column-wise. Unfortunately, the

large acquisition time of line cameras limits them to controlled static environments such as

most indoor scenarios.

However, it is possible to devise improvements in acquisition speed of omnistereoscopic

images using line sensors. For instance, using multiple stereoscopic line sensors, the acqui-

sition speed can be increased linearly with the number of stereoscopic sets. This approach

would enable the simultaneous capture of non-overlapping stereoscopic images of the scene,

which can then be mosaicked to create a full omnistereoscopic image in a fraction of time that

a single sensor can achieve. Unfortunately, a rotating camera system with such characteristics

is still commercially unavailable and, if it were, it would not be suitable to acquire dynamic

scenes.
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4.4 Omnistereo based on panoramic sources

The panoramic based methods use panoramic snapshotsI n (n 2 f 1; :::; Ng) as raw material

to synthesize omnistereoscopic images of a scene. This approach relies on sampling the om-

nidirectional functionC from a number of different viewpointsr n (n 2 f 1; :::; Ng), which

provide a set of panoramic imagesI n . These panoramic images are sampled to produce the

panoramic representationsI n . An omnistereoscopic view of the sceneI S can be built at any

desired viewpointr based on the set ofI n , providing their reference viewpointr n is known.

An example illustrating the use of multiple panoramic snapshots to estimateI S at different

viewpoints [2] is shown in Fig. 4.13. In this example, theCn are clusters of three panoramic

snapshots acquired in a triangular co-planar pattern. The method uses the three panoramic

images(I 1n ; I 2n ; I 3n to estimate an omnistereoscopic view for the center geometric center of

each cluster.

Figure 4.13: Estimation ofI S at different viewpoints using the information acquired from

multiple cylindrical panoramas.

This is a relatively new alternative resulting from the commercial availability of panoramic

cameras during the last decade, which made capturing panoramic snapshots 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 the scene to perform a 3D mapping

of a scene has started in the late 1980's [97]. For instance, Ishiguro et al. [12] proposed to

render a sequence of omnistereoscopic images, not for humanviewing, but to estimate the

3D relationship within objects in a scene. To do this, the authors proposed using a mobile

platform (a robot) equipped with a rotating camera mounted on top. The mobile unit moved

on a pre-programmed route, stopping at intervals to acquireomnistereoscopic images of the

scene using the single rotating sensor. Thecon�guration 1was used. This sequence of omnis-

tereoscopic views can be used to estimate the distance to obstacles from the travelling path by

matching feature points between stereoscopic images obtained between successive panorama

views, e.g., exploiting motion parallax between samples. This method is constrained to static

scenes, the panoramas have to be coplanar, the location of each panoramic sample has to be

precisely known, and more importantly, the accuracy of the estimation decreases as soon as the

viewing direction approximates the direction of motion progression (robot acquisition path).

The panoramas can be aligned by determining the cylindricalepipoles, or alternatively, �nd-

ing the focus of expansion [34] direction using motion analysis between panoramic frames in

the sequence (Appendix B). The method is only valid for a limited subset of panning angles

around the perpendicular of the planned trajectory. Furthermore, uncertainties in the stereo-

scopic baseline lead to inconsistencies in the �nal depth perceived from different viewpoints.

Similarly to Ishiguro, Kang and Szeliski presented a method[98] to reconstruct the 3D

structure of a scene using multi-base stereo obtained from randomly located panoramic sam-

ples (Fig. 4.14). The idea was to use stereo matching from multiple viewpoints, whose loca-

tions were mapped, to estimate an omnidirectional depth map. Fleck also described a method

similar to Ishiguro's to reconstruct a 3D model of the scene [99]. These methods were con-

ceived for robot navigation and not to produce omnistereoscopic renderings for binocular hu-

man viewing.

Many techniques were speci�cally conceived for the off-line navigation of image-based

stereoscopic virtual environments. For instance, Yamaguchi et al. [100] and, in a more recent

follow up, Hori et al. [101], proposed a method to generate stereoscopic images based on a

light-�eld rendering of synthetic novel views using panoramic video frames as sources. This

approach enables a smooth navigation of the scene, but creating large data overhead. A key

problem with this idea is the exact position of each panoramic frame must be known a priori
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Figure 4.14: Multi-base stereo reconstruction of a scene based on information acquired from

multiple cylindrical panoramas.

to �nd the best panoramic pair to render a binocular image foreach user's virtual location and

gazing direction. In addition, it is not practically feasible to acquire the panorama frames in

an accurate equally spaced grid to have control over the stereoscopic baseline. To cope with

this problem, Hori et al. [45] proposed capturing a panoramic video by simultaneously using

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

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

path, and does not solve the data overhead problem.

Vanijja and Horiguchi proposed an alternative method [36] speci�cally tailored for acave

automatic virtual environment(CAVE) type of display. Their idea relies on a limited set of four

panoramas acquired in a controlled square sampling pattern, as illustrated Fig. 4.15-(a), which

were used to render four wide �eld-of-view panoramic images. These four partial stereoscopic

views were projected on each wall of a CAVE [102] to produce anomnistereoscopic immer-

sive experience. The image patches extracted from each panorama of the cluster were arranged

according to the camera panning direction in azimuth. This mapping is illustrated in Fig. 4.15-

(b). The type of display, in this case a CAVE display, imposedrestrictions in terms of the num-

ber and the spatial distribution of cylindrical panoramas to use. The authors constrained the

viewable stereoscopic range to certain elevation angles because the distinct cylindrical projec-



CHAPTER 4. REVIEW OF OMNISTEREOSCOPIC TECHNOLOGY 68

tion centers of each stereoscopic pair produced undesirable vertical disparities at low and high

gazing angles in elevation. Even with these problems, this method offers advantages in terms

of acquisition time and depth consistency between sampled viewpoints, making it suitable for

a practical stereoscopic telepresence system. Unfortunately, this technique does not satisfy

the dynamic scene acquisition constraint since individualpanoramas still need to be acquired

sequentially. This omnistereoscopic acquisition approach can be modelled using thecon�gu-

ration 1 where four wide-angle (90� FOV in azimuth) stereoscopic snapshots of the scene are

sequentially or simultaneously acquired forD = ( �; 0� ), where� 2 f 0� ; 90� ; 180� ; 270� g in

azimuth to produce the image patches(im L;i ; im R;i ), for i 2 f 0:::7g as indicated in Fig. 4.15.

Figure 4.15: Vanijja and Horiguchi proposed in using clusters of four panoramic snapshots of

the scene, taken in a square pattern, to extract eight wide-angle stereoscopic images to render

a full omnistereoscopic image: (a) the mapping of the eight image sections from panoramas

f I 1; I 2; I 3; I 4g, and (b) the mosaicking of these sections to create a cylindrical omnistereo-

scopic pair(I L ; I R ).

An interesting antecedent of the method of Vanijja et al. canbe found in a patent applica-

tion by Baker et al. [86] from 2003, which was granted in 2007.This omnistereoscopic camera

proposal is built around four panoramic cameras in a square pattern. The camera is shown in

Fig. 4.16-(a) illustrating four panoramic cameras in a square distribution. The arrangement

simultaneously acquires four cylindrical panoramas that are used to compose four wide angle
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stereoscopic views of the scene as is illustrated in Fig. 4.16-(b) and (c). Although this is a

multi-camera system, it is relevant to include it in this section since it is a parallelization of the

sequential method proposed by Vanijja et al. three years later [14]. It should be mentioned that

this con�guration has a minimum distance to the camera wherecorrect stereoscopic acquisi-

tion is possible; however it has the potential to produce omnistereoscopic images of dynamic

scenes. Another drawback is its �xed stereoscopic baselinewhich limits its use to certain

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

scenes, but no attempt has been done in formalizing the stereoscopic image formation of this

camera.

(a) (b) (c)

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

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

proposal: (a) using four panoramic cameras in a square pattern to simultaneously acquire four

overlapping cylindrical panoramic snapshots of the scene,(b) a possible rendering strategy

using sections of each cylindrical panorama to render stereoscopic close-ups, and (c) and al-

ternative with a slightly larger baseline, but where the regions for stereoscopic rendering are

farther away form the camera.

A different approach, also based on using a cluster of cylindrical panoramas in a controlled

pattern, has been developed as part of this thesis research [2]. This technique was designed

to reduce the acquisition time and improve the overhead ef�ciency. The idea improves upon

the method proposed by Vanijja et al. [36] by using clusters of three co-planar cylindrical

panoramic snapshots of the scene. Each cluster has an equilateral triangular pattern, where

each side length is directly related to the desired stereoscopic baseline. The triangular cluster
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is shown in Fig. 4.17-(a), where the projection centers of each cylindrical panorama are at the

vertices of the triangle. Once the panoramas are aligned [34], it is possible to map and extract

stereoscopic images from pairs of panoramas within the cluster as a function of the panning

direction, similarly to Vanijja's method. A similar idea based on panoramic triad was suggested

by Zhigang Zhu in 2001 [38]. An example of this mapping for a triad of cylindrical images

is illustrated in Fig. 4.17-(b), where each image section ofpanoramas(I 1; I 2 ; I 3) corresponds

to a particular camera panning direction in azimuth. Mosaicking these six pairs of images

renders a full omnistereoscopic view of the scene in a fraction of the time needed by sequential

methods based on acquiring an omnistereoscopic image column-wise. This method can be

modeled by thecon�guration 1 (Fig. 3.2-(a)), where six stereoscopic pairs(im L;i ; im R;i ), for

i 2 f 0; :::; 5g, are sequentially acquired. This acquisition strategy is illustrated in Fig. 4.17.

Figure 4.17: Omnistereoscopic images using a cluster of three panoramas: (a) three cylindri-

cal panoramas(I 1; I 2; I 3) in a co-planar, triangular pattern can be used to extract siximage

sections, and then mosaicking them using the sequence illustrated in (b) to create two novel

stereoscopic views(I L ; I R ).

Details about the panoramic triad method and the necessary panoramic 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 sourcesare not suitable to acquire dy-

namic scenes, some of them can be adapted to multi-sensor con�gurations using wide angle

cameras. This is the case of clusters of panoramas where the distance and spatial location

between projection centers are precisely known. An exampleof this parallelization in the ac-

quisition is the camera proposed by Baker et al. [86] using four panoramic sources and the

sequential approach proposed by Vanijja et al. [14] using the same square pattern. Similar par-

allelization can be applied to the panoramic triad cluster [2]. The main cons of using panoramic

sources to extract wide angle stereoscopic views of the scene is the natural self occlusion be-

tween panoramas in parallel acquisition approach that leads to large data overhead.
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4.5 Omnistereo based on multi-camera con�gurations

This is an interesting approach to sampleCS in dynamic scenarios since it enable the simulta-

neous acquisition of visual information for all gazing directionsD at once. The captured set of

omnistereoscopic images(im L;i ; im R;i ), wherei 2 f 0; :::; N � 1g, can be used to estimate the

panoramic imageI S at the acquisition pointr and for any gazing directionD = ( �; � ) within

the camera FOV.

An example of multi-camera acquisition ofCS can be seen in Fig. 4.18. This camera

concept [19] is based on three �sh-eye lenses mounted in a triangular pattern, each of which

captures a partially overlapped aspherical �eld-of-view of the scene. This acquisition con�gu-

ration is similar to the triangular cluster of panoramic cameras [34] presented in Appendix B.

A rendering strategy can mapCL andCR samples from individual spherical images to esti-

mateI S. More interestingly, since this camera capture the whole scene at once, it is suitable

for dynamic scenes. More details regarding this acquisition con�guration are given at the end

of this section.

Figure 4.18: Multi-camera con�guration to capture partially overlapped stereoscopic snap-

shots.

4.5.1 Omnistereo using multi-camera con�gurations: antecedents

The earlier antecedents of using multiple cameras to compose a wide-angle stereoscopic im-

age date back to 1965, when Clay was granted a patent [37] for acamera designed to capture

wide-angle stereoscopic images. Although this camera was not conceived to produce omnis-

tereoscopic imagery, it is one of the earliest antecedents of panoramic (in the wide angle sense)
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stereoscopic photography to our best knowledge. The deviceillustrated in Fig. 4.19-(a) is made

of a multitude of cameras. The different optical axes converge in the direction of the object or

region-of-interest (ROI) to photograph; each camera captures the image from a different view-

point. Each camera, paired with its immediate neighbor, constitutes a stereoscopic pair. This

can be taken as a precursor of a parallelization of thecon�guration 4presented in Section 3.2.

The downfall of this camera is that it relies on a multiplicity of narrow angle lenses, which

creates stereoscopic pairs that can only capture stereoscopic objects when they are located far

from the camera. In other words, this camera acquires stereoscopic views of scenes where

the distance from the camera is so large that human binocularperception is just marginal.

Conversely, the foreground scene can be captured by individual cameras only, hence there is

an importantblind stereoscopic region. In its original conception, this ideaused off-the-shelf

�lm cameras, but a similar idea has been reused to capture multiple overlapping sections of the

image from different viewpoints using lenticular arrays infront of each individual camera [54,

83, 64].

An approach for constructing a panoramic depth map using multiple cameras distributed

over an icosahedric structure (Fig. 4.19-(b)) was proposedby Shimada et al. [103] and by

Tanahashi et al. [104, 105]. Each face of the icosahedron houses three cameras, determin-

ing an arrangement of60 cameras, more speci�cally,20 sets of three cameras. The authors

proposed to use the stereo images from three different stereo pairs per face, e.g., grouping the

three cameras in three groups of two, to create disparity maps in three spatial directions. The

beauty of this idea is that only one camera per face is used to compose a spherical panorama,

while each face's estimated depth map is registered on the �nal spherical image. The authors

of this camera con�guration proposed this idea to detect movements in every direction; how-

ever, the concept of independently creating a correct panorama and a panoramic depth map

can be exploited to create a synthetic omnistereoscopic image [18]. The geometric distribution

of cameras makes this con�guration attractive to render stereoscopic panoramas in spherical

format, unlike the majority of the omnistereoscopic acquisition methods that focus on cylin-

drical topologies. The problem of acquiring spherical stereoscopic views of dynamic scenes is

still open to further research. Although this camera coversa wide-angle FOV in elevation, it

can still be modeled by thecon�guration 4where the stereoscopic pairs are at a regular radial

distancer c from the spherical symmetry center.

Firoozfam et al. presented a camera capable to produce omnistereoscopic images by mo-

saicking six stereoscopic snapshots of the scene [106]. Theauthors of this work proposed
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(a) (b)

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

early patent from 1965, Clay exploited the overlapping FOVsbetween cameras with slightly

different viewpoints to produce stereopsis, and (b) Shimada and Tanahashi's multiple camera

con�guration designed to produce omnidirectional depth maps in real time.

to add omnidirectional depth estimation capabilities to their previous panoramic camera de-

sign [107]. To do so, a con�guration based on six stereoscopic camera rigs in a star-like

hexagonal pattern was used. This camera corresponds to thecon�guration 4 in Fig. 3.2-(c),

where stereoscopic rigs are located radially in six equality spaced� angles. An illustration of

their camera is shown in Fig. 4.20-(a). A prototype of their omnistereoscopic camera, which

was conceived for underwater visualization, was built circa 2002, and even calibration of the

stereoscopic camera pairs were reported. Although this camera was proposed for underwa-

ter robot navigation, the possibility of real time omnistereoscopic visualization by a remotely

located human operator was foreseen.

Baker et al. �led a patent application [17] in 2008 on an omnistereoscopic camera using

Firoozfam et al.'s concept. More speci�cally, their camerawas also based on acquiring six

partially overlapped stereoscopic images, using a star-like con�guration (Fig. 4.20-(a)). This

camera can be modeled using thecon�guration 4.
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(a) (b)

(c)

Figure 4.20: Multi-camera examples: (a) panoramic camera con�guration using multiple

stereoscopic pairs in an hexagonal pattern (Baker et al.), (b) different con�guration using nar-

rower FOV lenses and larger number of cameras, and (c) an alternative multi-camera con�gu-

ration proposed by the authors.
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In 2012, H. Baker and Constantin �led a patent application [35] on a different multi-camera

con�guration. An example of this camera is illustrated in Fig. 4.20-(b) for twelve cameras,

although the authors suggested using a larger number of cameras. As in the cases discussed

above, the idea is to acquire partially overlapped stereoscopic snapshots of the scene, which can

be mosaicked to render a cylindrical omnistereoscopic image. The authors suggested using16

to 24 individual cameras with45� to 30� FOV in azimuth, respectively. The distance between

projection centers of adjacent cameras(
 L;i ; 
 L;i +1 ) and (
 R;i ; 
 R;i +1 ), for i 2 f 0; :::; 5g

can be kept smaller than in the star-like hexagonal distribution illustrated in Fig. 4.20-(a).

However, the price to pay for this increased proximity is using a larger number of cameras

with narrower angle lenses to prevent self-occlusion. For example, using24cameras, the inter-

camera distance is approximately0:15 b, whereb = 65mm for a normal interocular distance,

and can be smaller for hypo-stereo. The main attraction of this con�guration is reducing the

parallax between adjacent cameras' projection centers while maintaining a larger baseline than

the con�guration in Fig. 4.20-(a). However, using narrow angle lenses the minimum distance

to objects in the scene is larger for stereoscopic acquisition, e.g., the distance where the scene

appears in both cameras FOV of a stereoscopic rig. The same con�guration has appeared in

another recent patent application [108], but reducing the number of stereoscopic pairs by using

wider angle lenses (Fig 4.20-(b)). This camera can be modelled ascon�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) camerasin the arrangement illustrated in

Fig. 4.20-(b). Their target application was 3D scene reconstruction instead of producing om-

nistereoscopic imagery for human viewing. Despite its mainapplication and large baseline,

this camera concept can sample theCS to synthesizeI S in certain outdoor scenarios where

the distance between the scene an the camera is large. This ismainly due to the excessively

large baseline distancebbetween projection centers.

My contribution to multi-camera con�gurations [18] is illustrated in Fig. 4.20-(c). This

camera addresses the problem of creating a monoscopic panorama with respect to a common

cylindrical projection centerO, and to acquire accessory information to render an omnistereo-

scopic counterpart. The stereoscopic information followsthe idea behind the approaches of

H. C. Huang et al. [11] and Yamada et al. [32], but using a multi-sensor con�guration to satisfy

the real time omnidirectional constraint of the problem. Unlike the majority of the cameras

presented in this section, this multi-sensor con�gurationcan be modelled by thecon�gura-

tion 3 (Section 3.2), which in this case models acquiring six stereoscopic snapshots separated
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in equal panning increments(� � = 60� ). The use of wide-angle lenses helps to reduce the

number of necessary stereoscopic pairs.

The omnistereoscopic rendering based on the images acquired by the camera proposed in

Fig. 4.20-(c) can be done by mosaicking stereoscopic snapshots or by synthesizing a stereo-

scopic view in every direction based on thecentralpanorama and the horizontal disparity and

occlusion maps extracted from each stereoscopic image. Thecentralpanorama is always ren-

dered by mosaicking images originating from cameras
 L;i (i 2 f 0:::5g). The mosaicking of

the images originating from cameras
 R;i produces a right-eye omnidirectional view of the

scene, but only when the radial distancer c and baselineb, which in this case are equivalent

(r c ' b), are small (b � 3:5 cm). This is done to prevent excessive ghosting while mosaicking

the right-eye panorama. The mosaicking is a low complexity approach suitable for real time

acquisition and rendering. The second approach involves using a larger baseline, which also

implies a largerr c. This con�guration helps to estimate horizontal depth mapsand occlusion

maps from each stereoscopic pair. However, the parallax between projection centers is larger

and so are the stitching artifacts while mosaicking thecentralmonoscopic view, although there

are techniques to reduce these artifacts [18]. The second rendering alternative has advantages

in terms of controlling the stereoscopic budget of the sceneand the visual comfort in postpro-

cessing that make it attractive.

Tzavidas et al. [15] were one of the �rst in attempting to parallelize theacquisition method

4 using a multi-camera approach. Their idea is based on using alarge number of radially

distributed cameras, as is depicted in Fig. 4.21-(a). They proposed to use a minimum ofN =

24 cameras to captureN snapshots of the scene. Similar to Ishiguro and Peleg's method

described in Section 4.3, Tzavidas et al.'s idea is based on extracting a pair of image columns

(im L;i ; im R;i ) from each image. The concept is illustrated in Fig. 4.10-(b). These image

columns are de�ned by the back-projection of the scene from each camera's own projection

centerO, onto two new projection centers(OL ; OR ), for the left- and right-eye viewpoints

with horizontal parallaxb. The idea is to mosaic theN columns ofim L;i to render a cylindrical

left-eye panoramaI L , and following the same procedure, mosaic theN columns ofim R to

generate the right-eye panoramaI R . Since each individual image column must be larger than

one pixel, noticeable artifacts appear in the panorama after mosaicking. However, the larger the

number of camerasN , the narrower the image column width and the smoother(I L ; I R ) would

be. On the same idea, Peer and Solina [110] estimated that a cylindrical stereoscopic panorama

of 1680pixels wide can be rendered by mosaicking image columns14 pixels wide extracted
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from N = 120 cameras in a circular radial con�guration. The latter estimation is perhaps too

optimistic to produce good results. The large number of cameras that may be necessary to

produce an acceptable omnistereoscopic image by simply mosaicking stereoscopic is the main

drawback of this approach.

There have been different multi-camera con�gurations based on distributing a multiplic-

ity of cameras on 3D surfaces as with Shimada and Tanahashi'sicosahedric camera. One of

them using a semi-spherical surface housing104evenly distributed cameras has been built at

theÉcole Polytechnique Fédérale de Lausanne (EPFL) [111, 112]. The hemispherical camera,

which resembles a multifacetedinsect-eye, is illustrated in Fig. 4.21-(b). It was conceived to

produce polycentric spherical panoramas by mosaicking a large number of snapshots. Further-

more, the developers of this camera propose to estimate the 3D structure of the scene using

stereo images extracted from pairs of cameras in selected directions. The fact that the opti-

cal axes of adjacent cameras are divergent is not an obstacleto reconstruct a 3D depth map,

although it poses a problem to compose stereoscopic images for human viewing. In a recent

development [111, 113], this camera was used to reconstructstereoscopic panoramas in cylin-

drical format. However, it is necessary an analysis of the omnidirectional depth distortions

after mosaicking multiple stereoscopic images captured bycameras pairs with divergent opti-

cal axes.
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(a) (b)

(c)

Figure 4.21: Multi-camera con�gurations: (a) the cameras con�guration proposed by Tazvidas

et al. in 2002, (b) the omnistereoscopic camera concept developed at théEcole Polytechnique

Fédérale de Lausanne (EPFL), and (c) spherical con�guration proposed 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 number of narrow angle cameras [114]. The

idea is to compose an omnistereoscopic image by mosaicking multiple adjacent images where

one camera corresponds to the left-eye view while the immediate horizontal neighbor corre-

sponds to the right-eye view. Following this reasoning, onesubset of cameras are mosaicked to

form a left-eye spherical panorama while the images originating from the immediate (horizon-

tal) neighbor are mosaicked to form the right-eye panoramicview. The fact that the adjacent

cameras taken in pairs have divergent optical axes, insteadof parallel or convergent optical

axes, seems to be ignored by the authors. There is neither a binocular model of the image

formation nor rendering examples to support the authors' claims.

In an attempt to reduce the number of cameras involved to produce omnistereoscopic im-

agery, Grover patented a multiple camera system using a lenticular array [64], which is based

on similar principles to Peleg's spiral lens con�guration [54]. Grover's optical approach is

based on sampling interleaved image blocks corresponding to left- and right-eye views over a

single two-dimensional (2D) planar sensor instead of capturing vertical columns corresponding

to left and right-eye views. Using high-resolution sensorsand a high-density lenticular array,

it would be in theory possible to de-interleave left- and right-eye views from each camera,

mosaicking a complete omnistereoscopic image. One of the main problems with this con-

�guration is the complexity of building and calibrating thelenticular arrays. Another major

problem is the �xed stereoscopic base-line of this camera, which can lead to undesirable ef-

fects in the stereoscopic composition. Furthermore, the number of cameras necessary given a

particular lenticular array and the problems of mosaickingthese segmented stereoscopic views

have not been determined, nor has there been made available omnistereoscopic imagery as

proof of concept of this device.

In a recent proposal, Weijia Fen at al. [115], a camera composed of four �sheye lenses in a

star-like con�guration has been suggested to produce omnistereoscopic imagery. This camera

is illustrated in Fig. 4.22 showing four cameras radially distributed around a centerO. The de-

signers of this camera propose to use the overlapping areas between adjacent images to extract

stereoscopic views of the scene. Each image requires180� FOV in azimuth or more, so each

of them overlaps over at least90� FOV in azimuth with the adjacent image. The authors of this

conceptual camera propose to mosaic these overlapped stereo views, after correcting each lens

distortion, to create a full stereoscopic spherical panorama. This is a work in progress at the

moment of writing this chapter, hence there are still many issues to be addressed. For instance,
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the modeling of stereoscopic views for the poles of the spherical view has not be contemplated.

In general, a model for the 3D human binocular viewing is necessary to explain this camera

con�guration as well as other con�gurations reviewed herein. Additionally, the disparity dis-

tortion due to using �sheye lenses when trying to maintain a consistent and continuous depth

perception in every direction has not been addressed.

Figure 4.22: Multi-camera con�guration to capture partially overlapped stereoscopic snap-

shots.

A recent development at the Université of Montréal [116] is a novel example of a promising

con�guration to produce real-time omnistereoscopic imagery [19]. Their omnipolarcamera

consists of three vertically oriented �sh-eye lenses to produce a triad of partially overlapped

stereoscopic views of the scene, each of them with horizontal parallax (Fig. 4.18). This mul-

tiple camera con�guration is similar than the panoramic triad method [2] (Section 4.1.1). The

similarities reside in the triangular distribution of wide-angle cameras to capture simultane-

ously three partially overlapped samples of the omnidirectional functionC at three distinct

viewpoints. But the similarities ends there. This camera has a major advantage over previous

sequential methods [117]: the real-time acquisition of dynamic scenes. However, this acqui-

sition approach requires to de�ne a proper warping strategyto correct lens distortions and a

suitable mosaicking algorithm based on an optimal cut stitching [118].
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4.5.2 Pros and cons of multi-camera con�gurations

The parallelization ofcon�guration 4 [15] is an interesting option, especially given the trend

in miniaturization of high-quality cameras. The reason forbeing skeptical about this approach

is simple: the narrower the images's vertical stripes used to extract two parallax views of

scene, the better the quality of the mosaicking, but the necessary number of cameras to be able

to extract narrow image columns is too large to be practical.However, a more sophisticated

rendering approach based on light �eld rendering [119] can use this samples ofCL andCR at

close but continuous gazing directionsD to approximate an artifact-freeI S.

A radial arrangement to capture partially overlapped stereoscopic images using reasonably

large baselines implies a careful design of the camera geometry. Multiple camera con�gura-

tions using this strategy have been proposed recently [17, 86, 64, 35, 18]. However promising,

there are still unsolved issues regarding the cameras' parallax effect in the rendering of inter-

mediate views between samples, e.g., stitching panning directions, maintaining the disparity

continuity. Moreover, the effect of the geometric distribution of cameras on the minimum dis-

tance to objects on the scene for a correct stereoscopic viewing has not been properly studied.

Another point to be considered when mosaicking wide-angle stereoscopic samples is the

distortion incurred in creating a cylindrical stereoscopic panorama by mosaicking a limited

number of partially overlapped stereoscopic snapshots.
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4.6 Summary

This chapter has presented a comprehensive review of methods to acquire the necessary visual

information from a scene to render stereoscopic omnidirectional images, most in the form of

cylindrical panoramas. The different proposals for omnistereoscopic acquisition have been re-

viewed with an emphasis on their direct or indirect potential to render stereoscopic snapshots

of dynamic scenes in any panning direction. Our review restson two separate classi�cations

of the proposed methods. The �rst is a classi�cation into four acquisition models according to

the different geometric con�gurations used to acquire stereoscopic pairs in all directions. The

second is a classi�cation into four families based on the camera construction and/or the acqui-

sition strategy. The chapter contains four main sections reviewing proposals from the technical

and patent literature belonging to these four families, identifying the acquisition model cor-

responding to each proposed camera con�guration and discussing the relative strengths and

weaknesses of each family.

Single-view point catadioptric cameras are the most attractive for their reduced hardware,

using a single image sensor, but the omnistereoscopic alternatives based on vertical co-axial

con�gurations are not suitable to produce horizontal stereoscopic views of the scene. The

omnistereoscopic catadioptric cameras are suitable to acquire panoramic depth maps, but their

incapability to handle occlusions render the information acquired by these cameras incomplete,

at least in the context of the problem investigated.

Sequential acquisition methods were reviewed because of their potential to be adapted for a

real time omnistereoscopic sampling of dynamic scenes. Following this idea, there were inter-

esting proposals of using multiple cameras to extract left and right-eye views in every direction

simultaneously. These methods generally underestimate the number of cameras necessary to

produce artifact free omnistereoscopic pairs. A simpler and more ef�cient approach is sam-

pling the scene with a limited number of partially overlapped stereoscopic snapshots, which is

the concept behind multiple camera con�gurations.

Before discussing the multiple camera methods, another approach has been presented: us-

ing multiple panoramic snapshots to render omnistereoscopic images. This approach has also

intrinsic problems to render omnistereoscopic views of dynamic scenes since it is based on

the sequential acquisition of panoramic snapshots. The idea is to use stereoscopic wide-angle

views of the scene obtained from different panoramas to create stereoscopic views in arbitrary

gazing directions. When the panoramas are acquired in a known sampling pattern, the con-

sistency in the perceived depth can be guaranteed. Since multiple wide-angle snapshots of
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the scene can be strategically acquired to cover all lookingdirections, the panoramic cluster

approach can be replaced by a set of multiple stereoscopic camera pairs strategically oriented

to cover the whole scene.

Multiple camera con�gurations are probably the best candidates in the context of the pro-

posed problem. There are many variants of the same idea, but all of them are based on the si-

multaneous acquisition of partially overlapped set of stereoscopic snapshots of the scene. The

geometric distribution between cameras varies between proposals, and there is no theoretical

framework to contrast them. The lack of a formal analysis also extends to the omnistereoscopic

rendering methods, which are intrinsically linked to the multiple camera geometry. Further-

more, a model representing the binocular visual �eld derived from the plenoptic function model

will be useful to contrast the different acquisition strategies and rendering results.

The conclusions of this background research in terms of the potential of each panoramic

camera to acquire dynamic scenes omnistereoscopically is summarized in Table 4.1.
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Table 4.1: Comparison between different omnistereoscopicmethods.

Con�guration Pros Cons

Catadioptric Simple hardware con�guration and,

when hyperbolic and parabolic mir-

rors are used, �ts the SVP model,

avoiding mosaicking problems due

to multiple projection centers. In

other non-SVP con�gurations, it

can acquire horizontal stereo in

multiple panning directions using

lenticular optics [63] or multiple

stereoscopic rigs [51].

In vertical coaxial con�guration it

can only capture depth based on the

vertical disparity map; in this mode

it cannot handle occlusions. Lens

radial distortion may leads to out-

of-focus blurring.

Sequential

acquisition

Not suitable for stereoscopic acqui-

sition of dynamic events. How-

ever, some con�gurations can be

used in parallel acquisition con�g-

uration [11, 21, 13].

Their lengthy acquisition time

make these methods unsuitable to

sample dynamic scenes.

Using

panoramic

sources

The idea of using wide-angle snap-

shots of the scene at controlled lo-

cations can be used in a multiple

camera con�guration [2].

Sequential acquisition of panora-

mas make these methods unsuit-

able for sampling dynamic scenes

stereoscopically and omnidirection-

ally.

Using multi-

ple sensors

A solution for the problem can be

implemented using off-the-shelf

cameras in different geometric con-

�gurations as long as they acquire

partially overlapped stereoscopic

snapshots covering the whole

scene [17, 35, 103, 64].

Parallax between cameras may in-

troduce artifacts in the images and

limits their capability to render ob-

jects in stereo to a minimum dis-

tance from the camera. The ge-

ometric distribution of the camera

determines the rendering strategy,

which needs further research.



Chapter 5

Disparities and rendering approaches

This chapter introduces the different rendering methods that use the visual information ac-

quired by any of the con�gurations presented in Section 3.2.Although this thesis does not

focus on the rendering of omnistereoscopic imagery, the sampling of CS is entangled with the

usage of this information to estimate the value ofI S and to its sampling to produce a discrete

omnistereoscopic imageI S.

First, I de�ne the disparity between corresponding coordinates of the same pointPW after

being projected onto imagesim j;i . This is important in order to de�ne the limits of horizontal

disparity resolution in humans and how this limit can be exploited to determine the continuity

in the depth perceived after mosaicking stereoscopic images.

The methods to generateI S are presented in reverse order of feasibility and complexity

in the context of this problem, which is the rendering omnistereoscopic imagery of dynamic

scenes. The �rst method is based on mosaicking a large numberof image columns acquired

sequentially. The second rendering method is based on capturing the whole scene at once

using a reduced number of stereoscopic snapshots and extra information about the scene 3D

structure. The last rendering approach is based on the pure mosaicking of a limited number of

stereoscopic snapshots to createI S, without the need for extra depth information of the scene.

The acquisition constraints originated in the mosaicking approach for rendering are studied

extensively in this thesis.

An example of scene navigation based on projective transformations of a planar stereo-

scopic image extracted fromI S is presented and the end of this chapter. Additionally, the

estimation of the number of necessary images to produceI S by 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 scenePW , which is in the FOV of cameras
 j;i , is projected ontoim j;i . The

coordinates of these corresponding projections arep j;i = ( x j;i ; yj;i )T . The set of coordinates

on each image plane de�nes acorresponding pair, which will be referred to

K i = ( pL;i ; pR;i ); (5.1)

where the indexi denotes the� i andj = f L; Rg. The vector de�ned by a corresponding pair

K i is denoted

d i (K i ) = pR;i � pL;i : (5.2)

The components ofd i in the horizontal and vertical dimensions are de�ned as thehorizontal disparity

(dh;i ) andvertical disparity(dv;i ), respectively. The correspondent pair of projections for a

pointPW and� i is illustrated in Fig. 3.1.

5.1.1 Disparity functions in a planar stereoscopic image

The disparity can be de�ned as functionsdh;i ; dv;i : R2 ! R, which can be de�ned forK i as

follows

dh;i (K i ) = xR;i � xL;i ; (5.3)

dv;i (K i ) = yR;i � yL;i : (5.4)

A graphical depiction of the disparities is shown in Fig. 5.1-(a).

A point PW in the FOV of a stereoscopic pair of cameras oriented at� i de�nes the corre-

sponding setK i . Consequently, the set of allK i for a given stereoscopic imageim j;i de�nes

amotion �eld [120].

5.1.2 Angular disparity

The projection ofim j;i onto a canvas can be a done onto a planar or warped surface. An

alternative de�nition for the disparities is based on theangular spreadbetween corresponding

pointsK i with respect toO reference viewpoint. These angles are de�ned as follows

� h;i (K i ) = 2 arctan
�

dh;i (K i )
2 f

�
; (5.5)

� v;i (K i ) = 2 arctan
�

dv;i (K i )
2 f

�
: (5.6)
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(a) (b)

Figure 5.1: Disparities: (a) as the distance between right and left coordinates ofK i in a planar

image and (b) as the angular spread betweenK i with respect to the reference viewpointO.

The angular disparities are usually expressed inminutes of arc(arcmin) orsecond of arc(arc-

sec) units. The angular disparities in the horizontal orazimuth(� h;i ) and vertical orelevation

(� v;i ) directions are illustrated with an example in Fig. 5.1-(b).

The advantage of using this angular representation is to provide a consistent measure of the

disparity between corresponding points independent of thedisplay. For instance, after warping

and projecting a stereoscopic image on a curved or planar display, the disparity between corre-

sponding points on a planar canvas will vary depending the distance fromO, but � h;i and� v;i

will remain the same. The idea is illustrated with a simple example in Fig. 5.2 where points

PW andP0
W , both located at the same distancezi in Z i -axis, de�nes corresponding pairsK i

andK 0
i , respectively. The horizontal disparities in the planar stereoscopic imageim j;i must

satisfy that

dh;i (K i ) = dh;i (K 0
i ):

The projection of the same corresponding sets of points on a curved canvas leads to angular

disparities

� h;i (K i ) = � 0
h;i (K

0
i );

which conveys the same depth by binocular cues to the user. Therefore, both representations

are equivalent.
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Figure 5.2: Equivalence between disparities ofK i andK 0
i on a planar and curved canvas.

5.1.3 Depth estimation

The depth of a scene elementPW is de�ned by the distance inZ-axis. It can be estimated from

dh;i using the geometric constraints for the stereoscopic camera pair de�ned in Section 3.1.2.

For instance, the depth ofPW is ZL;i for camera
 L;i andZR;i for camera
 R;i . The parallel

optical axes constraint makesZL;i = ZR i = Z i , which can be determined by

Z i (K i ) =
f b

dh;i (K i )
; (5.7)

whereZ i is the projection ofPW in an axis perpendicular tob, on theXZ -plane, with origin

atO. Hence, the distance with respect to theXYZ system of coordinates is

Z (K i ) = Z i (K i ) cos� i ; (5.8)
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as illustrated in Fig. 5.3.

Figure 5.3: Depth of the scene.

The availability of(dh;i ; dv;i ) for all K i de�ned in I S enables the de�nition of an omni-

directional depth mapM : R2 ! R, whereM (p j;i ) = Z (p j;i ) the depth of the panoramic

scene. Conversely, the availability of the scene 3D information contained inM helps to obtain

an accurate estimation ofI S based on a number of stereoscopic samples of the scene.

5.1.4 Disparity difference function

The disparity difference between any pair of correspondingsets,(K n ; K 0
m ), can be used

to determine how the disparity changes over one image or a pair of images. Based on this

notation, whenn = m = i , the comparison is between two corresponding points inim j;i . But,

whenn = i andm = i +1, the comparison is between corresponding sets on neighbourimages

im j;i andim j;i +1 , respectively. Note that the corresponding sets using in the comparison of

disparities does not necessarily are from the samePW in the scene.

Thedisparity difference functionscan be de�ned as follows

Eh;(n;m ) (K n ; K 0
m ) = dh;n (K n) � dh;m (K 0

m ); (5.9)

Ev;(n;m ) (K n ; K 0
m ) = dv;n (K n) � dv;m (K 0

m ); (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 areEh;(n;m ) ; Ev;(n;m ) : R2 � R2 ! R.

The disparity difference can be also expressed as the difference between the angular dis-

parities as follows

A h;(n;m ) (K n ; K 0
m ) = � h;n (K n) � � h;m (K 0

m ); (5.11)

A v;(n;m ) (K n ; K 0
m ) = � v;n (K n) � � v;m (K 0

m ): (5.12)

In the context of this thesis, there are two particular problems where the disparity difference

functions can be applied:

� the difference in horizontal disparity within the same stereoscopic image, that is for

n = m = i , and

� the difference in horizontal disparity between adjacent stereoscopic images, when the

projections of the samePW in im j;i is matched (aligned) with its projection inim j;i +1 .

The �rst case is relevant to compare the depth rendition whentwo different points in the scene,

PW andP0
W , are projected in the same stereoscopic imageim j;i with corresponding point sets

K i andK 0
i , respectively. In this case, Eq. 5.9 and 5.10 can be denoted as follows

Eh;i (K i ; K 0
i ) = dh;i (K i ) � dh;i (K 0

i ); (5.13)

Ev;i (K i ; K 0
i ) = dv;i (K i ) � dv;i (K 0

i ): (5.14)

This situation is used in Section 5.2.3 to estimate the usable image width or the number of

necessary stereoscopic samples to be acquired based on the practical limits of the human depth

resolution.

The second case of interest is when the same point of the scenePW is imaged by two

neighbour stereoscopic imagesim j;i and im j;i +1 , originating corresponding pointsK i and

K 0
i +1 , respectively. This comparison is especially relevant when one of the points in theK i

set is mapped (aligned) with another point in theK i +1 set. This is part of the aligning process

to stich partially overlapped stereoscopic images, which is detailed in Section 6.1. In this

case, the disparity difference become adisparity error function, which can be used to study

the depth continuity in mosaicked stereoscopic images. Thedisparity error functionscan be

de�ned using Eq. 5.9 and 5.10 as follows

Eh;(i;i +1)

�
K i ; K 0

i +1

�
= dh;i (K i ) � dh;i +1 (K 0

i +1 ); (5.15)

Ev;( i;i +1)

�
K i ; K 0

i +1

�
= dv;i (K i ) � dv;i +1 (K 0

i +1 ): (5.16)
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A graphical depiction of the disparity error functions is presented in Fig. 5.4.

5.1.5 Depth resolution

The binocular vision system in humans is capable to resolve scene elements at different depths.

Determining the limits of the human depth resolution is important for the rendering ofI S,

especially when the mosaicking of stereoscopic images is involved.

Two scene elements whose respective depths areZ i andZ i + � z have horizontal disparities

given bydh;i (K j;i ) anddh;i (K 0
j;i ), whereK j;i andK 0

j;i are the corresponding point sets de�ned

in im j;i for the projections of both points in the scene. This is shownin Fig. 5.4. In this

scenario, there is a minimum depth difference� z that 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 absolute value of the horizontal dis-



CHAPTER 5. DISPARITIES AND RENDERING APPROACHES 93

parity function as

eh;i = kEh;i k; (5.17)

whereEh;i is de�ned in Eq. 5.9. Equivalently, the horizontal disparity difference can be de�ned

as a function of the angular disparity as follows

ah;i = kA h;i k: (5.18)

This is valid for two points in the scene projected in the samestereoscopic imageim j;i as

shown in Fig. 5.4.

In the case when the same scene is projected in two overlappedstereoscopic images, the

horizontal disparity error is de�ned as follows

eh = kEh;(i;i +1) k; (5.19)

or, in terms of the angular disparities, as follows

ah = kA h;(i;i +1) k: (5.20)

In summary,eh is referred to horizontal disparity error between projections of the same

point in the scenePW onto two stereoscopic images(im j;i ; im j;i +1 ), while eh;i denotes the

horizontal disparity difference between two points in the scene (PW ,PW
0) projected onto one

stereoscopic imageim j;i .

Human depth resolution

The perceptual depth resolution in the average adult population (dZh ) can be approximated

by [121]

dZh =
Zc

2 � �

de
(5.21)

where� � is thestereo or vergence acuityin humans (de�ned in Appendix D), considered here

as a dimensionless constant,de is the average interocular distance in adults (65mm), andZc is

the distance from the reference system de�ned on the stereoscopic camera. The stereo acuity

in humans has been characterized as 20 arcsec by Diner in [122]; however, other authors have

attributed a larger �gure to this parameters, e.g., 10 arcsec [123, 124]. The stereo acuity may

even vary between subjects [125]. As a reference value, I used 20 arcsec as a measure for the

human stereo acuity. Note that� � is equivalent to the angular horizontal disparity errorah;i
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(Eq. 5.18) anddZh = � z (Fig. 5.4). A diagram that helps to understand these parameters is

shown in Fig. 5.5-(a). Note that various visual cues are exploited to estimate depth, but in this

analysis only the horizontal disparity between corresponding image elements is considered.

(a) (b)

Figure 5.5: Depth resolution scheme: (a) stereoscopic (pinhole) camera, and (b) simpli�ed

binocular vision model.

Camera depth resolution

The depth resolution(dZc) of a stereoscopic camera can be approximated by [126]

dZc =
Zc

2 "
f b

: (5.22)

In Fig. 5.5-(b) is presented an illustration that helps understanddZc.

The goal is to havedZc � dZh for a camera to surpass or equal the human depth resolution.

The largest threshold is de�ned bydZc = dZh , hence, from Eq. 5.21 and Eq. 5.22, the disparity

threshold is

" =
f b � �

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 an attempt to interpret a series of

physiological tests done on human subjects [121]. These tests were designed to obtain mea-

sures of the horizontal disparity resolution in subjects. Therefore, these tests attempt to remove

other bias that in�uences the human depth resolution; one ofthe most important ones are the

geometrical cues in the visual scene [127]. Under these circumstances, the parallel between

human binocular vision and the stereoscopic pair of pinholecameras may not be an accurate

accurate way to obtain a threshold" .

As an example, a stereoscopic camera system with the same horizontal FOV as the binoc-

ular vision system (120� or � a = 60� ), a baselineb = de and a horizontal sensor sizeWh

requires a horizontal disparity resolution" given by [128]

" =
Wh � �

2 tan � a
2

: (5.24)

The pixel width of a Nikon 800D sensor de�nes a minimum angular disparity of65arcsec,

or approximately3� � for a20arcsec stereo acuity resolution. Hence, the achievable horizontal

resolution of a stereoscopic camera using this sensor is below the depth acuity of the human

vision.

A good threshold foreh;i is the maximum horizontal resolution of the camera, which is

suf�cient to guarantee depth consistency in a practical scenario [18, 2]. Hence, a threshold for

ehi in a practical scenario can be de�ned as

" = s; (5.25)

wheres is a pixel width. This threshold is not only a practical compromise due to the available

technology, but also has proven to be valid in a rendering scenario based on mosaicking. In

that case, it guarantees continuous disparity between seams while preventing visible ghosting

after mosaicking and blending.
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5.2 Omnistereoscopic rendering

The rendering methods to estimateI S and to produce an omnistereoscopic imageI S depend

on the information made available by the acquisition technique. The more information is made

available during the acquisition, the better the approximation of I S and the better the quality

of the depth illusion achieved in any gazing direction.

In this section, I present three cases of rendering based on different acquisition models. The

�rst method is based on the exhaustive sampling ofCS by sequentially acquiring stereoscopic

images of the scene. The second method relies on a limited number of stereoscopic samples to

estimateI S when the depth of each scene element is available. The third rendering approach

does not require the omnidirectional depth information andit is based on stitching and blending

a reduced number of stereoscopic images of the scene. The requirements in terms of acquisition

constraints to use the mosaicking method are the main focus of this thesis.

The contribution of this thesis is not focused on the rendering of omnistereoscopic imagery,

although suitable rendering methods are proposed based on each acquisition technique.

5.2.1 Mosaicking a large number of narrow image columns

A traditional omnistereoscopic acquisition approach has been the exhaustive sampling ofCS

by acquiring a large number of stereoscopic samples using a rotating stereoscopic camera. This

technique has been explained in Section 4.3.1. This method uses partial information of images

im j;i to renderI S when pinhole cameras are used [13]. Line sensors have been alternatively

used to capture a pair of narrow image columns that are mosaicked into a fullI S [11, 21]. An

example to illustrate this omnistereoscopic method is presented in Fig. 5.6.

This rendering approach conveys a correct depth illusion tothe user located at the center

of projection whenI S is projected in cylindrical displays. However, this binocular correctness

is limited to the region of interest at the center of the user's gaze. For instance, based on the

model forCS (Fig. 2.3.7), in any gazing directions in azimuth, the corresponding pointsK i

convey a horizontal angular disparity� h;i that can be directly translated into a depthZ i when

the baseline distancebmatches the user's interocular distance.

Line cameras and the omnistereoscopic viewing model

When considering only narrow image columns to approximateI S, it seems at �rst a downfall of

the omnistereoscopic viewing function model since it does not represent what a user with nor-
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Figure 5.6: Sequential acquisition of image columns for mosaicking intoI S.

mal binocular vision would see when gazing inD direction. This is true whenI S is the result

of mosaicking image columns obtained from line sensors, butthe general acquisition model

presented in Chapter 3 consists of two pinhole cameras with ahorizontal baseline. Therefore,

a wider FOV is acquired in each sampling direction� i by samplingCL andCR for each gazing

direction in azimuth� as illustrated in Fig. 2.4.

Depth distortions

The depth distortion in the periphery of the ROI in cylindrical displays has been estimated by

Couture et al. in [22] and by Bourke et al. in connection to dome-shaped displays in [58]. The

authors of the former paper concluded that depth distortions are below the human stereoscopic

resolution for eccentricities of about20 arcmin off the central ROI. Although the threshold

for human depth resolution the authors of this work used is more conservative that the one

calculated in Section 5.1.5, their estimations is good precedent for the analysis of stereoscopic

distortions on curved displays.

Although this approach is appropriate for rendering omnistereoscopic image for cylindrical

displays, additional processing is necessary to create planar stereoscopic imagery in any gazing

directions. More importantly, it is not suitable to render dynamic scenes.
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5.2.2 A few stereoscopic samples plus depth information

The alternative to acquiring a large number of column pairs is to captureN stereoscopic sam-

ples of the scene. Novel stereoscopic views can be rendered using the projections ofPW into

the corresponding coordinate pairK i , for a panning angle� i (i 2 f 0; :::; N � 1g). Any of the

acquisition con�gurations presented in Section 3.2 can be used to describe this scheme. For

each corresponding pair of coordinatesK i = p j;i , the depth mapM is necessary to renderI S.

An example of this acquisition method is illustrated in Fig.5.7-(a).

(a) (b)

Figure 5.7: Rendering using multiple stereoscopic samplesplus depth information: (a) acqui-

sition example based oncon�guration 1, and (b) rendering of an intermediate stereoscopic

view using the depth information to enforce the correct horizontal disparity.

This rendering approach can be visualized with an example. Apoint in the scenePW ,

located in the stereoscopic FOV of cameras
 j;i in gazing direction� i , will be projected into

coordinatesp j;i in the corresponding imagesim j;i . A stereoscopic planar image can be gener-

ated using imagesim j;i andim j;i +1 , for any intermediate gazing direction between� i and� i +1 .

The image elements with coordinates(pL;i ; pR;i ) are mapped into the novel image into coor-

dinates(pL ; pR ). The correct horizontal disparity can be enforced by maintaining dhj;i (p j;i )

in the novel stereoscopic image. This rendering example is illustrated in Fig. 5.7-(b).
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Synthesized stereoscopic views

According to the model forCS, the real stereoscopic view in intermediate gazing directionD ,

involves sampling(CL ; CR ) for a limited FOV around the novel gazing direction and from

the projective points(OL;k ; OR;k ), wherek refers to� i < � k < � i +1 (Fig. 2.4). However,

using this rendering method, a novel stereoscopic image is created using the sampling of the

CS from O j;i andO j;i +1 . Note that, the novel stereoscopic view is not a mosaic of projective

transformations ofim j;i andim j;i +1 , since the depth information of the scene is used to correct

the horizontal disparity pixel-wise.

The rendered stereoscopic view will be correct only in the acquired gazing directions where

D = ( � i ; � ). Any intermediate view rendered for gazing directions between acquired stereo-

scopic samples is not exactly what the scene would look like in those gazing directions accord-

ing to CS model. However, this method can provide a satisfactory binocular illusion to the

user as long as the correct horizontal disparity is enforcedand visual artifacts are corrected.

Pros and cons of this method

The main advantage of this approach is that multiple stereoscopic samples can be acquired at

once enabling the omnistereoscopic acquisition of dynamicscenes. Additionally, this method

enables the synthesis of stereoscopic views incorporatingmechanisms of binocular human

vision such as vergence and accommodation. This can be done by manipulating the depth-

�eld by using depth-based blurring (accommodation) and exploiting the depth information

to manipulate the stereo image pair alignment (vergence). These aspects of the stereoscopic

navigation still require further research and are beyond the scope of this thesis.

One challenging aspect of this acquisition-rendering approach is how to acquire high-

quality depth maps of the scene omnidirectionally. IfM is estimated from the collected stereo-

scopic samples, then a large baseline is necessary to improve the depth estimation. However,

the larger the baseline the more challenging it is to avoid the occlusion between cameras in a

simultaneous acquisition scenario.

Alternative: 2D-to-3D conversion

Another rendering method that uses a number of partial stereoscopic views of the scene plus

depth consists in synthesizing a stereoscopic view from a 2D-to-3D conversion [62]. For in-

stance, using a monoscopic view of the scene and the depth information extracted fromM
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is possible to de�ne a pixel-wise warping to create a novel view, which combined with the

source image will compose a stereoscopic pair. In the synthesized stereoscopic pair, the hori-

zontal disparity between corresponding points is enforcedbased on the desired depth illusion

to create in the user [18, 129]. The acquisition model used incon�gurations 2and3 is ideal

for producing a panoramic view with minimum visual artifacts plus an omnidirectional depth

mapM .

5.2.3 Mosaicking stereoscopic snapshots

A simpler omnistereoscopic rendering approach, which is also relies on a limited number of

stereoscopic samples of the scene, is based on the mosaicking [2, 18]. This method only re-

quires the mosaicking and blending of warped stereoscopic samples. The alignment can be

done by applying a simple translational transformation [130, 131] and the stitching of stereo-

scopic pairs can be done using optimal cut algorithms [132, 133, 118].

Pros and cons of the mosaicking method

The low computational complexity of this method makes it ideal for creating video panora-

mas where a frame-based rendering is necessary [134, 117, 15, 135, 16]. This simultaneous

sampling ofCS for N of gazing directions in azimuth can be done using acquisition con�gu-

ration 3and4. However, it can also be implemented using stereoscopic samples obtained from

sequential acquisition, i.e., using acquisitioncon�guration 1and2.

The mosaicking method produces an estimation of the sampling of I S that is correct only in

the gazing directions that correspond to the acquired stereoscopic samples. As in the previous

example, any view in an intermediate panning direction between actual snapshots is the result

of mosaicking images from different stereoscopic cameras.The difference with the rendering

method explained in Section 5.2.2 is that no depth information is used to correct the horizontal

disparity. This is not a problem as long as depth continuity is enforced (Chapter 9). It is

also important to correct the vertical disparities that appear within the overlapped regions of

neighbour stereoscopic images to stitch. This important point is detailed in Chapter 9.

In this thesis, I focus on the system constraints to facilitate the sampling ofCS function for

mosaicking-based rendering ofI S.
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Exploring the scene

The navigation is limited to panning the scene in azimuth unless depth information is used

in rendering of intermediate views. The zero vergence pointcan be set using a horizontal

translation in opposite directions toI R andI L [2] based on where the zero parallax point is

located in the panoramic image. The conventions used in stereoscopic displaying, mainly

originated in the stereoscopic �lm industry, are presentedin Appendix C.

The omnistereoscopic navigation of the scene in a mosaickedscenario can be done by

generating planar images corresponding to the left and right viewpoints with respect to the

reference viewpoint of acquisition. This idea of generating stereoscopic images for the panning

in azimuth is illustrated in Fig. 5.8-(a).

A projective transformation of any of these planar stereoscopic views can be used to em-

ulate gazing above and below the equatorial plane(� = 90� ) as illustrated in Fig. 5.8-(b) and

(c). The projective transformation distorts the horizontal disparity �eld since the it changes

the disparity between any pair of points that are horizontally aligned. However, the altered

horizontal disparity cues are masked by other cues of depth such as perspective cues. This

is an important effect that can be exploited by omnistereoscopic vision systems to reduce the

complexity of the rendering algorithms.
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(a) (b)

(a)

Figure 5.8: Navigation of the omnistereoscopic scene whenI S was rendered by mosaicking

partially overlapped stereoscopic snapshots: (a) panningin azimuth, (b) gazing up, and (c)

gazing down.
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In Fig. 5.9 there is an example of navigation by generating planar views fromI S at four

different panning angles. The panning angles in this example do not coincide with the sampling

angles� i . Therefore, these stereoscopic views are the mosaic of partial stereoscopic views of

the scene acquired at different but close angles in azimuth.Note that this mosaicking does not

affect the continuity in the depth illusion by binocular cues, i.e., those based on the horizontal

disparity. This example was created using the stereoscopicimages acquired with a camera with

the acquisitioncon�guration 2, where the baseline is32:5mm.
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(� 0) (� 1)

(� 2) (� 3)

Figure 5.9: Example or scene panning: rectangular stereoscopic views (Red-Cyan anaglyph)

extracted fromI S, which was rendered by mosaicking stereoscopic images acquired with a

camera set-up based on acquisitioncon�guration 2.
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A limited exploration can be done by changingD in elevation. This is accomplished by

rendering perspective projections of the partial FOV of thescene. Without disparity adjust-

ments, depth distortions are created at different verticalcoordinates in the partial FOV images

depending of the gazing elevation angle. This is illustrated in Fig. 5.10 for two gazing angles.

D = ( � 1; � = 30� ) D = ( � 1; � = 120� )

Figure 5.10: Two stereoscopic views (Red-Cyan anaglyph) extracted fromI S, which corre-

sponds to� 1 in Fig. 5.9 and two different elevation angles: the views arecreated as projective

transformations to give the user the illusion of gazing above (� = 30� ) and below(� = 120� )

the equatorial plane.

The dynamic generation of stereoscopic views, emulating vergence and accommodation

mechanisms requires additional pixel-wise depth information. However, a basic exploration

of an omnistereoscopic scene can be done by projective transformations as described in this

section without compromising the user's immersive experience.
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Mosaicking and depth distortions

The distance between the omnistereoscopic camera and sceneaffects the depth illusion achieved,

in particular, when the depth cues rely on exploiting the binocular mechanism of human vision.

The disparity arising from viewing the scene from two viewpoints with horizontal parallax is

relevant for the binocular depth perception only when the distance between camera and scene

is relatively small, e.g., from a few tens to a few hundreds ofbaseline units. Beyond that

distance, perspective cues are more important than binocular ones for the depth perception.

It will be important to determine how the different acquisition con�gurations affect the

disparity when mosaicking stereoscopic images. In this case, the limit for human depth reso-

lution developed in Section 5.1.5 can be used to assess the limitations of the rendering based

on mosaicking.

For stereoscopic cameras with parallel optical axes, when the scene is at several hundreds

of times the baseline length, it is valid to assume that the scene is on a plane perpendicular

to the optical axes. In this case, each stereoscopic sampleim j;i at � i exhibits a constant and

small horizontal disparitydh;i over all the image. This 3D model of the scene is shown in

Fig. 5.11-(a). The planar model is no longer valid when the camera gets closer to the scene.

Although it is not possible to model all scene distributions, it is valid to assume a particular

3D distribution of the scene around the camera. This abstraction leads to important insights

about the mosaicking method. For instance, when the scene and is uniformly distributed around

the reference viewpoint, a spherical distribution model asthe one illustrated in Fig. 5.11-(b)

can be used.

Another useful model for the scene spatial distribution is the cylindrical scene model. The

latter can be used when the scene is radially distributed around the viewpoint at a constant

distance, but the scene's depth changes with the gazing elevation. The cylindrical model is

illustrated in Fig. 5.11-(c).

Both models for the 3D distribution of the scene are mere approximations that can be used

to understand what is the problem of mosaicking stereoscopic views when a scene is distributed

uniformly around a multiple camera system.
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(a)
(b)

(c)

Figure 5.11: Scene depth distribution models: (a) a planar distribution for a largekrk, (b) a

spherical distribution, and (c) a cylindrical distribution around the camera, both for a closer

krk to the camera.
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In both models for the scene, the points on the median plane parallel to theZY -plane,

which is located betweenOL and OR in con�guration 1 and 4, are imaged with the same

horizontal disparitydh;i that correspond the scene's depthZ i . However, the larger is the gazing

eccentricity, the closer are the projectionsZ0
i from O. Therefore, larger horizontal disparities

are observed on the periphery of theim j;i with respect to its central region. However, in both

models of the scene, the same horizontal disparity should beexhibited in all directions given

the symmetric distribution of depth around the reference viewpoint.

According toCS, each stereoscopic image extracted fromI S has to exhibit the same dis-

tribution of horizontal disparities over the whole image given the symmetric distribution of the

scene around the reference viewpointO. The rendering by mosaicking warps and stitches the

stereoscopic snapshots. So it is relevant to �nd out the maximum image width that can be used

to make the horizontal disparity continuous.

The region for mosaicking without a noticeable depth discontinuity is based on �nding

the eccentricity limits where the user will not perceive a noticeable difference in depth due to

binocular cues only. Thehorizontal disparity differencede�ned in Eq. 5.9 can be used here to

determine the regions of horizontal disparity continuity for mosaicking.

For example, a pointPW is in directionD , whereD = ( � i ; 90� + � � ), and it determines

the corresponding set of pointsK i . Another different point,P0
W , is in directionD 0, where

D 0 = ( � i + � � ; 90� + � � ), and it produces the corresponding set of pointsK 0
i . In this

example, the angles� � and� � are the eccentricities in azimuth and elevation, respectively.

This example is illustrated graphically in Fig. 5.12. The depth of these two points can be

estimated by their respective horizontal disparitiesdh;i (K i ) anddh;i (K 0
i ). The discrepancy in

the horizontal disparity for each points (Eq. 5.17) will produce a discernible depth forPW and

P0
W based on binocular cues only wheneh;i is above the threshold ofhuman depth resolution.

Evaluation of the mosaicking width

The analysis of the regions in each stereoscopic sampleim j;i that can be used for mosaicking

while maintaining horizontal depth continuity provides a �rst insight on the problem of the

distance between the scene and the reference viewpoint. In order to obtain a quantitative eval-

uation of this problem, I simulated an omnistereoscopic camera in acquisitioncon�guration 1

for the cylindrical and spherical model of the scene.

In this experiment, each camera has a focal lengthf = 9:3 mm, the image plane width is

Wh = 22:2 mm and its aspect ratio isar = 1. These parameters determine a100� FOV in
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Figure 5.12: The horizontal disparity difference calculated overim j;i .

azimuth and elevation for each pinhole camera. The stereoscopic baseline used in the simu-

lation is b = 65 mm which is similar to the interocular distance in the average human popu-

lation [127], and a narrower baseline ofb = 32:5 mm. Finally, three distances to the scene

krk are considered:1 m, 5 m and10m. In case of the cylindrical model,krk is de�ned in the

equatorial reference plane, also de�ned as the �oor plane. The longer the distances from the

camera the weaker the binocular cues are, unless a larger baseline is used.

Two different thresholds foreh;i are used: one is derived from the20 arcsec disparity

threshold proposed in [121] and the second is based on the pixel width of the Cannon Rebel Xti

400D sensor which is126arcsec. As explained in Section 5.1.6, a pixel width is an attainable

and valid threshold foreh;i given today's camera resolutions.

These simulations shows the usable image width as a functionof krk. In Fig. 5.13, the us-

able mosaicking regions for eachim j;i are depicted for a cylindrical scene distribution whereas

in Fig. 5.14 the same is illustrated for a spherical scene model. Note that in both cases, the

closer the scene is to the viewpoint, the narrower is the usable image width. In both scene

models, the equatorial image region(� = 90� ) de�nes the usable image width for mosaicking.



CHAPTER 5. DISPARITIES AND RENDERING APPROACHES 110

krk = 1 m krk = 5 m krk = 10 m

krk = 1 m krk = 5 m krk = 10 m

Figure 5.13: Limits of usability ofim j;i based on the horizontal disparity resolution for mo-

saicking using the cylindrical model of the scene. The region limits for 20 and126arcsec are

indicated in each �gure. The top row corresponds tob = 65 mm and the bottom row is for

b= 32:5 mm.
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krk = 1 m krk = 5 m krk = 10 m

krk = 1 m krk = 5 m krk = 10 m

Figure 5.14: Limits of usability ofim j;i based on the horizontal disparity resolution for mo-

saicking using the spherical model of the scene. The region limits for 20 and126arcsec are

indicated in each �gure. The top row corresponds tob = 65 mm and the bottom row is for

b= 32:5 mm.

A useful information extracted from these simulations is how many stereoscopic samples

will be necessary to sampleCS and to renderI S by mosaicking these samples. For instance,

when the scene can be approximated by the cylindrical model and the distances to the scene

are between6 and 15 m, based on the results in Fig. 5.13 (top right), the FOV usable for

mosaicking to guarantee a continuous depth illusion shouldhave between22:5� and 36� in

eccentricity (45� and75� angular spread azimuth) for a baselineb = 65 mm and a threshold

� = s. This implies the we must acquire from six to eight stereoscopic samples to cover360�

in azimuth. But, whenb = 32:5 mm (Fig. 5.13 (bottom right)), the usable FOV of eachim j;i

can be widen in azimuth. Therefore, the number stereoscopicsamples can be reduced for the

same threshold for the horizontal disparity resolution.
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5.3 Summary

In this chapter, I introduced a formal de�nition for the disparities that arise when the scene is

projected in a stereoscopic pair of cameras from the acquisition model. The formal de�nition

for the disparity functions was necessary to de�ne the problem of human depth threshold. This

is important to determine how to ef�ciently sampleCS, using a reduce number of snapshots,

in order to produce a continuous illusion of depth around anyviewpoint.

The other important point I presented in this chapter are therendering methods to createI S

in the framework of the proposed acquisition model (Chapter3). In order to do this, I proposed

a classi�cation of the rendering methods in three main techniques:

� First, I presented a rendering model based on mosaicking a large number of narrow

stereoscopic slides (image columns) acquired by a rotatingstereoscopic rig (con�gura-

tion 1and2).

� Second, I showed another rendering method that relies on a reduced number of partially

stereoscopic images and additional depth information of the scene. The latter comes

in the form of an omnidirectional depth mapM which must be extracted from the ac-

quired images or estimated from an additional depth-sensing method. This approach of

rendering is applicable to all the acquisition con�gurations.

� Third, I presented a simpli�ed rendering method that does not requireM . This approach

relies on mosaicking partially overlapped stereoscopic images of the scene and it is also

applicable to all the acquisition con�gurations.

The second and the third rendering approaches are suitable to produce omnistereoscopic im-

agery of dynamic scenes. The third rendering method is particularly attractive to produce

real-time omnistereoscopic imagery given its reduced computational complexity. However,

there are acquisition constraints for the mosaicking approach that need to be researched. In

this thesis, I investigate some of the constraints relevantto the mosaicking approach.

Finally, I presented two 3D models of the scene distributionthat are simpli�cations of

several real-world scenarios. One of the models is based on an equidistant distribution around

the reference viewpoint in all directions (sphere). The second model assumes an equidistant

distribution in azimuth only (cylindrical). Applying the thresholds for human depth resolution

proposed in this chapter, I obtained the regions onim j;i where the difference between the real
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and the rendered horizontal disparities cannot be perceived by the user. From this results, I

presented a �rst approximation to the usable regions inim j;i that can be used in the mosaicking.

The 3D models of the scene introduced in this chapter are too simple to represent complex

real-world scenes where some elements are closer than otherof the reference viewpoint. For

that reason, in Chapter 8, I present a ray-tracing method to model the relationship between the

stitching position inim j;i and the acquisition model constraints.

In the next chapter, I present the formulation necessary forthe mosaicking of stereoscopic

snapshots.



Chapter 6

Mosaicking of stereoscopic images

The mosaicking approach to rendering introduced in the lastchapter can be implemented with

any of the acquisition con�gurations de�ned in Chapter 3. For instance, a set ofN partially

overlapped stereoscopic images,(im L;i ; im R;i ) for (i 2 f 0; :::; N � 1g), can be acquired by

using sequential methods (con�gurations 1or 2) or by using simultaneous acquisition con�g-

urations (con�guration 2or 3).

In real-world scenarios, pairwise image recti�cation between stereoscopic image pairs may

be necessary. The recti�cation enforces the parallel optical axis constraint. This can be done,

either by using the known camera parameters, or by de�ning a set of corresponding feature

points when calibration is not available [136, 137].

After stereo recti�cation, we need to de�ne the coordinate transformation orstereo corre-

spondencebetween corresponding coordinate points in the adjacent images to be mosaicked.

This is necessary for the stitching of adjacent images in order to reduce the visual artifacts

due to images acquired from distinct projection centers [134, 18]. These visual artifacts are

referred herein asstitching ghosting[131]. As in the case of stereoscopic recti�cation, the

stereo correspondence between neighbour images can be doneby either a calibrated or by an

uncalibrated approach. The calibrated method requires to perform a multiple camera calibra-

tion [138, 139, 140], while the uncalibrated approach is based on extracting the coordinates of

corresponding image features in the overlapping regions tomosaic [131].

114
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6.1 Image alignment

The alignment between left and right images is necessary to reduce the visual artifacts after

stitching and blending images to renderI L andI R . The alignment requires de�ning the corre-

sponding points in the overlapping region between neighborstereoscopic images, e.g., between

(im j;i ; im j;i � 1) and(im j;i ; im j;i +1 ), for j = f L; Rg.

In the next section, I extend the de�nition of correspondingpoints within a stereoscopic

image to a more general case used for the alignment.

6.1.1 Corresponding projections between neighbor images

Thecorresponding image coordinatesfor a pointPW have been de�ned in Section 5.1 for the

stereoscopic imageim j;i acquired with a stereoscopic camera oriented at� i . This correspond-

ing pair of image coordinates has been denoted as

K i = ( pL;i ; pR;i );

wherep j;i is the coordinates of the left(j = L) and right(j = R) projections of the pointPW

located in the stereoscopic FOV when the camera pair
 j;i is oriented in the panning direction

� i .

A point PW located in the FOV of cameras
 j;i and
 j;i +1 is projected on the overlapping

region of stereoscopic samplesim j;i andim j;i +1 . This point in 3D-space is then located in the

omnistereoscopic FOV; more about this will be said in Section 8.1. The pairwise alignment

of images(im L;i ; im L;i +1 ) and(im R;i ; im R;i +1 ) requires thecorresponding coordinate points

between neighbor images. This corresponding set of coordinates is denoted as

K j;i = ( p j;i ; p j;i +1 ); (6.1)

wherep j;i andp j;i +1 are the respective coordinates onim j;i and onim j;i +1 of the projection

of PW .

The alignment between neighbor stereoscopic images requires the knowledge onK j;i for

all i 2 f 0; :::; N � 1g.

6.1.2 Matrix form of the projection equations

The transformations from world to camera frame of coordinates can be expressed as a sim-

ple product [136] by using the homogeneous equations. Givena point in the scenePW =
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(X W ; YW ; ZW )T in the world reference of coordinates, the same point can be expressed on the

camera
 j;i frame of coordinates asP j ;i = ( X j;i ; Yj;i ; Z j;i )T as follows

P j ;i = E j ;i � (Pw
T ; 1)T

= E j ;i � (X w ; Yw; Zw ; 1)T ; (6.2)

whereE j ;i is the extrinsic matrix for camera
 j;i . These matrices contains the spatial informa-

tion of each camera frame with respect to the global reference frame and are de�ned as

E j ;i =

0

B
@

cos� i 0 sin� i � R 1;i T j;i

0 1 0 � R 2;i T j;i

� sin� i 0 cos� i � R 3;i T j;i

1

C
A ; (6.3)

whereR k;i for k 2 f 1; 2; 3g was de�ned in the previous section as a row vector ofR i , which

was de�ned along the translation vectorsT j;i in Section 3.3.

The matrix form of the projective transformation is given by

p j;i = D � P j;i ; (6.4)

where the projection or intrinsic matrixD is the same for both cameras since projective pa-

rameters are assumed the same for all cameras and is given by

D =

0

B
@

� f 0 0

0 � f 0

0 0 1

1

C
A ; (6.5)

wheref is the cameras' focal length (Eq. 6.21). From Eq. 6.4 and Eq. 6.2, it follows that

P j;i = D � E j ;i � (Pw
T ; 1)T

= M j ;i � (Pw
T ; 1)T ; (6.6)

whereP j;i = ( X j;i ; Yj;i ; Z j;i )T andM j ;i is the projective transformation given by

M j ;i = D � E j ;i : (6.7)

The matrixM j ;i enables mapping a pointPW in the world coordinate frame into a 2D

coordinate pointp j;i in the image frame of coordinates. Replacing Eq. 6.5 and Eq. 6.3 into

Eq. 6.7, the closed form of the projective matrix for the camera 
 j;i is given by

M j ;i =

0

B
@

� f cos� i 0 � f sin� i f R 1;i T j;i

0 � f 0 f R 2;i T j;i

� sin� i 0 cos� i � R 3;iT j;i

1

C
A : (6.8)
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The image coordinatesp j;i = ( x j;i ; yj;i ) for the image planej and the panning angle� i are

given by

x j;i =
X j;i

Z j;i
= � f

X j;i

Z j;i
; (6.9)

yj;i =
Yj;i

Z j;i
= � f

X j;i

Z j;i
: (6.10)

The mapping betweenPW and its coordinates inim j;i after projection is relevant to de�ne

a set ofK j;i on the overlapping regions of consecutive image samples. This set ofK j;i can be

used to align consecutively acquired planar images prior tomosaicking them.

6.2 Stereo recti�cation

A point PW located in thestereoscopic FOVof a stereoscopic camera
 j;i can be projected

onto the corresponding image planes by the transformations

PL;i = M L ;i � (Pw
T ; 1)T (6.11)

PR;i = M R ;i � (Pw
T ; 1)T : (6.12)

The constraints ofepipolar geometryhelp to obtain a correspondence transformation be-

tween coordinates in any stereoscopic image of the acquiredset. The calibrated approach to

stereo recti�cation requires the pairwise camera calibration of the whole multiple camera sys-

tem to obtain theintrinsic andextrinsicparameters of each camera. The prior system calibra-

tion enables the de�nition of transformations that makes the conjugate epipolar lines collinear

and parallel to theX j -axe [136].

Since, this calibrated approach was not used in the experimental part of this thesis, the

deduction of the closed form of these transformation matrices will not be presented here. The

uncalibrated method used for the stereo recti�cation will be presented in Section 7.7.

6.2.1 Stereo correspondence for mosaicking

The same pointPW is projected in the overlapping region of two consecutive stereoscopic

samples inp j;i into im j;i and p j;i +1 into im j ;i+ 1. The overlapping regions are de�ned for
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j = L andj = R. The projections of the pointPW on each of the consecutive images in the

acquired sequence are

P j;i = M j ;i � (Pw
T ; 1)T (6.13)

P j;i +1 = M j ;i+ 1 � (Pw
T ; 1)T : (6.14)

This is valid for a pointPW visible simultaneously in cameras
 j;i .

Theepipolar geometry, de�ned for any pair of pinhole cameras of the acquisition model,

helps to de�ne a matching transformation between corresponding points [136, 137]. In this

context, the aligning transformation is denoted as

P j;i +1 = H j ;( i ;i+ 1) � P j;i ; (6.15)

where the matrixH j ;( i ;i+ 1) de�nes the a transformation between frames of coordinates of cam-

era
 j;i and camera
 j;i +1 .

The stereo correspondence matrix de�ned in Eq. 6.15 makes possible the alignment of

neighbour images for a rendering based on mosaicking. However, this method requires to

know theintrinsic andextrinsiccamera parameters for(
 j;i ; 
 j;i +1 ), for i 2 f 0; :::; N � 1g and

for the left(j = L) and right(j = R) camera sets.

An uncalibrated approach that relies on a large set ofK j;i to de�ne a transformation be-

tween planar projections to match corresponding points is presented in Section 7.9.

In this contest, the alignment operation that enables matching image coordinatesp j;i to the

correspondent coordinatep j;i , de�ning a corresponding setK j;i , is denoted as

p j;i +1 = A j; ( i;i +1) p j;i ; (6.16)

whereA j; ( i;i +1) can be derived from the stereo correspondence procedure used for the align-

ment.

6.3 Stitching and blending

Each stereoscopic pairim j;i must be stitched with the next imageim j;i +1 in the acquisition

sequence for alli 2 f 0; :::; N � 1g. The alignment and stitching is done for coordinate points

p j;i = ( xb; 0) andp j;i +1 = ( x0
b; 0). This example assumes clockwise acquisition of stereo-

scopic images. The point of alignment in the imageim j;i +1 is given by

(x0
b; 0) = A j; ( i;i +1) (xb; 0): (6.17)
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In the case of stitching images acquired from a camera rotated at regular� � intervals around

its nodal point, the alignment point will be symmetrically located in the image, e.g.,x0
b = � xb

and the coordinate transformation for aligning both imageswill be a pure horizontal translation.

This case is illustrated in Fig. 6.1-(a).

(a) (b)

Figure 6.1: The parameters for each image: (a) the frame of coordinates location on the image

plane and (b) the �eld-of-view parameters and their relationship withf andWh.

Acquisition system parameters

The case of a pinhole camera rotated around its projection center to capture images at regular

intervals is useful to make a �rst estimation of the number ofsamplesN for a given focal

lengthf . So, I use this model to determine these parameters.

The camera FOV (� ) is de�ned as the angle-of-view in the main diagonal of the image

window. In our acquisition model, the camera FOV in the horizontal dimension(� a) is used.

The region of each image de�ned forx j;i 2 [� xb; xb] used in the mosaicking is a fraction

of the image width(�W h) as illustrated in Fig. 6.1. The parameter� is given by

� =
2 f
Wh

tan
�

� �

2

�
; (6.18)

where� � is the sampling angle in azimuth de�ned as

� � =
360�

N
: (6.19)
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Note that� � < � a, given the partial overlapping requirement between thei andi + 1 stereo-

scopic samples.

In each image, the stitching point is symmetrically locateda distancexb with respect to the

image center in the horizontal dimension. The distancexb is given by

xb = f tan
�

� �

2

�
; (6.20)

wheref is the focal length of the camera, which is de�ned as

f =
Wh

2 tan
�

� a
2

� : (6.21)

The stitching positionsx j;i = � xb are in the horizontal middle of the overlapping regions

for any� a and� � . The geometric depiction of these magnitudes is presented in Fig. 6.1-(b).

6.3.1 Overlapping regions

The overlapping regions between any two neighbour images ina set can be de�ned by the

image regions where the same scene is simultaneously projected in both images. In our acqui-

sition model, two overlapping regions can be de�ned in any imageim j;i . Following the same

simpli�ed model than in the previous section, these regionsare located in

�
Wh

2
� x j;i � � 2xb +

Wh

2
; (6.22)

2xb �
Wh

2
� x j;i �

Wh

2
: (6.23)

The overlapping regions spreadWh � 2xb from each horizontal edge of the image towards

its center. However, not all this region is used for blending: only a region de�ned by few pixels

width aroundxb is used.

This is just an estimation based on the simpli�ed model represented in Fig. 6.1. The loca-

tion of these overlapping regions varies slightly for each acquisition model. However, for the

purpose of its localization in the image coordinate, this estimation is enough.

6.3.2 Blending regions

The horizontal stitching coordinate may be different from a�xed xb when using any optimal cut

algorithm [132, 133]. For instance, in a recently proposed method based on using graph cuts

to �nd the optimal stitching position [141], the authors claim to produce consistent mosaics
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of stereoscopic images. Their method is based on minimizingan energy function speci�cally

designed to account for the depth continuity followed by a warping transformation tosmooth

disparity transitions between mosaics. Consequently, depending on the stitching technique

used,xb provides a reference for the stitching position search. Theactual stitching position

can be a pointps = ( xs; y), wherexs has different values for each image row.

However, the analysis is done considering a constant stitching coordinatexb and a blending

region of size� b around the stitching coordinate. In other words, the blending region is de�ned

by x j;i 2 [� xb � � b
2 ; � xb + � b

2 ] andx j;i 2 [xb � � b
2 ; xb + � b

2 ], for all image rowsyj;i . This is

suf�cient to model the design parameters for the different con�gurations. The overlapping and

blending regions in the image are shown in Fig. 6.2.
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(a) (b)

(c)

Figure 6.2: The overlapping regions of (a) the left eye sequence(im L;i ; im L;i +1 ), and (b) the

right eye sequence(im R;i ; im R;i +1 ), and (c) stereo anaglyph (red-cyan) of the two images

mosaicked.
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6.4 Summary

In this chapter, I presented the formal method necessary to implement the omnistereoscopic

rendering by mosaicking partially stereoscopic images of the scene. Among these formal

methods, I described the calibrated techniques to match corresponding point coordinates from

neighbour images. This is necessary to formalize the alignment of left and right sequences

of images previous their stitching into the panoramic images I L andI R . I also presented the

calibrated approach to stereo registration applicable to eachim j;i . I presented both calibrated

methods to illustrate a robust approach applicable to multiple camera system. However, neither

of these calibrated methods is suitable for the experimental set-up I used to emulate the four

acquisition con�gurations.

One of my goals it to provide an analytical framework for the problem of omnistereoscopic

acquisition that will help to develop a multiple camera system in the suggested guidelines. The

robust methods for stereoscopic registration and aligningare a necessary part of this thesis

since they are the most suitable alternatives for a multiplecamera set-up.

I also de�ned the stitching and blending regions on each image for a given set of acquisition

parameters.

In the next chapter, I am presenting the experiments in omnistereoscopic image acquisition

and the building blocks of the mosaicking processing pipeline. The main purpose of imple-

menting the mosaicking algorithms is to test the capabilities of each acquisition con�guration

in similar scenarios and under comparable system constraints.



Chapter 7

Experimental acquisition and rendering

In this section, I present an example from each acquisition con�guration to illustrate the cre-

ation ofI S based on mosaicking. In these experiments, I used the same stereoscopic baseline

to compare different con�gurations. In the case ofcon�guration 3, I also included additional

results from a different set-up, which consisted on a largerbaseline and a where I applied

different rendering method.

Partial results have been presented at the SPIE/IS&T Electronic Imaging conference in

2013 [18] and a companion website of this conference paper isavailable online [142].

7.1 Acquisition platform

Each acquisition con�guration was emulated using a single or dual DSLR camera (Canon

Rebel XTi 400D), which was mounted in portrait orientation on a panoramic head (Manfrotto

303SPH). In these experiments, I used a�sh-eyelens Bower/Samyang model SLY-358C. This

acquisition set-up is illustrated in Fig. 7.1 for the singleand dual camera.

Each acquisition con�guration determines a different spatial distribution of projective cen-

ters (OL ;i ; OR ;i ) as de�ned in Section 3.2. All con�gurations were emulated bymanually

positioning the nodal point of the single camera (Fig. 7.1-(a)) at predetermined locations.

Alternatively, when using the stereoscopic camera rig (Fig. 7.1-(b)), the stereoscopic image

pair im j;i was acquired in one snapshot for each orientation in azimuth(� i ). Using a pair of

cameras helped to acquire dynamic events, at least on each stereoscopic sample, but the phys-

ical dimensions of the cameras used imposed a large baselinewhich affected the mosaicking

processes. The latter mode was used to emulatecon�guration 3 using a larger baseline. An

124
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(a) (b)

Figure 7.1: Test set-up used to emulate the proposed camera:(a) sequential acquisition using

a single camera, and (b) rotating stereoscopic rig.

example of the manual acquisition to emulatecon�guration 1 is illustrated in Fig. 7.2.

A constant number of six stereoscopic samples were acquiredin each experiment. How-

ever, based on the 3D models of the scene presented in Section5.2.3, the chosen value ofN

was too small for some indoor scenarios where the scene and the reference viewpoint were too

close to each other, at least, in some panning directions in azimuth. This apparent disadvantage

was offset by the fact that scenes were at larger distances than required to produce a consistent

depth rendition in most ofD around the reference viewpoints.
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Figure 7.2: Example of acquisition of two adjacent stereoscopic snapshots of the scene using

con�guration 1: the acquisition of the stereoscopic pair of imagesim j;i for � i and im j;i +1

where the angular increment between stereoscopic samples is � � = � i .
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7.2 The acquisition system parameters

The camera exposure and aperture were controlled manually based on the requirements of

each scenario. For instance, thef-stop, which indicates the size of the diaphragm aperture,

was adjusted to providedepth-of-�eld long enough to focus all the elements of the scene.

Similarly, the exposure was manually selected according tothe chosen f-stop to provide a

balanced illumination on the stereoscopic image set. The challenge was to keep a balanced

exposure between poorly illuminated and over-exposed directions of the scene.

Both exposure and f-stop were adjusted for each new viewpoint and kept unchanged dur-

ing the acquisition of theN stereoscopic samples, making the rendering by mosaicking easier

since less complex exposure and color equalization were needed. Note that, in a real mul-

tiple camera implementation, the exposure and aperture areautomatically adjusted for each

individual camera, which requires the implementation of blending algorithms to smooth the

transitions between mosaics. The exposure smoothing and color correction algorithms were

implemented and tested in later experiments.

The baseline used in these experiments wasb = 32:5 mm or half the interocular distance

within the adult human population. A reduced baseline is convenient for mosaicking since less

parallax between projective centers is introduced. In outdoor scenes, where an omnidirectional

depth mapM need to estimated from the stereoscopic samples, a larger baseline may be nec-

essary. Unfortunately, a larger baseline implies more parallax between projection centers and

more complex rendering techniques are needed to reduce the visible ghosting after stitching

neighbour samples. The acquisition parameters used in all the experiments presented in this

section are detailed in Table 7.1.

For large baselines, the acquisitioncon�guration 2 and3 have advantage over other con-

�gurations. For instance, incon�guration 2 one camera is rotated around its nodal point,

facilitating a seamless mosaicking of a monoscopic panorama while a second camera exploits

a large baseline to improve a depth map estimation. In acquisition con�guration 3, the same

idea is implemented maintaining an off-center radial distancer c.
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Table 7.1: Acquisition parameters: Canon Rebel XTi 400D, Bower �sh-eye lens (SLY-358C).

Parameters Value

Wh 22:2 mm

ar 1:5

f 9:3 mm

s 5:6 � m (3888� 2592pixels)

� a 100�

b 32:5 mm

r c 32:5 mm

7.3 Rendering implementation

The mosaicking ofim j;i , although is not the main focus of this thesis, was necessaryto test the

viability of different acquisition con�gurations. For this reason, the computational ef�ciency

of the implemented algorithms was not a critical factor, andso I used commercially available

tools whenever relevant to implement part of the rendering pipeline. In addition, I developed

essential rendering blocks using Matlab, which is an environment that facilitates the testing of

the necessary algorithms, which was advantageous in terms of reducing the debugging time.

The sets of stereoscopic images were initially stored in thecamera's native raw �le format

in a portable memory unit. A posteriori, these sets of imageswere manually transferred to a

computer hard drive along with additional information to help the necessary post-processing,

such as additional images for the color correction.

The lens distortion and color correction were both done using Adobe Lightroom 4.4[143].

After these initial corrections, the image sets were storedin tagged image �le format(TIFF)

for mosaicking. In the case of testing the 2D-to-3D image synthesis, part of the image warp-

ing based on the depth-map was implemented using the toolboxfor image warping effects of

GIMP [144]. The rest of the mosaicking blocks and additional processing were implemented

using Matlab R2012a[145] using theComputer Vision Systemand Image processingtool-

boxes. Note that, when not explicitly mentioned, the algorithms described in the following

sections were implemented by me inMatlab, whether completely or partially using speci�c
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toolboxes included in the release or implemented by third parties. In the latter case, the links

to the available source code online are provided.

The anaglyph version of the stereoscopic images presented in this document have been

created using the Dubois anaglyph technique [146] using theStereoPhotoMakerauthoring

tool [147].
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7.4 Mosaicking rendering pipeline

The block diagram in Fig. 7.3 illustrates the complete acquisition and rendering pipeline im-

plemented. The implementation of each of these blocks is presented in the following sections.

Figure 7.3: Omnistereoscopic rendering based on mosaicking partially overlapped stereo-

scopic snapshots of the scene.
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7.5 Lens distortion correction

The acquired images, denoted asim j;i , were radially distorted as a result of using aspherical

lenses in the acquisition. Hence, the �rst step in the processing pipeline was to re-sample

im j;i into planar imagesim p
j;i . This correction requires the optical system characterization to

estimate the image center and the distortion parameters according to a given radial distortion

model [148].

Initially, I developed correction routines inMatlab using a radially spherical distortion

model and calibration packages [149]. Fortunately, I foundan alternative solution that led to

better results. TheAdobe Lightroom 4.4has a lens correction add-on that surpassed my own

implementation in terms of quality of the corrected images.The calibration information for

Samyang SLY-358C can be downloaded and added to theAdobe Lightroom's lens corrector

toolbox. As a test I corrected the distortion of the calibration patterns I was using to estimate

the distortion parameters. The planar image after correcting the calibration patterns' distortion

is shown in Fig. 7.4. The distortion correction results seemed appropriate for the intended

application, so I applied the lens correction to each set of images.

Before distortion correction After distortion correction

Figure 7.4: Lens correction on the calibration pattern.

I saved a great deal of development time and I achieved greater accuracy to generate the

planar setim p
j;i by using this tool. An example showing the acquired raw imageand the image

after correction is shown in Fig. 7.5.
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Acquired image After correction After cropping

Figure 7.5: Lens correction.
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7.6 White balance correction

The next step is to correct white balance of the planar set of imagesim p
j;i . This processing was

done manually usingAdobe Lightroom 4.4[143] and theColor Checker Passport[150]. The

latter provides a color calibration pattern to be used as color reference. An example is shown

in Fig. 7.6. This color pattern was photographed at the beginning of each image acquisition for

each viewpoint location.

Figure 7.6: Color pattern acquired alongside each image set.

This color reference image provides a sample of the light on each scene to correct the

white balance during post-processing as shown in Fig. 7.7. In a multiple camera system, white

balancing is set at the beginning of each acquisition for allthe cameras to ensure the a posteriori

correct color of the omnidirectional scene.

After lens distortion and white balance corrections, the images were cropped and stored as

TIFF images to be mosaicked.
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Acquired image After white balancing and distortion correction

Figure 7.7: Color correction.
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7.7 Stereo recti�cation

The stereo recti�cation of the pair of undistorted imagesim p
j;i was implemented to correct

any deviation from the ideal camera model with parallel optical axes. The image recti�cation

method projects both imagesim p
j;i onto the same image plane so that the vertical disparities

dv;i de�ned over the corresponding coordinate pointsK i (Section 5.1) are minimized. This

is a method to enforce the ideal case of parallel optical axesbetween cameras by reducing

a 2D correspondence problem to a 1D problem as explained in Section 6.2. In other words,

the corresponding points will exhibit only horizontal disparities after the stereo recti�cation

correction [136, 137].

The calibrated approach for stereo recti�cation requires the intrinsic andextrinsiccamera

parameters for cameras
 j ;i , which is not possible in these experiments since I used a single

camera or a camera rig to emulate each acquisition con�guration. Hence, I implemented a

feature-based method to estimate the necessary transformations to apply to eachim j;i .

The uncalibrated approach for the stereoscopic recti�cation involves the estimation of a set

of corresponding pointsK i onim p
j;i to de�ne an af�ne transformation that, after being applied

to the stereoscopic pair, eliminates the vertical disparities and make the conjugate epipolar

lines parallel to the horizontal image axis. Since the acquisition set-up was emulated using a

single camera, the uncalibrated approach for the stereoscopic registration was implemented on

Matlab R2012ausing the routines from theComputer Vision Systemtoolbox [151].

The implementation uses thespeeded up robust features(SURF) algorithm [152, 153] to

identify a set of corresponding point featuresK i = p j;i for each stereoscopic pair. The recur-

sive process eliminates feature points from the set whose sum of absolute distances are above a

pre-determined distance threshold. On each recursion of the algorithm, the point setsK i must

satisfy the epipolar constraints, e.g., any pointpL;i must be on the epipolar line determined

by pR;i . I used theMatlab implementation of therandom sample consensus(RANSAC) algo-

rithm [154, 155] to eliminate outliers candidate points using the epipolar constraint. On each

iteration, a new projective matrix is estimated. After all outliers have been eliminated from the

setK i , and if enough corresponding points have been identi�ed, the af�ne transformation that

minimize the vertical component of the disparity between corresponding points is calculated.

The example presented in Fig. 7.8-(a) shows the stereoscopic input im p
j;i before registra-

tion. The corresponding point setK i after a several recursions is shown in Fig. 7.8-(b). Fi-

nally, the result of the stereoscopic recti�cation is presented in Fig. 7.8-(c) after the projection

of im L;i andim R;i on a common plane to enforce the parallel optical axes constraint.
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(a) (b) (c)

Figure 7.8: Stereoscopic registration (red-cyan anaglyphs): (a) the overlapping area between

imagesim L; 0 andim R;0, (b) feature points calculated in the overlapping areas, and (c) red-cyan

anaglyph of the overlapping area after alignment.

For the cases where not enough corresponding points were automatically detected by this

SURF/RANSAC recursive method, I implemented an alternative stereoscopic recti�cation al-

gorithm that relies on a reduced number of corresponding points manually selected. The rea-

sons for not detecting enough samples with the automatic methods can be explained by areas

that were insuf�ciently illuminated or where the lack and contrast in the images prevents to

detect enough corresponding features. In these cases, the manual selection of a limited set of

corresponding points was enough to implement a satisfactory recti�cation.
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7.8 Color and luminance blending

A homogenization of the color and luminance of theim j;i set needs to be done before blending

to prevent visible transitions between mosaicked images. This is particularly necessary when

each camera adjusts automatically the exposure time and aperture to optimize each shot. In

these acquisition experiments, exposure and f-stop were manually selected at the beginning

of the acquisition, therefore, color and luminance adjustments were not necessary in general.

However, some experiments were done adjusting the photographic parameters in each gazing

direction with the purpose of testing the developed color and luminance blending routines.

Note that these routines were implemented inMatlab.

There have been recent applications developed for luminance blending in mobile devices.

The attractiveness of these proposals resides in their low computational complexity, which can

be translated into real-time applications in other platforms. Among them, the method proposed

by Xiong and Pulli [156] is a simple but effective approach toachieve exposure equalization

for mosaicking multiple overlapped images. Their method isbased on calculating local com-

pensation coef�cients over the overlapped areas betweenim p
j;i andim p

j;i +1 . Local coef�cients

are estimated using the average luminance value for each color channel in RGB color space

after removing the gamma correction. The method also estimates a global compensation coef-

�cient to reduce accumulative errors. This algorithm can beused when the luminance between

neighbour images are close.

I implemented usingMatlab the luminance homogenization technique of Xiong and Pulli.

In order to test it, I acquired a set of images changing the exposure parameters. The results

were satisfactory, so I incorporated this processing blockin the rendering pipeline. An example

of the mosaicking before and after the exposure compensation is shown in Fig. 7.9.

Once the individual images to mosaic have been processed to compensate for exposure

discrepancies, a global histogram equalization was implemented and tested to minimize the

exposure difference between the �nalI L andI R . This �nal equalization was applied at the end

of the mosaicking process in cases where the left and right image sets were purposely acquired

with different photographic parameters.
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Mosaicking result before luminance compensation

Mosaicking result after luminance compensation

Figure 7.9: Effect of the local and global color correction using Xiong and Pulli low complexity

algorithm for color blending.
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7.9 Mosaic alignment

The rendering by mosaicking relies on mapping of a point coordinatep j;i from im p
j;i ontoI j ,

for j 2 f L; Rg. In order to map samples ofCS obtained from different viewpoints into an om-

nistereoscopic image pair(I L ; I R ), it is necessary to de�ne the corresponding transformation

between corresponding pointsK j;i as de�ned in Section 6.1.1. This process is referred herein

to as alignment.

The calibrated approach to alignment can be done by obtaining H j; ( i;i +1) that transforms

the coordinate pointP j;i in 
 j;i frame intoP j;i +1 in 
 j;i +1 frame, and doing so forj 2 f L; Rg.

This requires the pairwise calibration between cameras
 j;i and
 j;i +1 , for j 2 f L; Rg and

i 2 f 0; :::; N � 1g. This correspondence transformation has been detailed in Section 6.2.1.

As in the case of stereoscopic recti�cation, the approach I used for the alignment of mo-

saics was uncalibrated. The corresponding point setK j;i on the overlapped regions between

neighbor images were estimated using SURF and RANSAC algorithms following the imple-

mentation described in Section 7.7. TheK j;i set was used to de�ne an af�ne transformation to

align the points in the de�ned stitching coordinates. The criterion used to de�ne this transfor-

mation was the sum of absolute differences [151] between disparities. For the ideal case where

the projection centers are collocated and the panning is limited to theXZ -plane, this aligning

transformation is reduced to a horizontal translation [131]. This coordinate transformation to

align coordinates is referred herein by the operationA j; ( i;i +1) de�ned by Eq. 6.16.

In some scenarios, the overlapped regions between certain images were not suitable to pro-

duce a large number of corresponding points using the automatic feature detection mentioned

above. Hence, I implemented an alternative method that relies on a reduced set of manually

selected corresponding points. This reduced set is used to estimate the alignment operation

A j; ( i;i +1) .
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7.10 Cylindrical projection

The central symmetry of all the acquisition con�gurations suggests to projectim p
j;i onto a

warped surface with central symmetry centered atO. SinceCS is sampled at different� i and

for a limited FOV in elevation, a cylindrical canvas or any topologically equivalent surface is

adequate to map the acquired samples of the omnistereoscopic viewing function [157]. There-

fore, I implemented a mapping function to project points from differentim p
j;i onto a cylindrical

surface.

The cylindrical canvas, which is illustrated in Fig. 7.10, has parameters� � for the panning

azimuth andh for the gazing height. The 2D mapping of a pixel with coordinatesp j;i =

(x j;i ; yj;i ) in im p
j;i onto cylindrical coordinatespc

j;i = ( xc
j;i ; yc

j;i ) is given by

xc
j;i = f � � = f arctan

x j;i

f
; (7.1)

yc
j;i = f h = f

yj;iq
x2

j;i + f 2
; (7.2)

where the radius of the cylindrical surface was chosen to bef [158].

Figure 7.10: Cylindrical canvas.

Note that the cylindrical coordinatespc
j;i = ( xc

j;i ; yc
j;i ) are de�ned for the projection of

the planar imageim p
j;i for � i . The angle in azimuth� � is de�ned as an angular deviation in

azimuth from� i . For example, the cylindrical coordinatepc
j;i = (0 ; 0), which corresponds to

cylindrical coordinate� = � i andh = 0. This transformation is illustrated in Fig. 7.11.
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Figure 7.11: Mapping from a planar to a cylindrical surface.

All imagesim p
j;i can be mapped onto the same cylindrical surface with centerO using the

transformation de�ned in Eq. 7.3 for any� i and� � deviation with respect to panning angle� i

in azimuth.

The mapping from a planar to cylindrical coordinates can be expressed in a matrix form as

pc
j;i = Cy � pp

j;i ; (7.3)

where cylindrical projection is given by

Cy = f

0

@
arctan x j;i

f 0

0 yj;ip
x2

j;i + f 2

1

A : (7.4)

Conversely, the mapping from a cylindrical coordinates onto a planar surface can be done

by

x j;i = f tan � � = f
xc

j;i

f
; (7.5)

yj;i = yc
j;i sec

xc
j;i

f
: (7.6)
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7.11 Stitching

Any coordinate point in the planar image that is not in the overlapping region between two

neighbour samples is mapped into a cylindrical canvas usingthe coordinate transformation

de�ned by Eq. 7.3.

A point with the stitching coordinatepp
j;i = ( xb; yj;i ) from im p

j;i will be mapped into

p j;i +1 = ( x0
b; yj;i ) in im p

j;i +1 using the correspondence transformation de�ned in Eq. 6.16.

At that point, the corresponding point coordinate inim p
j;i +1 is projected onto the cylindrical

canvas. The corresponding stitching coordinates inim p
j;i +1 , which is (x0

b; yj;i ), can obtained

using Eq. 6.16.

The alignment enables to continue the rendering by mappingim p
j;i +1 into the cylinder

following the same cylindrical projection de�ned in Section 7.10, but this time for an angular

deviation� � de�ned with respect to neighbor image, which corresponds tothe sampling angle

� i +1 .

The projection onto a cylindrical canvas and stitching on neighbor images continue until

the last image in the sequence(im p
j;N � 1) is stitched with the �rst image(im p

j; 0) and projected

onto a cylinder. This process is done independently for the left and right images in the acquired

sequence. The result of this process is a pair of cylindricalpanoramasI j , for j 2 f L; Rg.

The stitching method de�ned in this section de�nes the mapping of all im j;i into a sin-

gle cylindrical canvas using the aligning process to match neighbor images. The method I

implemented to smooth the visible transition between mosaicked images is explained next.
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7.12 Blending

The correct blending between image pairs is necessary to eliminate visible ghosting in the �nal

mosaicked panorama. The simplest approach is using alinear blendingmethod where each

color component is multiplied by a coef�cient that weights its luminance contribution to the

blend depending on its Euclidean distance to the stitching coordinate pointxb in the horizontal

dimension [159].

In this context, the linear blending can be de�ned as function of the Euclidean distance be-

tween the point in the nearby the stitch coordinatexb in im p
j;i and its corresponding coordinate

point x0
b in im p

j;i +1 . The mix of the luminance values for the three color channelsim p
j;i and

im p
j;i +1 is the one used on the cylindrical projection of a point in theneighbor of the stitch-

ing coordinate. This region aroundxb de�nes theblending regionbetween neighbor images.

This section is about de�ning the luminance value (pixel) inthe blending region. The coordi-

nate mapping of these coordinate points in the blending region onto a cylindrical surface was

explained in the previous section.

A weighting function to mix the luminance values of two neighbour planar images is de-

�ned as follows

Q (� x ) =
2 � x + W

2 W
; (7.7)

where� x 2 [� W=2; W=2] is the horizontal deviation from the stitching position (xb in im p
j;i

andx0
b in im p

j;i +1 ) andW is the blending width. The pixel value to map onto the cylindrical

surface is then multiplied by this weighting function so

I (x) = Q (� x) � im p
j;i (x; yj;i ) + (1 � Q (� x )) � im p

j;i +1 (x0; y0
j;i +1 ); (7.8)

wherex = xb + � x , andx0y0
j;i +1 are de�ned as follows

(x0; y0
j;i ) = A j; ( i;i +1) � (xb + � x ; yj;i ); (7.9)

An alternative approach is using a multi-band decomposition, such as a Gaussian pyramidal

decomposition [160]. The decomposition producesN increasingly blurred images, which are

blended linearly. The reverse decomposition combines the newN blended images to produce

the �nal blended image. This approach improves the blendingby adding more processing, but

it does not reduce ghosting if the stitching coordinate point xb is not properly matched, e.g., the

images may not be exactly aligned or the scene may have changed from sample to sample. The

latter case is relevant for the acquisition of dynamic scenes and led to search for an optimal cut

selection of the stitching point.
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7.13 Optimal cut

The optimal cut method relies on estimateA j; ( i;i +1) and obtaining the best stitching coordinate

(xb; yj;i ) over the region that would minimize the luminance difference between images. This

strategy minimizes visual artifacts such as ghosting.

The stitching and blending method I implemented relies on thelinear blendingapplied line

by line for a coordinatexb de�ned by the optimal cut algorithm. This processing is applied

independently to left and right images. In order to do this, Iimplemented the algorithm pro-

posed by Ha et al. [133] which relies on obtaining the locations of minimum intensity gradient

between two images to blend. A scoring system enables to �nd the optimal cut line by line.

This algorithm is attractive for its simplicity and can be easily parallelized for a real-time ap-

plications, i.e., video mosaics. An example of the image blending is presented in Fig. 7.12

to illustrate the effect of pyramidal blending using a �xed stitching coordinatexb versus the

optimal-cut plus linear blending method where the optimalxb is dynamically selected line by

line. This example in particular shows the effect of mosaicking when the scene has changed

between the neighbor samples.

(a) (b)

Figure 7.12: Image stitching and blending: (a) multi-band (pyramidal) blending with �xedxb

and (b) linear blending plus optimal-cut selection ofxb for each vertical coordinate.
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The mosaicking implementation I developed is based on estimating the optimal cut coor-

dinatexb per image lineyj;i and blending linearly the aligned neighbor images over a distance

of �ve pixel widths (W = 5 s).

7.14 Mosaicking examples

In this section, I present some of the results of testing the rendering pipeline described in this

chapter over the images acquired by emulating the four con�gurations presented in Section 3.2.

An explanation of the zero parallax adjustments done on eachI S is given in Appendix C.

The interactive version of the rendering examples presented next can be found in the com-

panion website of this thesis [161].

7.14.1 Acquisition con�guration 1

The �rst experimental result presented was obtained emulating the acquisitioncon�guration 1

with a single camera set-up illustrated in Fig. 7.1-(a). Thebaseline length and camera settings

are in Table 7.1.

The original six imagesim j;i are presented in Fig. 7.13. The �rst row of images corre-

sponds toj = L and the row below belongs toj = R.
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Figure 7.13: Source imagesim j;i , wherej = L (top row) andj = R (bottom row) and

i 2 f 0; :::; N � 1g (from left to right).
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The result of the mosaicking is presented in Fig. 7.14 where the left-eye(I L ) and right-eye

(I R ) cylindrical panoramas are shown. In Fig. 7.15, a red-cyan anaglyph of the omnistereo-

scopic imageI S is presented. Since the cylindrical projection does not convey the immersive

experience provided by an interactive navigation based on producing stereoscopic planar pro-

jection in desired gazing directions, an interactive version of the same example is available

online [161].

The interactive projections presented as supplementary information of this thesis were cre-

ated withAutopano Tour[162], which is a software tour to display panoramic images.The

application create the planar view with a limited FOV by projecting a panoramic image into

a planar canvas based on the gazing direction. In this case, the anaglyph version of the cylin-

drical omnistereoscopic images were used as input for the navigable on-line version. This

navigation principle has been explained in Section 5.2.3.
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I L

I R

Figure 7.14: Example of mosaicking using the source images acquired fromcon�guration 1.



CHAPTER 7. EXPERIMENTAL ACQUISITION AND RENDERING 149

Figure 7.15: Red-Cyan anaglyph ofI S (con�guration 1).
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This example would �t the cylindrical scene model (Section 5.2.3) if all the 3D distribution

were uniformly distributed in space around the camera. But in this case, the scene was closer

than2 m in two distinct directions, while it was much farther away in two other directions in

azimuth. In this case, the chosen number of six stereoscopicsamples was satisfactory to create

a continuous horizontal disparity transition between mosaics. A better approach for the optimal

cut based on the horizontal disparity in the blending regions between mosaics in presented in

the next chapter.

Another point to remark about this experiment is that it requires manual selection of corre-

sponding features in half of the stitching directions. Thisis because the alignment and stereo

recti�cation implementation relies on the automatic identi�cation of features, but in this case,

the poor illumination and lack of distinguishable texturesmade the automatic identi�cation of

features dif�cult. A proper calibration of each pair in a multiple camera system will help to

implement a rendering strategy based on the homography, which can make the rendering inde-

pendent of the scene captured. This was not possible in this experiment since a single camera

was manually located in different spatial locations, whichprevented the use of a calibrated

approach.

7.14.2 Acquisition con�guration 2

This example refers to thecon�guration 2 (Section 3.2, which was emulated using a single

camera. In this case, the left camera was rotated around its nodal point while the right camera

was shifted off-center to the rightb = 32:5 mm. Since a short baseline was used in this

experiment, it was possible to mosaic left and right views.

The mosaic was better for the images acquired with the central camera (Fig. 7.16-(a))

than for the off-centered camera (Fig. 7.16-(b)), even though their parallax was small. This

can be explained by the fact that the images acquired by the centered camera(
 L ) always

share the same projective center for all panning angles. Thelatter facilitates the stitching

in ideal conditions and therefore the ghosting can be eliminated in this set of images [131].

However, the set of images acquired by the off-centered cameras will always present some

degree of parallax, even for small baselines, and this translates into some degree of ghosting

after mosaicking them.

In order to illustrate this difference in the mosaicking, nooptimal-cut was used in the

stitching.

An example of the �nal omnistereoscopic image for this con�guration is presented in
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I L

I R

Figure 7.16: Example of mosaicking using the source images acquired fromcon�guration 2.

Fig. 7.17. An interactive version of the same example can be found in the companion website

of this thesis [161].
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Figure 7.17: Red-Cyan anaglyph ofI S (con�guration 2).
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7.14.3 Acquisition con�guration 3

The acquisitioncon�guration 3 (Section 3.2) accounts for the physical limitation to collocate

spatially the projection centers (nodal points) of multiple cameras. In this case, the problem is

related to the centrally located camera that in the acquisition con�guration 2is used to produce

the SVP panoramic image. In this example, the camera
 L;i was radially displaced a distance

r c = 32:5 mm, while the right camera
 L;i was displaced laterallyb = 32:5 mm with respect

to the left camera. Note that smaller radial distances are also possible, but the lenses FOV and

number of samples have to be accordingly changed. An exampleof a multiple camera system

using a largerN and narrower FOV can be seen in [35]. A stereoscopic pair of cylindrical

panoramas created in an indoor environment using this acquisition con�guration is presented

in Fig. 7.18.

The �nal renderedI S is illustrated in Fig. 7.19 and an interactive version of thesame

example can be visited online [161].
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I L

I R

Figure 7.18: Example of mosaicking using the source images acquired fromcon�guration 3.
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Figure 7.19: Red-Cyan anaglyph ofI S (con�guration 3).
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In order to illustrate the effect of the parallax between projection centers, a simple stitching

at a constant positionxb was used instead of the optimal-cut stitching correction. Hence, in

certain directions, when the scene was too close to the camera, a visible ghosting appeared in

the right panorama due to the parallax between neighbour images to mosaic. This is shown in

Fig. 7.20-(a). However, for another direction, the stitching does not exhibit visible ghosting

since the scene was further away from the camera (Fig. 7.20-(b)). The same stitching directions

do not exhibit visible ghosting inI L , which have been rendered using images acquired by the

radially displaced camera as seen in Fig. 7.20-(c) and (d).

The problems arising in stitching these images should not beinterpreted as an indication of

an irremediable �aw in this acquisition con�guration. It only shows that the parallax between

left and right cameras makes somewhat more challenging a ghost-free mosaicking, at least

for scene close-ups. However, a different rendering than mosaicking may be suitable, if not

desirable, for this particular con�guration.

The results of this acquisition con�guration and the mosaicked rendering proposed in this

section have been presented in the Stereoscopic Displays and Applications conference at the

SPIE Electronic Imaging 2013 [18]. More interactive examples of omnistereoscopic panora-

mas created with this combined method can be visited online [142].

This particular con�guration enables a different approachto rendering: the dynamic 2D-

to-3D synthesis of stereoscopic views of the scene.

Rendering based on synthetic stereo

The acquisitioncon�guration 3can be used to generate a monoscopic SVP panoramaI L using

the images collected by the radially central camera, in thisexperiment
 L;i , and to estimate an

omnidirectional depth mapM , based on the images acquired by cameras
 R;i .

This rendering approach aims to createI L by mosaicking images acquired by the subset

of cameras
 L;i . This can be done using the mosaicking pipeline described inSection 7.4.

The stereoscopic counterpartI R are rendered dynamically for eachD by warping the left-eye

image according to the information extracted from the depthmapM . A possible method to

deal with the occluded regions after the pixel displacementis using texture inpainting or other

hole-�lling techniques[163, 62].

Unlike the mosaicking method, which in this experiment relies on themicrostereopsisef-

fect arising from using narrow baselines, a better estimation of M requires wider baselines to

improve the resolution of the depth estimation. Hence, the proposed mosaicking pipeline has
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to account for larger baselines to produce artifact-free stitching. This rendering can be done

exploitingM as proposed in Section 5.2.2.

The rendering method has been implemented as a proof of concept only.

Experimental set-up

The camera set-up used in this experiment was modi�ed to include a second identical camera

and lens. This set-up is illustrated in Fig. 7.1-(b). The baseline was set tob = 90 mm and

the radial displacementr c = b. As in the previous experiments, the camera rig was manually

positioned at different panning angles� i , for i 2 f 0; :::; 5g, to acquire six partially overlapped

stereoscopic samplesim j;i .

Optical �ow

After the stereoscopic registration of each planar image (Section 7.7), the dense optical �ow

was estimated for each image pairim p
j;i . In order to estimate the dense optical �ow, I used

thetotal variation L1 regularization(TV-L1) algorithm for convex optimization proposed by

Chambolle and Pock in [164]. The Matlab implementation available online [165] was used in

this rendering experiment.

A depth-based warping transformationW : R2 ! R was calculated based on the horizontal

disparity desired between left and right view. The undesired vertical disparities, which pose

a visual comfort problem for the binocular visualization, are not a problem using this method

since the novel view is created by shifting horizontally thepixels of the source image. The

occluded areas were �lled using a pixel duplication technique. The warping transformation

was implemented inMatlab while the depth-based warping based onW was done using the

image warping tool ofGIMP [144] to facilitate the processing. An example of this rendering

approach is presented in Fig. 7.22.
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(a) (b)

(c) (d)

Figure 7.20: Mosaicking errors: (a)-(b) on stitching region extracted fromI R and (c)-(d) on

the same stitching direction but extracted fromI L con�guration 3.
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Targeted views of the omnistereoscopic

Colour coded depth-based segmentation of the above regions

Figure 7.21: An example of the rendering of stereoscopic views of the scene at differentD

based on a 2d-to-3d conversion of the monoscopic views extracted fromI S (con�guration 3).
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1 2 3

4 5 6

Figure 7.22: Red-cyan anaglyphs of the stereoscopic views synthesized for each target region.
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An example of applying the horizontal displacement de�ned by W on different target re-

gions of the image is presented in Fig. 7.23.

Figure 7.23: The result of applying the transformationW to different image regions: the left

image in each pair is the original image extracted fromI S and their right side counterpart is

the synthesized right-eye image.

This implementation was done with the sole purpose of showing the potential of the 2D-to-

3D conversion on the images acquired with thecon�guration 3. However, the same approach

can be applied to any of the other camera con�gurations usinga larger baseline.

Despite the potential of this approach, there are still manyaspects to be improved. First, a

technique to fuse the depth map estimated from individual image pairs must be implemented.

After this data fusion, a complete omnidirectional depth map M can be estimated. Another

aspect to improve is the optical �ow (motion �eld) estimation, which is an ongoing research

topic. The incorrect segmentation of the images extracted from I S is the source of visual

artifact after applyingW . This warping error can be seen in theupper-leftandbottom-right

image pairs in Fig. 7.23. Despite these limitations, this acquisition and rendering technique

is a promising alternative to mosaicking that can facilitate the stereoscopic exploration of the

scene [2].

7.14.4 Acquisition con�guration 4

The last example is the result of mosaicking six partially overlapped stereoscopic images,

which have been acquired using the acquisitioncon�guration 4. To keep consistency with the

other experiments, the baseline and radial displacements wereb = 32:5 mm andr c = b. The

left and right cylindrical panoramas corresponding to(I L ; I R ) are presented in Fig. 7.24 while
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a red-cyan anaglyph of the omnistereoscopic image is presented in Fig. 7.25. An interactive

version of this example can be seen online [161].

I L

I R

Figure 7.24: Example of mosaicking using the source images acquired fromcon�guration 4.
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Figure 7.25: Red-Cyan anaglyph ofI S (con�guration 4).



CHAPTER 7. EXPERIMENTAL ACQUISITION AND RENDERING 164

7.15 Summary

In this chapter, I presented the experimental set-up I used to emulate the four acquisition con-

�gurations introduced in Chapter 3. Furthermore, I also presented a rendering implementation

and I described the rationale behind each building block.

Even though the rendering by mosaicking is not a core elementof this thesis, implementing

the rendering by mosaicking is necessary to test the capability of different acquisition con�g-

uration to renderI S by the mosaicking method. Furthermore, the commercially available ap-

plications for stitching images were not conceived for mosaicking stereoscopic images, which

requires a coordinated processing of left and right source images. For this reason, the rendering

pipeline I propose in this chapter can be considered a novel contribution of this thesis.

The fact that these examples were created by emulating the four con�gurations of the ac-

quisition model using a single camera does not disqualify them in terms of acquiring dynamic

scenes. These examples show that the rendering by mosaicking stereoscopic snapshots of the

scene can produce a satisfactory and continuous illusion ofdepth around the acquisition point.

As a matter of fact, in Section 7.14.3, a dual camera set-up shows examples of piecewise dy-

namic scenes. It is immediate the extrapolation of these results to a full multiple camera set-up

capable to acquire the sparse set of stereoscopic images simultaneously. Hence, any of these

multiple camera con�gurations combined with a rendering pipeline as the exempli�ed in this

chapter is suitable to produce direction-independent stereoscopic imagery of dynamic scenes.

One of the contributions presented in this chapter is the test of acquisitioncon�guration

3 (Section 7.14.3). This camera con�guration is novel. As explained in Section 3.2, this

con�guration is particularly interesting for the synthesis of stereoscopic imagery, which is

another novel idea for omnistereoscopic rendering problemthat has intrinsic advantages for

the navigation and visual comfort.

In the next chapter, I elaborate on the problem of depth continuity for rendering by mo-

saicking. In Chapter 5, I introduced this problem with a novel approach that relies on deter-

mining the usable eccentricity of eachim j;i based on the limits of the human depth resolution.

The framework to compare the different con�gurations of theacquisition model is presented

next.



Chapter 8

Omnistereoscopic �eld-of-view and

disparities

One important requirement for any omnistereoscopic imaging system is to provide a continu-

ous and consistent depth illusion around the reference viewpoint in all directions. For instance,

acquiring multiple stereoscopic snapshots of the scene forrendering by mosaicking will pro-

duce a correct depth illusion only at the center of each mosaicked stereoscopic image, which

coincides with the� i orientation of the stereoscopic camera at the moment of acquisition. The

reproduced stereoscopic view in any intermediate gazing direction between� i and� i +1 is sub-

ject to a depth distortion [52, 58].

In Chapter 5, I propose a method to estimate the eccentricityof a stereoscopic image that is

usable for direct mosaicking based on the human resolution thresholds. I made this estimation

with the help of two simpli�ed 3D-models of the scene. In addition, I develop the projection

equations to evaluate the disparity that occurs when mosaicking partially overlapped snapshots.

Moreover, I propose a method that compares the difference inhorizontal disparities in the

overlapped areas between neighbor stereoscopic samples toconstrain the minimum distance

between the camera and the scene to produce a continuous and artifact-free illusion of depth

around any viewpoint. Finally, the analysis is extended to model the vertical disparities in the

blending regions.

165
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8.1 The omnistereoscopic FOV

The FOV of a single camera
 j;i is de�ned by the all possible rays of light that pass through the

projection centersO i;j which simultaneously intersect its image plane at a distance Z j;i = f .

The FOV de�nes the region of the space in front of camera that can be acquired. This de�nition

is valid for the projective approach used in our acquisitionmodel. However, the minimum

distance to the scene can be several timesf in front of the camera using real lenses. In Fig. 8.1,

I present an example of the different visibility scenarios using various locations in theXZ -

plane. The pointP1 in this example is in the FOV of camera
 R;i only.

Figure 8.1: The continuous depth perception for all gazing directions.

Also in Fig 8.1, the pointP2 is in the stereoscopic FOVof the stereoscopic camera

(
 L;i ; 
 R;i ). This region of space is de�ned by the intersection of the FOVof each camera

in the stereoscopic pair. The same pointP2 is in the FOV of camera
 R;i +1 , but not in the

stereoscopic FOVof (
 L;i +1 ; 
 R;i +1 ). Conversely, a third pointP3 , which is at the same dis-

tance fromO thanP2 , is located in thestereoscopic FOVof (
 L;i +1 ; 
 R;i +1 ), but is not in the

stereoscopic FOVof (
 L;i ; 
 R;i ).

The distance from the camera to the intersection of thestereoscopic FOVof two neighbour

stereoscopic cameras (i andi + 1) de�nes theomnistereoscopic FOV. Any point in the scene

at this distance from the omnistereoscopic camera can potentially be imaged inI S. In this
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example,P4 belongs to the intersection of two neighbour stereoscopic FOVs, which de�nes the

overlapping regionin space. A point in this overlapping region will be imaged simultaneously

by cameras(
 L;i ; 
 R;i ) and(
 L;i +1 ; 
 R;i +1 ). Any point is the overlapping region can be used

for stitching neighbour stereoscopic images.

The stereoscopic FOV of the panoramic camera does not de�ne the minimum distance be-

tween the omnistereoscopic camera and the scene. In some camera con�gurations, a point

in the overlapping ofstereoscopic FOVs may be registered with different horizontal dispar-

ities in neighbour stereoscopic samples. This is especially true in asymmetrical acquisition

con�gurations 2and3. This affects the perceived depth illusion after mosaicking the partial

images.

However, a continuous depth illusion can be maintained as long as the difference between

horizontal disparities is below the human threshold for depth perception (stereos acuity) around

the stitching position, or at least, below the sub-pixel threshold� = s (Section 5.1.6).

The perceived depth is directly related to the horizontal disparities in each stereoscopic

sample. Since the difference between the horizontal disparities of the same scene in different

samples decreases with the distance between the camera and the scene, there is a minimum

tolerable distance for each acquisition model after which adifference in the registered depth is

below a desired perceptual threshold.

Theomnistereoscopic FOVis the spherical surface centered atO, with a radiusrmin , that

marks the minimum distance from the omnistereoscopic camera after which a perceptually

continuous depth illusion around the acquisition point canbe reproduced. Any pointPW lo-

cated at a distancekPW k � rmin can be imaged whether by two (around� i ) or by four cameras

(around� = � i + � � =2), maintaining a consistent illusion of depth between stereoscopic sam-

ples. Thestereoscopic FOVof the panoramic camera and theomnistereoscopic FOVlimits in

theXZ -plane are shown in Fig. 8.1.



CHAPTER 8. OMNISTEREOSCOPIC FIELD-OF-VIEW AND DISPARITIES 168

8.2 The minimum distance to the scene

The minimum distance from the camera to guarantee a consistent illusion of depth requires

de�ning the closed form of the horizontal disparity equations. The projective equations devel-

oped in Section 3.3.1 can be used to obtain the horizontal disparity error, which is especially

important in the overlapping regions between neighbor stereoscopic images.

The vertical disparities are also of interest in the mosaicking. Any amount of vertical

disparities will produce eye stress during the binocular visualization. In order to explain the

appearance of vertical disparities in different regions ofthe omnistereoscopic image after mo-

saicking, we need to obtain the closed form of the vertical disparity error.

8.2.1 Horizontal disparity error

The horizontal disparity in the vicinity of the horizontal stitching coordinatex j;i = xb remains

below a tolerable error. In order to measure the horizontal disparity difference in the blending

regions, the horizontal disparity erroreh de�ned in Sections 5.1.4-5.1.5 will be used. The

case we are interested is whenPW is imaged ontoim j;i andim j;i +1 , producing the pairs of

corresponding pointsK i andK 0
i +1 , respectively.

In the case in which we are interested, at least one of the points in the setK i is mapped

(aligned) with another point in the setK 0
i +1 . In this context, since we are referring to pro-

jections of the same scene into different stereoscopic images and with different horizontal

disparities, the functioneh (Eq. 5.19) represents thehorizontal disparity error.

The region of stitching and blending is critical since it is there where the artifacts caused

by the parallax between individual cameras(
 j;i ; 
 j;i +1 ) will appear. It is also the most critical

area in terms of de�ning theomnistereoscopic FOV. Hence, it is relevant to estimate what is

the closest distance between camera and scene to guarantee the continuity of the horizontal

disparity among mosaicked stereoscopic snapshots.
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8.2.2 Horizontal disparity equations

The coordinates of the scene pointPW after applying the projective transformation de�ned in

Eq.6.9 6.10 are

xL;i = � f
cos� i (X w � t1) + sin � i (Zw � t3)

� sin� i (X w � t1) + cos � i (Zw � t3)
= � f

X L;i

ZL;i
; (8.1)

xR;i = � f
cos� i (X w � t4) + sin � i (Zw � t6)

� sin� i (X w � t4) + cos � i (Zw � t6)
= � f

X R;i

ZR;i
; (8.2)

where(X j;i ; Yj;i ; Z j;i )T are the coordinates of a pointPW in each camera frame (j 2 f L; Rg

andi 2 f 0; :::; N � 1g), andtk (k 2 f 1; 3; 4; 6g) are components of the translation vectors

de�ned in Eq. 3.6-3.12.

The image plane coordinates(xL;i andxR;i ) can be used to expanddh;i anddh;i +1 (Eq. 5.3)

as

dh;i = � f
�

X R;i ZL;i � X L;i ZR;i

ZR;i ZL;i

�
; (8.3)

dh;i +1 = � f
�

X R;i +1 ZL;i +1 � X L;i +1 ZR;i +1

ZR;i +1 ZL;i +1

�
: (8.4)

Note that, sinceZR;i = ZL;i = Z i andX R;i = X L;i + b holds for all i , the disparities in

Eq. 8.3 can be simpli�ed to

dh;i = � f b
�

1
Z i

�
; (8.5)

dh;i +1 = � f b
�

1
Z i +1

�
: (8.6)

8.2.3 Closed form of the horizontal disparity error

The closed form ofeh is

eh = f

�
�
�
�
X R;i +1 ZL;i +1 � X L;i +1 ZR;i +1

ZR;i +1 ZL;i +1
�

X R;i ZL;i � X L;i ZR;i

ZR;i ZL;i

�
�
�
� ;

= f b

�
�
�
�

1
Z i +1

�
1
Z i

�
�
�
� ; (8.7)

As de�ned,eh is a function ofPW after being transformed into each camera frame of coordi-

nates.
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The depth ofPW can be written in terms of the cameras(
 L; 0; 
 R;0) and(
 L; � � ; 
 R;� � )

as follows

Z i = Zw � tR;3; (8.8)

Z i +1 = � sin � � (X w � tR;1) + cos � � (Zw � tR;3); (8.9)

wheretR;1 andtR;3 can be obtained from Eq. 3.6-3.12 by replacing� i +1 by � � .

The farther the scene is from the omnistereoscopic camera referenceO, the smaller aredh;i

anddh;i +1 since they are both monotonically decreasing functions of the relative distance to

each stereoscopic camera for distances larger thanrmin . It follows that there is a distance from

the omnistereoscopic camera after whicheh � " consistently for allD .

8.2.4 Finding the minimum distance to the scene

The problem of �nding the minimum distance to the scene(rmin ) that de�nes theomnistereo-

scopic FOVrequires to �nd the points in the scene located in the intersection of stereoscopic

FOVs of cameras(
 L;i ; 
 R;i ) and(
 L;i +1 ; 
 R;i +1 ), constrained toeh � " . This is done for the

region surrounding the stitching coordinate.

This approach requires only two consecutively acquired stereoscopic images, e.g, the sam-

plesi = 0 ( � 0 = 0 � ) andi = 1 ( � 1 = � � ). The search can be restricted to theXZ -plane for

simplicity and without losing generality. Hence, I am goingto assume that the pointPW is

located on theXZ -plane. This is illustrated in Fig. 8.2.

First, I propose to de�ne a ray between the pointPW andOR;0. This ray(L R;0) intersects

the image plane of camera
 R;0 in the coordinatespR;0 = ( � xb; 0)T as shown in Fig. 8.2. The

rayL R;0 is modeled as

L R;0 = a0 + t r (a1 � a0); (8.10)

wherea0 is the location ofOR;0, a1 is the intersection of the ray with the image plane of

camera
 R;0, both expressed in term of the global reference frameXYZ , andt r 2 R, where

t r � 1. The parameters forL R ;i are given in Table 8.1 for each camera model.

The points in the scenePW , which are in the lineL R;0, are projected into the same coor-

dinate pointxR;0 = � xb and therefore it is used as reference. The projections ofPW in the

other three image planes arexL; 0, xR;1, andxL; 1, sinceyj; 0 = yj; 1 = 0. These projection points

are used to calculate the horizontal disparitiesdh0 anddh1 andeh for each pointPW 2 L R;0.

The analysis starts by de�ning a pointP0 2 � L R;0 located inside the intersection between

stereoscopic FOVof cameras(
 L; 0; 
 R; 0) and(
 L; 1; 
 R; 1), i.e., thestereoscopic FOVof
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Figure 8.2: Ray tracing method to �nd the minimum distancermin (con�guration 1): the ray

passing throughOR ;0 and xb de�nes all the points on theXZ -plane to �nd the minimum

distance after whicheh � " .

the panoramic camera (Section 8.1). This can be granted by calculating the projection ofP0

in the other three image planes. This projections must satisfy: x j;i 2 [� Wh=2; Wh=2].

If eh(P0) > " , then the pointsPW 2 L R;0, such thatkPW k > kP0k must be evaluated.

The pointP1 2 L R;0 that eh(P0) � " de�nes the minimum distance for omnistereoscopic

rendering asrmin = kP1k.

The error in the horizontal disparityeh is a monotonically decreasing function of the dis-

tance between the scene and the camera(kPW k). Therefore, the search for a pointPW 2 L R;0,

such thatkPW k > kP0k will to converge tormin . Any point in the scene whose distance from

the camera is larger thanrmin will be projected in both stereoscopic cameras with an errorin

the horizontal disparity below the perceptual threshold.

A comparison between acquisition models in terms of the achievable minimum distance to

the scene for a consistent depth rendition is presented in Chapter 9.



CHAPTER 8. OMNISTEREOSCOPIC FIELD-OF-VIEW AND DISPARITIES 172

Table 8.1: Parameters to de�neL R;0.

Con�guration a0 a1

1
�

b
2 ; 0; 0

� �
� xb + b

2 ; 0; f
�

2 (b;0; 0) (� xb + b;0; f )

3 (b;0; kr ck) (� xb + b;0; f + kr ck)

4
�

b
2; 0; kr ck

� �
� xb + b

2; 0; f + kr ck
�

8.3 The vertical disparities

There are two situations where vertical disparities need tobe modeled. The �rst case involves

the vertical disparities exhibited when a pointPW in thestereoscopic FOVof a stereoscopic

camera pair produces a pair of corresponding pointsK i in im j;i . The other situation hap-

pens when the pointPW in theomnistereoscopic FOVbetween two consecutive stereoscopic

images, produces corresponding points setsK i andK 0
i +1 in im j;i andim j;i +1 , respectively.

For points located in thestereoscopic FOV, the vertical disparities withinim j;i are negli-

gible for any con�guration of the acquisition model. However, in a real-world scenario, the

optical axes of any pairs of cameras would not be parallel. But, even in that case, the ver-

tical disparities can be eliminated using stereoscopic registration techniques such as the one

described in Section 7.7.

For points in theomnistereoscopic FOV, the parallax between cameras will unavoidably

produce vertical disparities between corresponding points in im j;i andim j;i +1 . This situation

leads to stitching artifacts after mosaicking these stereoscopic images. The magnitude of these

vertical disparities depends of the elevation component ofD as I will show in this section.

8.3.1 Vertical disparity equations

The coordinates of a pointPW after applying the projective transformation de�ned in Eq.3.18-

3.19 are

yL;i = � f
Yw

� sin� i (X w � t1) + cos � i (Zw � t3)
= � f

YL;i

ZL;i
; (8.11)

yR;i = � f
Yw

� sin� i (X w � t4) + cos � i (Zw � t6)
= � f

YR;i

ZR;i
: (8.12)
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where(X j;i ; Yj;i ; Z j;i )T are the coordinates of a pointPW in each camera frame andtk (k 2

f 1; 3; 4; 6g) are components of the translation vectors de�ned in Eq. 3.6-3.12. Since theXZ -

plane contains all the projection centers and optical axes,it is valid to say thatYj;i = YW for

all the cameras (Eq. 8.11-8.12).

The vertical disparity expression within stereoscopic images(im L;i ; im R;i ) is given by

dv;i = yR;i � yL;i = � f YW

�
ZL;i � ZR;i

ZR;i ZL;i

�
: (8.13)

8.3.2 Vertical disparities outside the blending region

Any point PW in thestereoscopic FOVof (im L;i ; im R;i ) will have projectionsZL;i = ZR;i .

Therefore,dv;i = 0 for all YW (Eq. 8.13). This is valid outside the overlapping regions ofevery

stereoscopic image to mosaic (Section 6.3.1).

In a real scenario, cameras will exhibit slight variations from the ideal case, e.g, the optical

axes will not be perfectly parallel and their projection center might not lie on the reference

plane. Hence,ZL;i 6= ZR;i anddv;i 6= 0 for YW 6= 0. In these cases, pairwise camera calibra-

tion followed by stereoscopic image registration will helpto reduce or to eliminate undesired

vertical disparities before mosaicking.

8.3.3 Vertical disparities within the blending region

The parallax between projection centers produces unwantedvertical disparities in the overlap-

ping regions. The vertical disparities between neighbor images(im j;i ; im j;i +1 ), which is de-

�ned as the vertical component of the disparity between a coordinate pointK j;i = ( p j;i ; p j;i +1 ),

for j = L or j = R (Eq. 6.1.1), is given by

dvj;i (K j;i ) = yj;i +1 � yj;i

= � f Yw

�
Z j;i � Z j;i +1

Z j;i Z j;i +1

�

= � f Yw#j ; (8.14)

where

#j =
�

Z j;i � Z j;i +1

Z j;i Z j;i +1

�
; (8.15)

for j 2 f L; Rg andi 2 f 0; :::; N1g. Note that this disparity is different thandv;( i;i +1) de�ned in

Eq. 5.10 in that it is not the vertical disparity difference betweenim j;i andim j;i +1 . This dispar-

ity measures the vertical component error between the projections ofPW in (im L;i ; im L;i +1 )
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or in (im R;i ; im R;i +1 ). Furthermore, the coef�cient#L = #R = # given thatZL;i = ZR;i

andZL;i +1 = ZR;i +1 . Hence, the factor that affects the vertical disparities onthe overlapping

regions is the same for left and right sequences of images.

The vertical disparities in the overlapping regions between images are null forYW = 0.

However,dvj;i 6= 0 for gazing directions above and below the horizontal reference plane.

Therefore, as can be seen from Eq. 8.14, the vertical disparities increase with the parameters#

in the overlapping region. The# 6= 0 explain the appearance of vertical disparities while mo-

saicking stereoscopic snapshots originating in cameras with distinct projection centers [2, 14].

This occurs because a pointPW has different projections on each camera, i.e.,Z j;i 6= Z j;i +1 .

This unwanted effect diminishes with the distance between the scene and the omnistereoscopic

camera reference center.

The vertical disparities are manifested as ghosting after the blending process. This ghosting

will affect the stereoscopic result only when it is not corrected before stitching and blending,

e.g., by local registration and warping images [2], and it will be restricted to the overlapping

regions.

A comparison between the different con�gurations in terms of vertical disparities is pre-

sented at the end of Chapter 9.
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8.4 Summary

In this chapter, I presented a classi�cation of the regions of the interest in the scene based

on their visibility from one or two stereoscopic cameras. From this classi�cation, I de�ned

the regions ofstereoscopicand omnistereoscopicFOV in the scene. The latter is the most

important for mosaicking partially overlapped stereoscopic images since it de�nes the stitching

and blending region in neighbor images (Section 6.3).

In addition, I developed closed forms for the projective equations to express a point in

the scene into the frame of coordinates of each camera and acquisition con�guration based

on the equations developed in Section 3.3. Using these equations, I developed a closed form

for the horizontal disparity error, which I introduced in Chapter 5. From the closed form

of eh, I showed that the horizontal disparity error is a function of the projections ofPW on

the Z-axis of each stereoscopic camera pair. Finally, I introduced a ray-tracing method to

calculate the minimum distance between a pointPW in the omnistereoscopic FOVand the

reference viewpoint using as a criterion the human threshold for depth perception developed

in Section 5.1.5.

In terms of the vertical disparities, using the same projective model, I proposed a closed

form for thevertical disparity errorbetween corresponding projections ofPW . From this

projective model, I proved that, when this point is in thestereoscopic FOVregion of a camera

pair, it does not produce vertical disparities after being imaged intoim j;i , at least, under ideal

conditions. However, whenPW is in theomnistereoscopic FOVof a camera pair, it produces

vertical disparities that depends on its distance from the camera and its gazing direction.

In the next chapter, I present the results of applying the raytracing method proposed in this

chapter to compare the four acquisition models.



Chapter 9

Depth consistency and vertical disparities

A �rst approach to determine the usable FOV of each stereoscopic image acquired for mosaick-

ing was done in Section 5.2.3. That analysis was made relyingon two simpli�ed 3D-models of

the scene and showed that, by using the limits in the binocular depth resolution in humans, and

when certain spatial distribution around the camera are assumed valid, the number of stereo-

scopic samples necessary for renderingI S using mosaicking can be dramatically reduced in

comparison with sequential acquisition methods. Although, considering the depth perception

limits in humans was the right approach, the models used in the �rst estimation do not neces-

sarily represent real-world scenarios where elements in scene can be at diverse distances from

the camera in diverse gazing directions.

For that reason, a ray-tracing method that takes into account the depth consistency while

mosaicking stereoscopic snapshots has been proposed in Section 8.2.4. This method is applied

in this chapter on the camera used to produce the experimental results on acquisition and

rendering by mosaicking presented in Chapter 6. Furthermore, two other real-world camera

models and various lenses were used in these simulations in order to extract relevant insights

for the design of omnistereoscopic acquisition systems.

At the end of this chapter, an analysis of the vertical disparities that appears in the overlap-

ping region between stereoscopic images is presented for all the acquisition con�gurations.

Parts of the results presented in this chapter have been published in SPIE Electrotonic

Imaging journal on Feb 2014 [166]. A companion website is available online [167].
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9.1 Simulation parameters

The goal of our simulations is to contrast the various acquisition con�gurations in order to

identify characteristics useful to improve the design of the acquisition system. As the hori-

zontal disparity threshold I used the native horizontal resolution of each camera given by the

pixel size, i.e.," = s (Section 5.1.6). Furthermore, I used real values extractedfrom the spec-

i�cations of three off-the-shelf cameras: oneAdvanced Photo System type-C(APS-C) sensor

(Canon 400D) and two full-frame sensors (Nikon 800D and Canon EOS6D). Speci�cations of

each camera are presented in Table 9.1. In terms of the lenses, I used three generic lenses with

horizontal FOV� a 2 f 122� ; 100� ; 76� g. I chose this particular set of lenses to illustrate the

effect of changing the focal length (Eq. 6.21) in the estimated distance to the scene.

Table 9.1: Image sensor speci�cations: sensor widthWh , aspect ratioar , pixel widths.

Camera model Wh ar s

Canon 400D 22:2 10� 3 m 1:5 5:71 10� 6 m

Nikon 800D 35:9 10� 3 m 1:5 4:88 10� 6 m

Canon EOS6D 35:8 10� 3 m 1:5 6:55 10� 6 m

The parameters of interest arermin , which depends oneh (Section 5.1.4), and the vertical

disparities within the blending regions, which depends on#j (j = f L; Rg) (Section 8.3.3).
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9.2 Horizontal disparity continuity

In order to �nd the distancermin , I calculated �rsteh between two neighbour stereoscopic

samples to mosaic. This was done following the procedure described in Section 8.2.4. In brief,

I de�ned a rayL R;0 on theXZ -plane, using the stitching position with horizontal coordinates

xR;0 = � xb in im R;0 and the projection centerOR;0. Then, I computedeh for the points

PW 2 L R;0, starting at a minimum distance from the camerakr 0k = 0:3 m. In order to

obtaineh, I used Eq. 5.19 for allx j; 0 andx j; 1 within the blending region (Section 6.3.2). The

maximum horizontal width of the blending region was set to10% of Wh, i.e., the blending

area evaluated is between� 5% of Wh around the stitching pointxb. The variable� x is the

deviation fromxb in the horizontal coordinate.

In the �rst simulation, I comparedrmin for the four con�gurations using different numbers

of stereoscopic samplesN (different � � ), for b = 35 mm (con�guration 1 and 2) and the

same radial distancekr ck = b (con�guration 3 and4). I used the samef = 9:3 mm for three

cases, which corresponds approximately to� a = 100� andWh from the Canon 400D (APS-C

sensor) in portrait orientation. This simulation gives information aboutrmin as a function of

the horizontal blending coordinateX R;1 = xb+� x . The results of this simulation are presented

in Fig. 9.1.
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(a) � � = 72� , N = 5 (b) � � = 60� , N = 6

(c) � � = 45� , N = 8

Figure 9.1: The minimum distance for stereoscopic rendering rmin as a function of the hor-

izontal bias� x from stitching coordinatexb (X R;1 = xb + � x ), for Con�gurations 1-4, and

for different number of stereoscopic samplesN (Canon 400D,f = 9:3 mm (� a = 100� ),

b= 35 mm andkr ck = b).
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Thecritical minimum distance(%min ) is de�ned by the largest value ofrmin within blending

width � b, which is a few pixels width aroundxb (Section 6.3.2). In other words,%min is the

practical minimum distance between the omnistereoscopic camera and the scene for a given set

of acquisition parameters. Based on the simulation resultsshown in Fig. 9.1, the values of%min

for each con�guration are presented in Table 9.2 forxb (� x = 0) and a given blending region

� b = 10 � s. This table provides a numerical example to show how the minimum achievable

distance is reduced by increasing the number of stereoscopic samples for a givenf .

Table 9.2: Example of the effective minimum distance%min for xb (� x = 0, � b = 10 � s ):

%min (Canon 400D,f = 9:3 mm� a = 100� andb = 35 mm).

con�guration N = 5 N = 6 N = 8

1 1:20 m 1:10m 0:90m

2 1:70 m 1:50m 1:30m

3 2:30 m 2:0 m 1:60m

4 1:90 m 1:60m 1:35m

The best performance in terms of%min is achieved bycon�guration 1 followed bycon�g-

uration 2, both modeling acquisition methods that not suitable for acquiring dynamic scenes.

The%min increases forcon�guration 3 and4, con�guration 3 being the worst in terms of al-

lowed minimum distance to the camera. Hence, the price to payfor havingkr ck 6= 0 is to

increase the achievable minimum distance to the camera. As the table indicates the increase in

%min betweencon�gurations 1and4, and betweencon�gurations 2and3, is equivalent to the

increase in radial displacementr c.

A small %min is necessary to render omnistereoscopic images of indoor scenes where ob-

jects may be closer to the camera than in outdoor scenes. Thiscan be achieved by increasing

the number of samplesN , but that option implies adding more cameras incon�guration 3 or

4, or taking more samples incon�guration 1 and2, which leads to increasing the complexity

and cost of the omnistereoscopic system. Another option is changing the focal length and the

number of samples to get a compromise between cost and ef�ciency. The results of doing this

is simulated in Section 9.5.

Another useful conclusion from this simulation is that the selection of stitching positionxb,

as de�ned by Eq. 6.20, can be optimized for each con�guration. For instance, a stitching point

shifted� x = � 0:05Wh with respect toxb leads to an effective minimum distance in the range
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of 4:5� 5:2 m instead of1:9� 1:2 m as it would be stitching atxb. Hence, the acquisition model

shows that the stitching position and blending width has a larger impact than the con�guration

used.

Probably the most important conclusion is that there is not much difference between differ-

ent con�gurations in terms of the parameter%min . For instance, it can be seen from Table 9.2

that%min varies a few tens of centimeters between con�gurations, which means that all varia-

tions of the acquisition model performs similarly in real acquisition scenarios.

9.3 Effect of radial displacement

The radial displacementkr ck is relevant forcon�guration 3 and4 to model the physical lim-

itations in a multiple camera system to co-locate the projection centers. The smallerkr ck,

the more similar arecon�gurations 3and2, and similarly, the more similarcon�guration 4

is to con�guration 1. In order to see this effect, I recalculatermin for the case presented in

Fig. 9.1-(b) forkr ck = 0, kr ck = b=2 andkr ck = 2 b. The results are presented in Fig. 9.2.

Notice thatcon�guration 1coincides withcon�guration 4andcon�guration 2 coincides with

con�guration 3for kr ck = 0 (Fig. 9.2-(a)).

The largerkr ck the larger is%min , in other words, the larger is the distance between the

camera and the scene. A possible acquisition system is usingcon�guration 4 for kr ck � b,

but interleaving a number of stereoscopic rigs in order to reduce%min . Another method to

reducekr ck is using mirrors to relocate each camera projection center closer toO. However,

the latter may require a smaller� a (largerf ) and more camera pairs, all of which increases

the complexity and cost of the acquisition system. A better solution to reduce%min is selecting

a bias in the stitching point, in this case,jx0
bj > jxbj.
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(a)kr ck = 0 (b) kr ck = b=2

(c) kr ck = 2 b

Figure 9.2: Comparison ofrmin as a function of the stitching bias� x , for all Con�gurations,

after changing the radial distancekr ck in con�guration 3 and4 (Canon 400D,N = 6, f =

9:3 mm(� a = 100� ) andb = 35 mm).
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9.4 Optimum stitching

The parameter� � represents the relative azimuthal angle between two consecutive stereo-

scopic samples. In addition, each� � determines a shift in the horizontal coordinates for the

optimum stitching positionxb. The optimality of this new stitching position is determined by

the closestrmin to the camera as shown in Fig. 9.3.

The larger the number of stereoscopic samples to mosaic, thesmaller is� � and the optimal

stitching coordinate moves closer to the center on each image to mosaic. Hence, the position

xb can be corrected in rendering time to avoid discontinuitiesin horizontal disparities in gazing

directions where the scene is too close to the omnistereoscopic camera. There is no need to use

the same relative positionxb for the stitching; a different distance to the scene can determine a

different stitching position for each stereoscopic pair de�ned for each con�guration.

The results forrmin shown in Fig. 9.3 are presented as a function of coordinatexR;1 instead

of around a determined stitching coordinatexb as were presented in Fig. 9.1. This helps to

illustrate the different locations, relative to the image center, of the optimum stitching point

when changing� � .
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(a) � � = 72� (N = 5)
(b) � � = 60� (N = 6)

(c) � � = 45� (N = 8)

Figure 9.3: Comparison ofrmin as a function of the stitching bias� x , for con�guration 1to 4,

and for differentN (Canon 400D,f = 9:3 mm(� a = 100� ) b = 35 mm andkr ck = b).



CHAPTER 9. DEPTH CONSISTENCY AND VERTICAL DISPARITIES 185

9.4.1 The optimum stitching location

As can be seen in Fig. 9.1, the curves for the minimum distancermin present a minimum value

at different absolute stitching positionsx. This optimum stitching position in the images, where

the distance between the camera and the scene can be minimized, differs for each acquisition

con�guration. The shape of thermin vs. x curves and the location of the optimum stitching

coordinate is connected to how similar is the imaged scene intwo consecutive stereoscopic

samples.

The maximum similarity betweendh0 anddh1, which is measured from the images cap-

tured by cameras(
 L; 0; 
 R;0) and(
 L; 1; 
 R;1), respectively, is given by the projections of the

scene on theZ j -axis of each camera pair. In other words, if a pointPW has projectionsz0 on

Z0 andz1 onZ1, theneh will have a minimum whenz0 is close toz1 or, equivalently, when the

scene depth is similar in a certain direction on the overlapping area.

The boundary where the scene depth presents minimum error isde�ned by the plane that

contains the camera reference centerO and all the closest points to the camera center de�ned

by the omnistereoscopic FOV. The intersection of that planewith the horizontal reference plane

XZ de�nes a lineL S. The maximum similarity boundary lineL S is illustrated in Fig. 9.4 for

the con�guration 1.
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Figure 9.4: The similarity boundaryL S in the XZ -plane for con�guration 1: the rayL R;0,

which is de�ned for a stitching coordinatex, intersectsL S in PW . A minimum in eh is

observed for a distancekrk = kPW k.
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The maximum similarity boundary lineL S divides the omnistereoscopic FOV region in two

symmetrical volumes. A pointPW 2 L S will exhibit the same relative distance to cameras

(
 L; 0; 
 R;0) and(
 L; 1; 
 R;1). In the ray tracing approach used for obtaining the minimum

distance to the scene presented in Fig. 9.1, the location of the stitching pointx determines the

intersection point betweenL R;0 and the boundaryL S. This can be analyzed by presenting the

curves ofeh as function of the absolute distance to the camerakrk for a stitching pointx.

The crossing point ofeh curves with the threshold� = s (1 pixel) de�nes the minimum

distancermin . This is shown in Fig. 9.5-(a). However, for somex, the curve may have more

than one intersection with� = s level. In those situations,rmin is such thateh is monotonically

decreasing forkrk � rmin as shown in Fig. 9.5-(b). After establishing this constraint in the

selection ofrmin , I analyzed the peculiar shape of thermin vs x shown in Fig. 9.1.

(a) (b)

Figure 9.5:eh as a function ofkrk.

The camera con�guration illustrated in Fig. 9.4 can be used to illustrate thermin obtained

by scanning the scene on theXZ -plane with differentL R;0 rays (Fig. 9.6-(a)).

The �rst case occurs when the crossing point betweenL R;0 and the boundaryL S is rela-

tively far fromO. This is illustrated in Fig. 9.6-(a) for the rayA from which theeh illustrated

in Fig. 9.6-(b) is obtained. The crossing point betweeneh and the thresholds indicates the

value ofrmin . for this horizontal coordinatex of stitching point. It can be observed thateh is

monotonically decreasing for allkrk � 0. In addition, the crossing point betweenL R;0 andL S

is father thanrmin . The value ofrmin will decrease as the stitching pointx shifts closer to the
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left edge ofim R;1, illustrated by the decreasing part of the curve shown in Fig. 9.6-(a).

The second example corresponds tox shifted towards the edge ofim R;0 with respect to

the �rst example (or shifted towards the center ofim R;1). This is shown in Fig. 9.6-(a) for

the rayB . In this example, the crossing point betweenL R;0 andL S is closer to the camera.

Therefore,eh exhibits a global minimum forkrk < r min where the scene shows maximum

similarity between cameras in the overlapping region. Thisminimum distancermin occurs for

the optimumx distance illustrated in Fig. 9.6-(b).

The third and last case, which is illustrated in Fig. 9.6-(a)for the rayC, illustrates what

happens forx values larger than the optimum stitching position. For distanceskrk larger

than the crossing betweenL R;0 andL S, which de�neseh the global minimum, the scene shows

different depths for each camera pair. Hence,eh increases forkrk larger than the crossing point

betweenL R;0 andL S. This is shown in Fig. 9.6-(c). This effect is eventually compensated by

the increasing distance betweenO and a pointPW 2 L R;0, which will temper the value of

eh. In other words,eh will decrease for increasing distances until crossing the threshold� = s

again. This last crossing point de�nesrmin for thatx. The value whereeh crosses the threshold

will be larger for stitching coordinatesx that are closer to theim R;1 center. This explains the

increasing part of the curve shown in Fig. 9.6-(a), which canbe observed after the global

minimum.

The location of the similarity boundaryL S that marks the maximum similarity between

the imaged scene in neighbour images (Fig. 9.6-(a)) differsbetween con�gurations due to

the difference in the relative locations between cameras. Hence, the location of the optimum

stitching position will also be different for each con�guration. It is interesting to mention that,

if the threshold� were larger thans, eh as function ofkrk would no exhibit that shape and not

optimum position of stitching can be de�ned.
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(a)

(b) (c) (d)

Figure 9.6:eh as a function ofkrk: (a) Three raysL R;0 de�ned by three different stitching

positions, (b) for the rayA , the minimum ineh is closer than the intersection withL S, (a)

for the rayB , the intersection withL S happen at a closer distance fromrmin , and (c) the

intersection withL S is closer thanrmin .
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9.5 Effect of focal length

Using wide-angle lenses, i.e., larger� a (shorterf ), reduces the number of stereoscopic sam-

ples. However, a larger� a introduces distortions at the edges of the stereoscopic images,

especially for large baselines. Despite this disadvantage, a slight improvement in the effective

minimum distance can be achieved by reducingf . I repeated the calculationrmin presented

in Section 9.2, but this time, I used a smaller focal length(f = 6:1 mm, � a = 122� ). The

results presented in Fig. 9.7 show a small but measurable reduction of %min with respect to

usingf = 9:3 mm(� a = 100� ) on the same sensor.

Conversely, it is expected that a larger%min will result when using largerf . This is shown

Fig. 9.8 for the same camera parameters as the previous example but forf = 14:2 mm(� a =

76� ).



CHAPTER 9. DEPTH CONSISTENCY AND VERTICAL DISPARITIES 191

(a) � � = 72� (N = 5) (b) � � = 60� (N = 6)

(c) � � = 45� (N = 8)

Figure 9.7: Comparison ofrmin as a function of the stitching bias� x , for Con�gurations 1 to

4, and for differentN , when reducing the focal length tof = 6:1 mm (� a = 122� ) (Canon

400D,b = 35 mm andkr ck = b).
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(a) � � = 72� (N = 5) (b) � � = 60� (N = 6)

(c) � � = 45� (N = 8)

Figure 9.8: Comparison ofrmin as a function of the stitching bias� x , for con�gurations 1to

4, and for differentN , when increasing the focal length tof = 14:2 mm (� a = 76� ) (Canon

400D,b = 35 mm andkr ck = b).
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9.6 Effect of the sensor size

The sensor size affectsf for a given� a (Eq. 6.21). For instance, in this con�guration, a Canon

400D (APS-C sensor) hasf = 9:3 mm for � a = 100� , while f = 15:1 mm for a full-size

sensor (Wh = 35 mm) (Table 9.1). Compared to the pixel size of the Canon 400D sensor, the

pixel size of the Canon EOS6D is approximately15%wider while the pixel width of the Nikon

800D is15%smaller. The results for �ndingrmin for the four con�gurations are presented in

Fig. 9.9.

(a) Acquisitioncon�guration 1 (b) Acquisitioncon�guration 2

(c) Acquisitioncon�guration 3 (d) Acquisitioncon�guration 4

Figure 9.9: Comparison ofrmin as a function of� x , for Con�gurations 1 to 4, and for different

sensors while maintaining a given FOV� a.

For a comparable sensor size and the same focal length, the Nikon 800D sensor perfor-

mance is worse than Canon EOS6D sensor in terms of%min because the pixel size of the

former is smaller, which makes the threshold foreh smaller and pushes the minimum tolerable

distance away from the camera. The Canon 400D sensor is smaller and itsf is also smaller, so

%min for the same sampling angle� � is closer to the omnistereoscopic camera.



CHAPTER 9. DEPTH CONSISTENCY AND VERTICAL DISPARITIES 194

9.7 Vertical disparities

An important side effect of the spatial distribution between cameras in each acquisition con�g-

uration is the manifestation of vertical disparities in theoverlapping region between neighbour

stereoscopic images (Section 8.3.3). In this section, I show the result of comparing the four

acquisition con�gurations in terms of the coef�cients#, which determine the magnitude of the

vertical disparities in the blending areas.

As seen in Eq. 8.14, the undesired vertical disparities are proportional toY W . But, this

error also depends on the distance between the camera andPW on theXZ -plane. The results

of calculating the value of# as a function of the distance to the camerakrk = kPW k for the

four con�gurations are presented in Fig. 9.10. This resultsare valid for a Canon 400D camera,

b= 65 mm,kr ck = 65 mm,N = 6 and� a = 100� .

A non-zero# leads to avertical disparity error(Section 8.3.3) in the blending areas, hence,

it is desirable to take into account this effect when positioning the omnistereoscopic camera,

especially for acquiring scenarios that are relatively close in certain elevation angles. This

relationship between vertical disparities, the proximityto the camera and the gazing direction

in elevation explains the vertical disparities that appearat the top and bottom parts of the

mosaicked images, which are both at the shorter distancekrk on theXZ -plane and, at the

same time, have largeY W components. Fortunately, both coef�cients converge to zero at a

relatively short distance from the camera for all the con�gurations of the acquisition model.

The magnitude of this error is also dependent on the particular stitching position in the

image pairxb. In Fig. 9.10-(c)-(f), I present the value of# over the blending region, for

krk = 50 cm of the camera andkrk = 100 cm. These results show that the vertical disparities

over each blending region decrease with the distance between the scene projection on theXZ -

plane and the camera.

The magnitude of this error is also dependent of the particular stitching position in the

image pairxb. In Fig. 9.10-(c)-(f), I present the value of# over the blending region, for

krk = 50 cm of the camera andkrk = 100 cm. These results show that the vertical disparities

over each blending region decrease with the distance between the scene projection onXZ -

plane and the camera.
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(a)

(b)

(c)

Figure 9.10: Vertical disparity coef�cients# as a function of the distance to the camerakrk,

for all the acquisition con�gurations, and forxR;1 = xb (� x = 0): (a)# as a function of the

distancer and the variation of this coef�cient aroundxb as function� x , when the distance to

the scene is (b)krk = 50 cm and (c)krk = 100 cm.
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9.8 Summary

In this chapter, I presented a comparison of the depth consistency for the different acquisition

con�gurations. This comparison is based on the ray tracing method to obtain the minimum

distance to the scene to achieve a consistent binocular experience of depth (Section 8.2.4). In

this chapter, I analyzed the performance of the system emulated in Chapter 5. In addition, I

contrasted these results against omnistereoscopic systems based on two other DSLR cameras.

The main result is that there is no substantial difference between camera geometries in

terms of the minimum distance between camera and the scene. However, I found differences

in the optimal location for stitching stereoscopic samples, which depends of the geometry of

the omnistereoscopic system. This result can be used to improve the rendering process by

implementing an optimization method to �ndxb based on the distance between the camera

and the scene. The development of such an optimal cut algorithm is beyond the scope of

this thesis. Additionally, based on these simulation, I suggested strategies affecting the design

of simultaneous acquisition systems that can increase the ef�ciency in the omnistereoscopic

acquisition.

In Section 8.3, I presented the closed-forms expressions ofthe vertical disparity equations,

which are important in the overlapping areas between stereoscopic samples. Based on these

equations, in this chapter I studied the correlation of these vertical disparities with the elevation

component ofD and the distance between the camera and the scene.

In the next chapter, I am presenting the conclusion for this thesis.



Chapter 10

Conclusions

The main hypothesis of this thesis is that omnistereoscopicimaging of real-time events can

be satisfactorily approximated using a limited number of partially overlapped stereoscopic

snapshots of the scene.

The research method described in Chapter 1 led to propose an acquisition strategy based on

multiple cameras to collect partially overlapped stereoscopic snapshots of the scene, followed

by a rendering approach based on mosaicking the collected images. This solution has been

founded on the practicality of acquiring a sparse set of stereoscopic samples ofCS and the

low-complexity of the rendering approach to produce omnistereoscopic imagery of real-time

events. Both advantages are attractive for the real-time omnidirectional acquisition of scenes.

The experimental part of this thesis was supported by the sequential sampling ofCS, which

prevents me to demonstrate the suitability of my proposed approach in truly dynamic environ-

ments. However, I provided suf�cient evidence to support the idea that arrangements of stereo-

scopic camera rigs, as long as occlusion between cameras is avoided, can be used to acquire a

sparse set of partially overlapped stereoscopic snapshots. This sparse set of stereoscopic sam-

ples can be mosaicked into satisfactory omnistereoscopic images of the scene in any panning

direction. I have supported this hypothesis with extensiveexperimental examples.

Having established the viability of the multiple camera approach, I focused on the devel-

opment of the analytical foundations of the proposed omnistereoscopic acquisition technique.

Based on this analysis, I studied some of the main issues thatarise from this omnistereoscopic

acquisition technique: depth consistency, vertical disparities and design parameters for a mul-

tiple camera system. This analysis and their results are main contributions of my thesis.

In order to provide a satisfactory immersive experience to the user, this particular acqui-

197



CHAPTER 10. CONCLUSIONS 198

sition and rendering technique needs to provide the means tocreate imagery free of stitching

artifacts. Not only that, the omnistereoscopic imagery rendered by this method has to provide

consistent binocular cues of depth in every gazing direction. These two main problems have

been examined in this thesis and the results are summarized next.

10.1 The viewing models

The thesis started with the de�nition of anomnidirectional viewing function(Chapter 2). This

function is de�ned from the plenoptic functionP and models the physical signal to be mea-

sured by any panoramic sensor. The measuring ofC leads to a real-valued multi-dimensional

signalI , which after being sampled generates the panoramic imageI . This approach is not

novel and has been used before to model the multi-dimensional signal measured by a generic

camera to produce an image, which can be omnidirectional (panoramic), a wide-angle angle

image (photographic camera), a narrow FOV image (line sensor) or to obtain a sample of the

light �eld.

The �rst contribution presented in this thesis has been to propose anomnistereoscopic

viewing model, which abstracts all the geometric constraints of the binocular visual system.

The model is based on two omnidirectional viewing functions, which are denoted(CL ; CR ),

to model the light captured at two distinct viewpoints with horizontal parallax for a given

FOV. The constraints imposed by the model in the gazing direction D enables us to model the

vergence of the human eyes towards a region of interest in thescene.

Theomnistereoscopic viewing modelde�nes a multi-dimensional array of real-valued sig-

nals that represents theomnidirectional viewing function, denotedCS, which encompasses

all the necessary information to be acquired by any omnistereoscopic sensor that intends to

recreate direction-independent stereoscopic views of a scene for human viewing. This model

of the physical magnitude to be measured by an omnistereoscopic device has not been pro-

posed before based on my own research on the subject up to thisday. Hence, it is one of the

contributions of this thesis.

As de�ned, theomnistereoscopic viewing modelhas an indetermination in proximity of

the poles (zenithandnadir) where multiple horizontal baselines can be de�ned for the same

D . This indetermination does not prevent to acquire and render stereoscopic images in these

extreme directions. However, this problem has not been studied in this thesis.

An interesting point for future research is modifying theomnistereoscopic viewing model
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to eliminate the restriction of having a single reference plane. More speci�cally, the model

proposed herein is restricted to one horizontal reference plane which is convenient to model

acquisition cameras with horizontal parallax, but it is interesting for people in the panoramic

community to render omnistereoscopic images where the stereoscopic viewpoints are not re-

stricted to a single plane. In this extended model, the possible locations for the left and right

viewpoints de�ne a spherical region around the centerO instead of aviewing circleon the

horizontal plane.

10.2 The acquisition model

In this thesis, theomnistereoscopic viewing modelhas been used to de�ne the geometric con-

straints for a generic omnistereoscopic acquisition system, which becomes the generalacqui-

sition modelintroduced in Chapter 3. This model can describe the varietyof omnistereoscopic

cameras to produce stereoscopic images with horizontal parallax.

In order to sample(CL ; CR ), the model includes two pinhole cameras with parallel opti-

cal axes which are located in place of the omnidirectional projection centers. The horizontal

parallax distance and coplanarity de�ned by theomnistereoscopic viewing modelare followed

by theacquisition model. Since the pinhole cameras have a limited FOV, only partial samples

of theCS are acquired in any gazing directionD .

The relative location of left and right pinhole cameras can be manipulated while maintain-

ing the same baseline and panning restrictions. Moreover, the different spatial distribution of

projection centers de�nes a set of acquisitioncon�gurations, which can model the omnistereo-

scopic cameras and acquisition techniques proposed in the literature (Chapter 4).

Theacquisition modelenables a tractable method to study a variety of effects suchas the

consistency of the depth over the whole panorama when mosaicking stereoscopic snapshots,

the minimum acceptable distance between the camera and scene and the vertical disparities.

In addition, theacquisition modelhelps to devise novel strategies to acquire samples ofCS

in order to estimateI S. For instance, a brute-force acquisition approach to sample CS used

to acquire narrow vertical samples of(CL ; CR ) can be modeled by a stereoscopic camera in

any of the fourcon�gurationsof this model. However, without post-processing, the binocular

image created in this way is not what we would see in any gazingdirectionD . Alternatively,

a pair of wide-angle snapshots can be acquired for any given gazing direction. The latter

acquisition approach represents more closely the stereoscopic qualia of the scene that we would
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experience when looking inD according to theomnistereoscopic viewing model. Moreover,

the latter approach can be emulated by acquiring a few stereoscopic images at constant panning

increments to mosaic them into an approximation ofI S.

Theacquisition modelin any of its four basiccon�gurationscan describe most of the om-

nistereoscopic acquisition techniques available today. However, it cannot model omnistereo-

scopic methods based on vertical parallax since these con�gurations are not contemplated in

theomnistereoscopic viewing modelpresented herein.

It is worth mentioning that, even though theomnistereoscopic viewing modelcontemplates

the vergence of the left and right gazing directions, parallel optical axes between cameras in

a stereoscopic pair are used in the experiments on acquisition to facilitate the rendering by

mosaicking. The vergence for all panning directions is emulated in rendering time by de�ning

the zero parallax point inI S (Appendix C), although the acquisition model contemplatesthe

emulation of vergence mechanisms. It will be interesting toevaluate the effect of vergence in

the visual comfort of the user, but such a study is beyond the scope of this thesis.

The generalacquisition modelis another of the original contributions of this thesis to the

area of research on omnistereoscopic image formation.

10.3 The limits of human depth resolution

A threshold for human depth resolution was proposed in Chapter 5. In this analysis, the thresh-

old was developed by comparing a stereoscopic camera model with a projective model devel-

oped for human depth resolution. The stereoscopic camera was composed of two pinhole cam-

eras with parallel optical axes and horizontal parallax equivalent to the interocular distance in

the average human population. Based on an estimation of the FOV in humans, the minimum

perceived error between two distances in front of the eyes was used to estimate a threshold for

the horizontal disparity resolution in humans. The estimated threshold for the horizontal dis-

parity is several times lower than one pixel width in the average off-the-shelf DSLR cameras

available at the moment of writing this thesis.

The horizontal disparity threshold was used before in the context of measuring the expected

distortions when projecting an omnistereoscopic image in acylindrical display. However, in

that case the threshold of depth resolution used was severaltimes higher than the one estimated

in this thesis.

This discrepancy in the depth resolution can be attributed to the effect of different uncer-
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tainties in the model. First, the human depth resolution does not depend on binocular cues

only. The effect of textures, illumination, color and perspective of the scene affect the thresh-

olds of depth perception. In both experimental cases, key parameters in the calculation, e.g.,

the human depth-of-�eld resolution, were taken from the results of visual tests performed on

humans.

Since this uncertainty was found, a more practical threshold for the horizontal disparity res-

olution was used in this thesis: a horizontal disparity error in the order of one pixel width. This

threshold is convenient in the context of rendering by mosaicking. Additionally, it guarantees

no visible discontinuities between mosaicked stereoscopic images.

However, further research should be made in determining thereal thresholds for depth

resolution in stereoscopic displays.

10.4 The mosaic width approximation

Although determining the human minimum resolvable error inhorizontal disparity using a

model based on a pair of pinhole cameras is not a novel contribution, the use of such a threshold

to determine the usable width of a stereoscopic mosaic is new.

In the test experiment described in Chapter 5, a stereoscopic pinhole camera acquired two

images of a particular scene. This scene obeys two simpli�ed3D-models: in one model the

scene is located at constant distance in every directionD from the reference centerO (sphere),

in the other model the scene is distributed at the same distance in the panning direction (cylin-

der). The baseline of the stereoscopic rig and the distance between the scene and the camera for

each model determines the variation in the horizontal disparity along the stereoscopic image.

This is valid for any con�guration of the acquisition model since the baseline is the determining

parameter.

The idea of the test was to determine the regions in the stereoscopic image that can be

distinguished as having a different depth by applying the threshold for horizontal disparity

proposed in Chapter 5. In other words, ifD in the center of region of the image conveys certain

binocular cues of depth, the usable region to mosaic extendsfrom that region to the periphery

until crossing the threshold of depth resolution. A larger eccentricity will be perceived as being

at different depth.

This simple approach enables us to determine the usable width of a stereoscopic sample

and consequently the number of samples necessary to acquire. The problem with this method is
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that normally scenes cannot be modeled completely with suchsimple models. In some exper-

imental examples, i.e., the example in Section 7.14.1, the scene presents minimum distances

to the camera that vary for different panning angles. Using the number of samples determined

by this method, based on the closest points to the camera, a larger number of samples than

necessary may be necessary. However, the knowledge of the average distance to the scene and

its type of spatial distribution can be used to obtain an educated guess based on this model.

An interesting point for future research is to extend this approach to study the perceived

distortion in depth when projecting stereoscopic images onto different planar or warped can-

vases.

10.5 Experiments in acquisition

In Chapter 7, the experimental set-up used in the experiments was presented. This acquisition

strategy was based on using an off-the-shelf DSLR camera equipped with a wide-angle lens

to consecutively capture each of the2N images a multiple camera system in any of the four

acquisition con�gurations would acquire. This situation is suitable in static scenarios and it

was used to develop and test different strategies of rendering. In order to test dynamic scenes,

a similar strategy was used, but this time, a stereoscopic rig composed of two identical DSLR

cameras was used. However, only partial dynamic scenes in the omnistereoscopic FOV of each

panning angle of the stereoscopic rig were acquired. The building of a multiple camera set-up

that can simultaneously acquire the entire scene is beyond the scope of this thesis.

These experimental set-ups allowed me to acquire piece-wise dynamic scenes (dual camera

set-up) or static scenes (singular camera set-up). Despitethis limitation, the suitability of a

multiple camera con�guration to acquire a complete set of stereoscopic images simultaneously

as a solution for the dynamic scene acquisition problem has been suf�ciently demonstrated in

this thesis. Therefore, my experiments focused on the acquisition and reconstruction problems.

Ef�cient stitching and rendering algorithms need to be proposed to support multiple cam-

era set-ups. These algorithms should be optimized for the real-time acquisition of omnistereo-

scopic imagery. In that sense, theacquisition modelhelps in the design of such multiple cam-

era arrangement. The cost and size of high-resolution cameras and the necessary wide-angle

lenses makes it attractive to build a full omnistereoscopicacquisition system. The design and

implementation of such a prototype has attached a variety oftechnical challenges such as the

synchronization of multiple cameras, the data transmission and storage, the real-time stitching
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and blending, etc.

10.6 Novel acquisition strategies

One of the original contributions of this thesis is the omnistereoscopic camera based on acquisi-

tion con�guration 3. Some experimental results using this camera are shown in Section 7.14.3.

This camera concept consists of a set of cameras, whose projection centers are radially

displaced with respect to the reference viewpoint, and a second set of cameras laterally shifted

with respect to each of the radially displaced cameras (Fig.4.20-(c)). The �rst set of cam-

eras captures a set of partially overlapped images that can be easily mosaicked to render one

panoramic image, i.e.,I L or I R . The second set of cameras can be either mosaicked when

the baseline is narrow (Section 7.14.3) or used to extract a panoramic depth map of the scene

(Section 7.14.3). The former rendering approach exploits the microstereopsis exhibited in

stereoscopic images acquired with narrow baselines. The latter rendering method is more ver-

satile since it synthesizes a second stereoscopic image using 2D-to-3D conversion. The latter

approach has advantages in terms of emulating mechanisms ofhuman vision such asvergence

andaccommodationin post-processing time. However, the emulation of these mechanisms is

not part of this thesis. This novel con�guration has been emulated by using a single camera for

narrow baselines and a stereoscopic rig for large baselines. Even though the ideal experimental

set-up is to build a multiple camera based on this con�guration, this approach is beyond the

scope of this thesis as I mentioned before.

One interesting aspect that has not been tested is the effecton the visual comfort of combin-

ing one artifact-free image and one mosaicked image in a stereoscopic pair. This is applicable

to the mosaicking of stereoscopic images acquired with thiscamera con�guration. In that case,

stereoscopic views in intermediateD between actual sampling directions may be composed of

one stitching-free image and another with visual artifacts. An approach for this test would

involve human trials and therefore it is beyond the scope of this thesis. Another method is to

devise a metric for the stereoscopic quality that takes intoaccount the amount ofasymmetrical

distortion that is tolerable, e.g., the structural distortion of one image only in a stereoscopic

image.

The 2D-to-3D technique implemented is a proof-of-concept of the dynamic generation of

stereoscopic pairs. More research needs to be done in that direction. For instance, the fusing

of the estimated depth maps from partial views of the scene into an omnidirectionalM has not
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been developed as part of this thesis.

Another original acquisition method proposed in this thesis is the use of three panoramic

images acquired in a triangular co-planar pattern. The panoramic cameras must have coplanar

projection centers and parallel vertical axes. This approach is based on extracting six partially

overlapped stereoscopic snapshots, each of them covering60� , from the set of three panora-

mas. This method can be modeled as a variation of the acquisition con�guration 3. A similar

approach has been tested before but using four panoramas to mosaic eight partially overlapped

stereoscopic images. Unfortunately, the panoramic triad method cannot be adapted for simul-

taneous acquisition using multiple panoramic cameras. Therefore, it is limited to acquire static

scenes only. An extensive explanation of the panoramic triad method has been included in

Appendix A.

The panoramic alignment proposed alongside the panorama triad method is another orig-

inal contribution of this thesis. Other methods have been proposed to align panoramas in

different formats to arbitrary directions in the scene. Allthese methods are based on assuming

a pinhole camera and estimated from it the calibration parameters to estimate a fundamen-

tal matrix and de�ning a correspondence transformation between panoramas. The alignment

technique proposed as part of this thesis is based on identi�ed the unique directions offocal ex-

pansionandcontractionin a dense disparity map de�ned between panoramas. The alignment

direction in azimuth is unique and it enables us to identify the regions usable for stereoscopic

mosaicking in any pair of panoramas from the panoramic cluster method proposed in this the-

sis. This technique does not assume any camera model and it isuncalibrated. The pattern

detection implemented is based on the dense disparity map analysis. Better results can be ob-

tained by using a more robust approach of correspondence feature detection. The panoramic

alignment technique has been included in Appendix B.

10.7 Depth consistency and vertical disparities

In Chapter 8, the projective equations derived from each con�guration were used to study the

parameters of interest for the rendering approach based on mosaicking. In order to model

the depth continuity, the theoretical and practical thresholds for the depth resolution proposed

in Chapter 5 were used. One of the constraints studied was theminimum distance between

the camera and the scene to reproduce a continuous depth illusion in all panning directions.

The effect of the focal length, number of stereoscopic samples and radial distance was corre-
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lated to the minimum distance from the camera after extensive ray tracing simulations. These

comparison are presented in Chapter 9.

The main conclusion from these simulations is that there is no substantial difference be-

tween the four acquisitioncon�gurationsin terms of the minimum distance between camera

and the scene. However, differences were found in the optimal location for stitching stereo-

scopic samples, which can be attributed to the multiple camera geometry. This effect can be

used to improve the rendering process. Also from our simulation results, strategies affecting

the design of simultaneous acquisition systems were proposed.

Finally, theacquisition modelwas used to model the vertical disparities. The derived model

for the vertical disparities enables to calculate their dependency of the gazing angle in elevation

and the distance to the scene.
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10.8 Future work

An interesting follow up to this research will be to study theadaptive generation of stereoscopic

views around and between different viewpoints. This shouldbe done considering the binocular

mechanisms of human viewing. This will enhance the stereoscopic visualization of image-

based virtual environments by providing a consistent and more natural illusion of depth in

all directions around the user. This problem involves novelmethods to generate stereoscopic

images dynamically based on the users' gazing direction andthe distance to the observed

region-of-interest in the scene.

The omnistereoscopic imagery of dynamic scenes based on themosaicking of a limited

number of partially overlapped stereoscopic images is a feasible and computationally inex-

pensive approach. This claim has been supported by this thesis research. However, without

a post-processing step, the stereoscopic views produced bythis method have a �xed vergence

point at in�nity and maximum depth-of-�eld so all the scene appears in focus to the user. A

more natural visualization of an image-based stereoscopicsimulation must render binocular

views by taking into account the perceptual mechanisms of the human binocular vision.

An important problem to be addressed is the perceived distortion introduced by mosaick-

ing stereoscopic images acquired from multi-camera con�gurations with different geometries.

Research has been done to propose a stereoscopic image quality benchmark, but a measure

of quality applicable to mosaicked stereoscopic images that considers binocular vision mech-

anism requires further research. Some steps in that direction based on an omnistereoscopic

viewing model are suggested in my thesis, but further research needs to be done.

Thevergenceof the eyes towards a region-of-interest implies the alignment of stereoscopic

images before producing a limited �eld-of-view. This aligning transformation depends on the

distance between the scene and the reference point in the scene. A warping transformation to

align the stereoscopic image pair introduces undesired effects on the peripheral regions of the

images that affect the visual comfort. The second importantmechanism of binocular vision

is theaccommodationof the eyes, which in this context implies to emulate a depth-of-�eld

that is consistent with the distance between the reference viewpoint in space and the region-

of-interest in the scene. It has been demonstrated experimentally that stereopsis occurs only in

regions of the image that are focused, which is a consequenceof the eyes' accommodation on

the region-of-interest. This phenomenon can be exploited to improve the stereoscopic visual

comfort.

The synergy between vergence and accommodation mechanismsshould guide the adaptive



CHAPTER 10. CONCLUSIONS 207

generation of stereoscopic pairs while the user explores the virtual environment around the

users viewpoint in space. Hence, the rendering pipeline must exploit the feedback information

of the gazing direction and the distance to the virtual scene, which can be determined by means

of eye and head tracking devices.

A feasible rendering approach using stereoscopic image pairs is to de�ne an image warping

transformation based on disparity maps to emulatevergence. After the alignment and correc-

tion of the image pairs, a region-based blurring based on theestimated dense motion �eld can

be used to emulateaccommodation. Alternatively, the dynamic generation can be based on a

single panoramic image and its dense omnidirectional depth-map. In this case, stereoscopic

images can be created by extracting the view for one eye from the panoramic image, whereas

the view for the other eye can be synthesized using 2D-to-3D conversion techniques. Even

though this idea has been used in automatic stereoscopic conversion, further research needs to

be done in the context of an omnistereoscopic interactive environment.



Appendix A

Experimental acquisition based on

panoramic clusters

In this appendix of my thesis, I am presenting an alternativetechnique to acquire a set of par-

tially overlapped stereoscopic images to produceI S using the mosaicking technique explained

in Section 5.2.3. This approach to acquisition is sequential. Consequently, it cannot be used to

acquire dynamic scenes. Despite this disadvantage, this isan ef�cient method to acquire a set

of wide-angle stereoscopic snapshotsim j;i of a static scene.

The acquisition time, rendering complexity, storage capacity, and camera self-occlusion

are some of the constraints that make the idea of using panoramic snapshots to sampleCS

challenging. Offsetting these disadvantages, cameras to produce high-resolution monoscopic

panoramas are easily available nowadays. In addition, theyprovide an economic alternative to

acquire wide-angle images.

For all these reasons, my research on omnistereoscopic techniques to sampleCS started

with the development of a technique based on sampling the scene with clusters of three panoramic

images arranged in a controlled geometric pattern. This technique, which can be modeled using

the acquisitioncon�guration 4, can be implemented with any off-the-shelf panoramic cameras.

The low computational complexity and reduced data overheadof the rendering process based

on mosaicking make this method attractive for the large scale acquisition of omnistereoscopic

images in a variety of scenarios.

Part of this method has been presented in the SPIE/IS&T Electronic Imaging conference

in 2012 [2]. The companion website containing interactive omnistereoscopic images created

208
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with this method is available online [168].

A.1 Antecedents of the idea

The use of panoramic sources to sample the omnistereoscopicviewing function has been cov-

ered in Section 4.4. Many of these omnistereoscopic methodswere speci�cally conceived for

the off-line navigation of image-based stereoscopic virtual environments. For instance, Yam-

aguchi et al. [100] and, in a more recent follow up, Hori et al.[101], proposed a method to

generate omnistereoscopic images using panoramic videos.Their approach enables a smooth

navigation of the scene, but at the cost of creating large data overhead.

A different approach based on using four panoramic cameras in a square co-planar pattern

has been proposed in a patent application from 2003 by Baker et al. [86]. This camera aims to

acquire four stereoscopic snapshots to sampleCS in four orthogonal panning directions. An

example of this camera is in Fig. 4.16. The authors propose toexploit thestereoscopic FOV

that arises between pairs of panoramas, However, as seen in Section 5.2.3, a rendering based on

mosaicking only cannot produce a continuous horizontal disparity between mosaics, at least,

if the scene is close to the camera. Therefore, this system requires a more complex rendering

approach, e.g., relying on the omnidirectional depth mapM to describe the 3D-model of the

scene. This patent was granted in 2007.

Vanijja and Horiguchi [14] proposed an acquisition method speci�cally tailored for a

CAVE type of display. Their idea relies on a limited set of four panoramas acquired in a con-

trolled sampling pattern, which are used to render four wide�eld-of-view panoramic images

which are projected on each one of the four walls of a CAVE display to produce an omnistereo-

scopic immersive experience. The CAVE display imposes restrictions in terms of the number

panoramas to use, and consequently, the sampling spatial con�guration to employ.

The omnistereoscopic acquisition method I am presenting extends and improves the idea

proposed by Vanijja and Horiguchi, reducing the required number of panoramic samples. One

of our goals is to limit the size of the panoramic database andto achieve consistency in the

perceived depth without depending on additional depth information of the scene. In order to do

this, I propose a sampling strategy based on clusters of three panoramic snapshots distributed

in a coplanar and equidistant triangular pattern.
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A.2 The proposed method

Any pair of co-planar cylindrical panoramas exhibits two sections which can be used to com-

pose a stereoscopic image without noticeable depth distortion. This stereoscopic region of

interest arises due to the offset between projection centers, which create different viewpoints

for any panoramic snapshot. A cluster of co-planar panoramas, taken pairwise, exhibits these

regions of stereoscopic usability in different panning angles in azimuth when considering the

panoramas in pairs.

The idea of Vanijja and Horiguchi of using clusters of panoramas can be improved by

reducing the number of panoramas to three instead of four, and by changing the sampling

pattern to arrange the panoramic snapshots in an equidistant triangle. A cluster of cylindrical

panoramas with such distribution can be used to render a complete omnistereoscopic image by

mosaicking the appropriate stereoscopic image sections.

This method of stereoscopic sampling can be modeled using the acquisitioncon�guration

4, where a virtual stereoscopic rig is located off-center a distancer c with respect to the ref-

erence viewpointO (Section 3.2). The stereoscopic rig is displaced behindO to model the

acquisition ofim j;i , wherej 2 f L; Rg andi 2 f 0; :::; N � 1g. This is illustrated in Fig. A.1-

(a). The next stereoscopic sample,im j;i +1 is acquired with a virtual stereoscopic rig displaced

r c in front of O and rotated� � in azimuth with respect to the previous sample as illustrated

in Fig. A.1-(b). Following this acquisition strategy, a setof N stereoscopic images can be

extracted from the panoramas.

The centers of projection for each cylindrical panoramaI q;k (q 2 f 1; 2; 3g) are denoted

Oq;k for the clusterCk , wherek indicates the cluster number in a set ofN s clusters. The three

Oq;k are on theXZ -plane to satisfy the co-planarity constraint (Fig. A.1).

This variation of the acquisition model was used to acquire six (N = 6) partially over-

lapped stereoscopic images that can be mosaicked to produceI L andI R with respect to the

viewpoint located inO using the techniques proposed in Section 5.2.3. The selection of the

number of images is determined by the geometry of the clusterand reduces the usable FOV in

azimuth to30� by interleaving images extracted from different panoramas. This is illustrated

in Fig. 4.13.
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(a) (b)

Figure A.1: Acquisitioncon�guration 4 to model the virtual stereoscopic camera rig that ac-

quiresim j;i , for j = f L; Rg andi = f 0; :::; N � 1g

A.2.1 The acquisition

The suggested acquisition scheme is depicted in Fig. A.2. A triangular sampling pattern is

de�ned in this way, where the projection centers ofI q;k (q 2 f 1; 2; 3g) coincide with the

vertices of an equilateral triangle with side lengthbas illustrated in Fig. A.1-(a).

The assumption is that a pair of panoramic images has their projection centers on theXZ -

plane and the camera vertical axis is parallel to theY -axis in the global reference of coordi-

nates.

A.2.2 Telepresence application

The free-viewpoint stereoscopic navigation of a virtual environment is a good example of an

application where it is necessary to sample the environmentwith a large number of omnis-

tereoscopic images. The omnistereoscopic sampling of a scene usingN s panoramic clusters

Ci as illustrated in the partA of Fig. A.3.

The largerN s, the easier it is to implement a free-viewpoint stereoscopic navigation of the

scene, but at the price of increasing the acquisition time and the data overhead. On the other
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Figure A.2: Acquisition of a panoramic clusterCk : method based on rotating a panoramic

camera located at a distancer 0 of O, and taken three panoramic snapshots.

hand, fewer viewpoints implies generating more intermediate images during the navigation.

Therefore, the more ef�cient the view interpolation technique used, the lower the acquisition,

transmission, and storage required.

The panoramas and each cluster location are transferred andstored in a remote workstation

(partB of Fig. A.3) to be used in the off-line rendering of stereoscopic panoramas (partC of

Fig. A.3). Alternatively, a real-time rendering can be implemented by generating one stereo-

scopic image pair according to the user's viewing directionand virtual location in simulated

scene. The latter requires the feedback of the gazingD of the user to generate the stereoscopic

views (partD of Fig. A.3). If this feedback information is available, it can be used to simulate

oculomotor mechanisms such as focus and vergence, improving the binocular experience by

reducing the visual fatigue (Section 5.2.2). The stereoscopic image pair of the scene transmit-

ted to the user is generated based on the closest stereoscopic samples from the user's virtual

location.
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Figure A.3: Stereoscopic telepresence system: A) the remote world location is sampled with

N panoramic clusters composed by panoramic triads, B) the collected sets of panoramas is

stored in a server and processed off-line to generate an omnistereoscopic pair per cluster, C)

these omnistereoscopic images are stored in a dedicated server along with their relative loca-

tion in the scene, D) a user in any location can access this server and navigate the interactive

stereoscopic simulation.
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A.2.3 The stereoscopic images

The I q;k (q 2 f 1; 2; 3g) must be aligned to locate the stereoscopic regions in each pair of

panoramas. This part has been done using the panorama alignment method described in Ap-

pendix B. The alignment process set a common reference at thecenter of each cylindrical

imageI q;k, which coincides with the direction of theZ-axis.

After aligning the panoramas with respect toXYZ , six stereoscopic imagesim j;i can

be de�ned. At this point, the acquisitioncon�guration 4can be used to visualize these stereo-

scopic image pairs (Section 3.2). For instance, a virtual pair of pinhole cameras with horizontal

parallaxb, can be used to model the acquisition process. In Fig. A.4, the panning of this virtual

stereoscopic rig helps to visualize the origin of theim j;i to be extracted fromI q;k.

(� 0) � 1 � 2

� 3 � 4 � 5

Figure A.4: The acquisition model applied to the panoramic triad method.
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A.2.4 Format of the panoramic images

In order to extract eachim j;i from the cylindrical imagesI q;k, it is helpful to de�ne the 2D

representation of the 3D cylindrical canvas as shown in Fig.A.6. This image representation is

a functionI q;k : Z 2 ! Z 3. Furthermore, the panoramic images are periodic in the horizontal

dimension, in other words,

I q;k(x; y) = I q;k(x � Wh ; y); (A.1)

where in this contextWh is the image width in the horizontal dimension.

The panning angle� 0 is de�ned in the reference of coordinates with center in cylindrical

projection centerOq;k. Since the distance between the scene and the cluster centerO is several

times the distancer 0 or r c, we can consider that� 0 = � without loss of generality. This is

illustrated in Fig. A.5.

Figure A.5: Panoramic centerOq;k and cluster centerO.

A column inI q;k is related to the viewing direction� in cylindrical coordinates by

� = x � 180=Wh ; (A.2)

where� 2 (� 180� ; 180� ] andx 2 (� Wh=2; Wh=2]. This mapping is illustrated in Fig. A.6.
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Figure A.6: Planar panoramic imageI q;k.
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Using this convention, an image column of the cylindrical panorama will be denoted

I q;k(�; : ). This is equivalent toI q;k(x; :), wherex can be calculated from a panning direc-

tion � using Eq. A.2 and the� represent all the vertical coordinatesy. Hence, a panoramic

region that spreads� a in azimuth around the direction� will be denotedI q;k(� � � a=2; :).

A.2.5 Extracting the stereoscopic images

The mapping ofim j;i into regions of the panoramic imagesI q;k can be done for each� i by

de�ning the angular spread in azimuth� a. In this case, six stereoscopic images should be

extracted from the panoramic images, each of them has a FOV inazimuth given by� a = 60� .

All the panoramas inCk have a common reference center after aligning them. Therefore, the

mapping of each stereoscopic imageim j;i to a region in different panoramasI q;k(� � � a=2; :)

is de�ned in Table A.1. This correspondence is based on the panorama labeling and clockwise

progression of� illustrated in Fig. A.4.

Table A.1: Panorama selection for the stereoscopic pair rendering

i � o im L;i im R;i

0 0� I 3;k I 2;k

1 60� I 1;k I 2;k

2 90� I 1;k I 3;k

3 120� I 2;k I 3;k

4 180� I 2;k I 3;k

5 � 120� I 2;k I 1;k

6 � 60� I 3;k I 1;k

The left and right images to mosaic are de�ned by

im L;i = I q1 ;k(� o � � a=2; :); (A.3)

im R;i = I q2 ;k(� o � � a=2; :); (A.4)

where� a = 60� and the indexes(q1; q2) indicates the order number in the cluster as de�ned

in Table A.1.

The partially overlappedim j;i can be mosaicked into a cylindrical panoramaI S using the

rendering method proposed in Chapter 6 and 7.
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A.3 Experimental results

In order to test the omnistereoscopic method proposed herein, I performed several tests in a

variety of indoor scenarios. To do this, we used a Ladybug2 [169] panoramic camera mounted

on a tripod at1:70m above the �oor level. Considering the vertical FOV of this camera, a safe

zone of� 2m around the cameras was required to prevent rendering problems.

The acquisition was done manually, using a triangular sampling pattern of sideb= 65mm.

In some trials, we mounted the camera off-center a distancer 0 = 38mm and captured three

panoramic snapshots at regular intervals while rotating the camera. The panoramic camera

software renders cylindrical panoramas of4096horizontal by1304vertical pixels by mapping

the images into a cylinder of radiusR = 5m.

The radial distortions and the parallax created by off-set sensors in the panoramic camera

create distortions in eachI q;k in different directions. This distortion is commonly neglected in

monoscopic panoramic snapshots, but becomes visible when comparing the scene registered in

pairs of panoramas within a cluster. In order to correct thisissue, I performed a �ne alignment

for each panoramic pair independently in order to minimize errors in the depth rendition. This

procedure is detailed in Appendix B. An example ofI S created using this method is presented

in Fig A.7.
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(a) I L

(b) I R

(c) I S (red-cyan anaglyph)

Figure A.7: Stereoscopic panoramas in cylindrical format (red-cyan anaglyph).



APPENDIX A. EXPERIMENTAL ACQUISITION BASED ON PANORAMIC CLUSTERS220

A.4 Summary

The omnistereoscopic acquisition technique presented in this appendix is an alternative for the

fast acquisition and rendering of stereoscopic panoramas using a cluster of three panoramic

snapshots of the scene. This method can reproduce the illusion of depth of a real-world sce-

nario by using partially overlapped wide �eld-of-view stereoscopic samples of the scene ob-

tained by controlling the panoramic sampling pattern.

This method reduces the required data acquisition time, transmission bandwidth and stor-

age capacity by using a limited number of panoramic samples.Furthermore, this technique is

attractive for the large scale stereoscopic survey of a scene for telepresence applications.

The commercially available panoramic cameras enable to capture a sequence of panora-

mas at high speed. However, it is still necessary to move the camera head to obtain different

panoramic viewpoints, preventing its usage to sampleCS of dynamic scenes.



Appendix B

Alignment of panoramas for best

stereoscopic usability

One of the methods to acquire samples of theCS function involves using clusters of panoramas

in a known spatial arrangement. However, misalignments between panoramas introduced by

single-shot panoramic cameras must be corrected in order tocapture the depth of the scene

consistently in every direction. In this regard, I propose anovel alignment method applicable

to cylindrical panoramas. This is an uncalibrated method based on the identi�cation motion

�ow patterns.

This technique was successfully tested in the rendering of omnistereoscopic images in dif-

ferent scenarios (Appendix A) and it is applicable to any off-the-shelf panoramic cameras. This

technique relies on the dense optical �ow between panoramicimages to identify the regions of

best binocular rendering.

This research has been done in the context the panoramic triad method experiments. Part

of this method has been presented in the workshop on Omnidirectional Vision, Camera Net-

works and Non-Classical Cameras (OMNIVIS 2011), part of ICCV 2011 conference [34]. The

companion website can be visited online [129].

B.1 The problem

The absolute location and relative orientation of the panoramas need to be known to exploit

the parallax between panoramic snapshots. The prior information relative to spatial orientation

221
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between panoramas in a cluster must be known to identify the usable stereoscopic regions of

interest as well as to keep a consistent depth rendering in every direction.

A pair of cylindrical panoramas exhibits two zones of optimum stereoscopic depth regis-

tration located in perpendicular directions in azimuth to their direction of alignment. In this

context, the alignment occurs in a unique direction where, comparing the views, a focaldiver-

genceor convergencepattern is exhibited. This pattern can be identi�ed using the optical �ow

between the central region in a pair of panoramas.

In a cluster of co-planar cylindrical panoramas, which are symmetrically distributed around

a reference viewpointO, the area of stereoscopic usability can be found in different directions

in azimuth for different panoramic pairs. The correct geometric distribution of samples within

a cluster enables to use these panoramic sections to composetwo novel panoramic views cor-

responding to the left and right eyes. The key problem is to �nd the optimal alignment between

any pair in order to maintain a consistent depth rendering inevery direction.

Panoramic cameras based on multiple sensors have been increasingly used in image-based

navigation applications [170]. This panoramic technologyis based on mapping several over-

lapping wide-angle images on a 3D surface, i.e., cylinders,semi-spheres or cubes. However,

the radial distortions in each image in combination with inherent parallax between sensors in-

troduce distortions in the panoramic image in distinctive directions, which are more noticeable

the closer the objects are to the camera [171]. This distortion is commonly neglected in sin-

gle panoramic snapshots but becomes evident when comparingthe scene registered in pairs of

panoramas within a cluster.

The acquisition method presented in Appendix A uses images extracted from cylindrical

panoramas to compose an omnistereoscopic image. In that acquisition method, the orientation

of the panoramic camera is controlled. Hence, the alignmentof the panoramic triad to a par-

ticular direction, in this case the referenceZ-axis, can be controlled knowing the orientation

of the triangular cluster with respect to the scene.

A more general problem arises when panoramic images within acluster are acquired con-

trolling the location of the camera in the global reference system but not its orientation. In

those cases, a �ne alignment correction must be done independently for each panoramic pair

to minimize rendering errors in the omnistereoscopic composition.

In recent years, methods for aligning cubic panoramas have been proposed, sharing the

same goal of facilitating the navigation between viewpoints in image-based virtual environ-

ments [172][173][174]. These proposals are based on epipolar geometry, which requires the
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Figure B.1: (a) Misaligned panoramic pair, (b) panoramic pair aligned to an arbitrary scene

element, and (c) optimum panoramic alignment for stereoscopic mosaicking; the large circles

indicate the panorama locations.

estimation of calibration parameters from the rendered panoramic image assuming a pinhole

camera model. These techniques were focused on equalizing the viewing direction between

largely spaced panoramic samples. Although these calibrated methods provide robust solu-

tions to the registration problem, the alignment necessaryto localize the stereoscopic regions

of interest is a different problem. This is illustrated withthe example in Fig. B.1.

In this appendix, I present a panoramic alignment method applicable to any off-the-shelf

panoramic camera in the context of the omnistereoscopic image composition. This method re-

lies on the localization of speci�c disparity patterns by analyzing the dense image �ow between

pairs of panoramas.

B.2 The method

The alignment method is based on identifying thefocus of divergenceandconvergencepatterns

in the central region of a panoramic pair of images. This solution is valid when a pair of

panoramic images have their projection centers on theXZ -plane and the camera vertical axis

is parallel to theY -axis in the global reference of coordinates. The same constraints are valid

for the panoramic cluster method presented in Appendix A.

B.2.1 The region of interest

A pair of cylindrical panoramas can be represented as(I i ; I j ), whereI q : Z 2 ! Z 3. The target

patterns in the image �ow are located in the central region-of-interest in the panoramic pair,
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which is denoted asR in Fig. B.2. Each panoramic image exhibits periodicity in the horizontal

dimension, soI q(x; y) = I q; (x � Wh; y), whereWh is the horizontal image width. This is a

useful property that will be used in the development of the aligning algorithm.

Figure B.2: Region of interest in a panoramic image pair.

It is important to note that there is a unique subset of contiguous horizontal coordinates,x

or � (Eq. A.2), where the pairwise image �ow around the central regionR exhibits the motion

pattern of interest. The optimum alignment consists in �nding a direction of alignment (xa

or � a) where a maximal image correlation is observed in the regionR. This maximal image

correlation is exhibited at the horizontal coordinatexa and atxa + Wh=2. After this panoramic

alignment, the regions for best stereoscopic rendering will be located atxa � Wh=4, in other

words, in perpendicular directions in azimuth of thefocus of convergenceanddivergencedi-

rections in azimuth found atxa and atxa + Wh=2.

The idea is illustrated in Fig. B.3 for a panoramic pair(I i ; I j ). In this example, the panora-

mas are aligned atxa = 0 which is the direction ofZ-axis, and the panoramic projection

centers areO i andO j . The regionsA indicates where the patterns ofconvergenceanddi-

vergenceare exhibited. These image regions are centered atx = 0 and x = Wh=2 in the

2D image representation (Fig. B.3-(right)). Consequently, the regions labeledB , located at

x = xa � Wh=4 in the 2D image representation (Fig. B.3-(right)) are the regions of optimum

stereoscopic usability.

B.2.2 The optical �ow patterns

In order to classify the motion �ow on the central regionR, I divided it into nine non-

overlapping blocks. There are four main motion �ow patternsthat can be detected: a perfect
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Figure B.3: A pair of optimally aligned panoramic images. The projection centers of the

acquired panoramas are located atO1 andO2 , aligned with theZ-axis in theXZ -plane. The

directions offocal convergenceand/ordivergence(A ) and the stereoscopic regions of interest

(B ) are indicated with respect toXYZ (left) and in 2D coordinates ofI i (right).

alignment (Fig. B.4-(a)), afocal convergence, which is indicated by the convergence of the im-

age disparity vectors towards the center of reference (Fig.B.4-(b)), afocal divergence, which

happen when the disparity vectors diverge from the center ofthe image (Fig. B.4-(c)), andnear

alignmentbetween both images, when the pattern cannot be determined (Fig. B.4-(d)).

This pattern classi�cation method was applied to the set of motion vectors estimated for

each image block inR. The result was effective in identi�ed the desired patternsin the target

image regions.

B.2.3 Disparity map

The dense optical �ow calculated overR provides the dense disparity map necessary for the

motion pattern identi�cation. In this case, I used the implementation inMatlab of the optical

�ow algorithm proposed by Ogale et al. [120] to obtain the horizontal and vertical components

of the disparity map. The image block size of theR can be de�ned as a percentage of the

image height. In my implementation, I used a squared image block of 50%of the panoramic
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Figure B.4: Pattern classi�cation: the circle represent a null motion vector and the arrows

marks the direction of the motion �ow for that block. The cases presented here are: (a) max-

imum image correlation on the nine blocks de�ned onR, (b) focal convergence, (c) focal

divergence, and (d) near alignment.

image height. The disparity map is returned in two matrices,D x andD y , each of the same

size as the regionR.

In order to determine the characteristic motion vector, I de�ned a disparity operator func-

tion �( D x ; D y )R 0 to calculate the frequency of occurrence of each disparity pattern inR 0. I

used a voting system that used this frequency of occurrence to de�ne a motion vector(dx ; dy)

for each blockR 0 2 R. This motion vector was then used to classify the motion pattern on the

regionR according it proximity to any of the patterns de�ned in Fig. B.4.

This method to identify the characteristic motion can be improved using the feature detec-

tion method implemented in Section 7.7.

B.2.4 The panorama alignment algorithm

The algorithm to search for the direction of alignment between a pair of co-planar panoramas

is presented in the block diagram of Fig. B.5. Details of the implementation can be found

in [34].

B.3 Experimental results

The method was applied to a set of panoramic snapshot pairs, that I acquired using aLady-

bug 2panoramic camera [169] to test the acquisition method proposed in Appendix A. From

among these tests, two examples are presented in Fig. B.6. The example shows the horizontal
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Figure B.5: Optimal alignment algorithm.

disparity maps calculated on (I i , I j ) when the panoramas are aligned to an arbitrary direction

in azimuth and when their are optimally aligned, exhibitingthe desired image �ow patterns

centered aroundx = � Wh=4. Even though three panoramic pairs per triangular cluster were

aligned independently, a single pair of panoramas per cluster is enough to illustrate the effec-

tiveness of the proposed method.

More results can be found on the companion website at:

http://www.luisgurrieri.net/publications/cpia
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(a-1)

(b-1)

(c-1)

(a-2)

(b-2)

(c-2)

Figure B.6: The alignment results: (a)-(b) one of the panoramas of the pair (I i , I j ) to be

aligned, (c)-(d) are their respective horizontal disparity maps, where the zero disparity areas

are represented in white, and (e)-(f) the respective horizontal disparity map for each pair of

panoramas after aligning them showing the focal convergence and divergence region atx =

� Wh=4.
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B.4 Summary

The panorama alignment method I presented was developed as an alternative to image align-

ment techniques that rely on calibrated methods. The main problem of using a calibrated

approach when the images are extracted from panoramic imagery is that the assumed projec-

tive model is not necessary valid. For instance, a panorama can be rendered by projecting and

mosaicking a multiplicity of partially overlapped images onto a warped surface. In the process

of rendering, several distortions may have been introducedinto the �nal panorama in order

to reduce or eliminate visual artifact. Hence, the camera intrinsic and extrinsic parameters

estimated based on a planar image extracted from the panorama, emulating a pinhole camera

model, may not be valid for some panoramic cameras.

In that context, I proposed novel technique for the optimal alignment of panoramas based

on the information that can be extracted from the panoramic imagery. I conceived this method

for the identi�cation of the region of best stereoscopic rendering (Appendix A). The main

advantage of this approach resides in its simplicity, making it suitable to the processing of the

large numbers of panoramas needed in massive omnistereoscopic surveys of scenes intended

for navigation.

However, the alignment technique can be improved by using more robust methods to es-

timate the characteristic motion vector of a block in the image pair. For instance, this can

be improved by �nding a set of corresponding coordinatesK i using the robust feature iden-

ti�cation techniques implemented in Section 6.1. Another disadvantage of this method is its

dependency of the image quality. For instance, poorly illuminated regions in certain directions

D or uniformly textured regions are challenging to classify.
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Displaying stereoscopic images

The existing convention for displaying stereoscopic images was originated in the stereoscopic

cinema industry [175]. In this convention, a scene element is said to havezero parallaxwhen

left and right images perfectly overlap in the display, i.e., they exhibit zero disparity (Fig. C.1-

(a)). This effect conveys the illusion that the object is at the same distance as the projection

canvas surface (screen), since the eyes need the same vergence angle to converge on the virtual

scene than to converge on the screen. In other words: the scene is at the same distance than

the screen is from the user point of view. Using the zero parallax vergence as a reference, a

scene element that requires less vergence of the eyes is saidto havepositive parallax(Fig. C.1-

(b)), conveying the illusion ofbeingbehind the screen or farther way than the screen is from

the user reference point. Conversely, an object is said to have negative parallaxwhen the

eyes need more inward eccentricity inwards (towards the median plane de�ned between the

eyes and parallel to the head axis) than in the zero parallax case (Fig. C.1-(c)), conveying the

illusion that the object is closer than the screen surface with respect to the user reference point.

The acquisition model relies on stereoscopic rigs with parallel axes to acquire partial stereo-

scopic views of the scene to produce an omnistereoscopic imageI S. If displayed as captured,

the zero parallax will correspond to the farther elements inthe scene, while the rest of the

scene would exhibit negative parallax. In other words, the scene will appear mostly in negative

space (in front of the screen) in all directions. However, the desired illusion is the opposite:

the scenebeginsat a screen distance andunveilsbehind the screen. In other words, the display

screen should be the window frame that marks where the 3D scene begins with respect to the

user reference viewpoint.
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(a) (b) (c)

Figure C.1: Stereoscopic displaying convention versusdhi after applying the cross-eye inver-

sion: (a) zero parallax(dhi = 0) , (b) positive parallax(dhi < 0), and (c) negative parallax

(dhi > 0).

Some elements in the scene may remain be rendered in negativespace, so they will convey

the illusion of being closer than the display screen. This effect is known aspop-up stereo.

Although this may be attractive for some applications, thiseffect should be avoided because

it would impose unnecessary stress to the binocular vision system [176]. This is particularly

true in immersive stereoscopic scenarios where the users are supposed to interact with a virtual

environment for extended periods of time [177].

In the context of stereoscopic panoramas, I choose a determined point in the image to

be displayed with zero disparity (zero parallax), which is usually the closest scene element

imaged by the omnistereoscopic camera. Ahorizontal translationapplied toI R or I L equal

to the maximum negative disparity observed inI S is enough in this application to set the zero

disparity. Note this image transformation applied to theI R or I L is a circular shifting of the

images given that they are omnidirectional views of the scene in azimuth. Finally, I must add

that, adaptingI S for different displaying scenarios, a process also known asimage retargeting,

requires to adapt the stereoscopic image by using image warping techniques [178].
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Acronyms and Abbreviations

D.1 Typographic conventions

� Scalar variables, indexes and functions are represented initalic font, i.e.,a, b, ci .

� Vector variables or functions are represented in bold font,i.e., CS, T j;i , R i . These

magnitudes can be row or column vectors and also matrices.

� The subindexj 2 f L; Rg denotes the left(L) or right(R) member of a stereoscopic pair,

i.e., r j represents the spatial location of thej camera in a stereoscopic pair of cameras

as a vector in 3D space.

� The subindexi 2 f 0; :::; N � 1g denotes the position in an ordinal set of images, i.e., the

angle� i is thei -angle value in set ofN given by the seriesi 2 0; :::i; i + 1; :::; N � 1.

� The imageim j;i is thej image (left of right) corresponding to the gazing direction� i in

azimuth.

� In situations where the subindex does not denote the order ina stereoscopic pair and/or

the order in set of images, bold or regular fonts are used for vector or scalar variables or

functions, respectively. For instance,PW , cn .

� The symbolic representation of elements in a pair uses italic fonts, i.e., the camera
 j;i .

� The Euclidean distance de�ned by a vector norm is indicated with the same symbol used

to name the vector, but in italic fonts, e.g.,r c = kr ck.

232



Acronyms and Abbreviations 233

� The style used for the acronyms that denoted two-dimensional and three-dimensional

are 2D and 3D, respectively, omitting the hyphen [179]. Their usage in compound nouns

may or not maintain the hyphen, i.e., 3D-space, 2D-to-3D, but not 3DTV.

D.2 List of acronyms and de�nitions

2D Two-dimensional.

3D Three-dimensional.

2D-to-3D Two-dimensional to three-dimensional conversion.

3DTV Three-dimensional television.

AoA Angle-of-Arrival (See gazing directionD ).

APS-C Advanced Photo System type-C (APS-C) image sensor.

arcsec Second of arc, de�ned as1
3600 of a degree, or �

648000 of a radian, e.g.,9:6963e� 05rad.

aspherical A type of lens whose FOV varies slightly from being spherical. For instance,

commercially available�sh-eyelenses have aspherical FOV.

azimuth Horizontal direction expressed as the angular distance between the direction of a

�xed point (as the observer's heading) and the direction of the object [180].

DOF Depth-of-�eld.

DSLR Digital single-lens re�ex camera.

elevation The angle formed by the line of sight and the horizontal planefor an object above

the horizontal [180].

Exposure time the exposure time or shutter speed is the time length an imagesensor is ex-

posed to light from the scene.

�sh-eye Type of lens characterized for a wide-angle FOV, which typically is in the order of

180� .
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FOV Field-of-viewF of a lens measured in the longer diagonal of the image sensor following

the convention of photographic equipment. Unless speci�cally indicated in the text, the

FOV of a lens in this context is the angle-of-vision in azimuth.

f-stop In photography the f-stop of a camera isf=D , whereD is the diameter of the diaphragm

that controls the amount of light that is allowed to illuminate the photographic sensor.

FVTV Free-viewpoint television.

HDTV High de�nition television.

LIDAR Light detection and ranging.

non-SVP Non-singular viewpoint.

RANSAC Random sample consensus algorithm.

ROI Region-of-interest.

SURF Speeded up robust features algorithm.

Stereo acuity See vergence acuity.

SVP Singular viewpoint.

TV Television.

TIFF Tagged image �le format.

Vergence acuity The ability to resolve to scene elements at different depthsbased on min-

imum difference between vergence angles of the eyes. In other words, if two scene

pointsPW andPW
0are separated by the minimum distance resolvable by our binocular

vision, then they are imaged in the eyes central foveal area by vergence angles! and! 0,

respectively, which de�nes a the vergence acuity given byj! � ! 0j.

D.3 List of symbols

� h;i Horizontal angular disparity between a corresponding point setK i .

� v;i Vertical angular disparity between a corresponding point set K i .
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A j; ( i;i +1) Alignment operation that enables matching corresponding coordinates from the set

K j;i .

ar Aspect ratio.

a0; a1 Parameters to de�ne the lineL j;i

A h;i Horizontal disparity error (angular) between any two picture elements with coordinates

p j;i andp0
j;i .

A v;i Vertical disparity error (angular) between any two pictureelements with coordinatesp j;i

andp0
j;i .

ah;i Horizontal disparity error (angular) de�ned by the absolute difference between� h;i (p j;i )

and� h;i (p0
j;i ).

b Length of the stereoscopic baseline.

b Baseline vector de�ned byr L � r R .

b̂ Unit vector that de�nes the baseline direction on theXZ -plane.

C Color space.

C Omnidirectional viewing function.

Cy Transformation from planar to cylindrical coordinates in 2D space.

Ci Thei -th cluster in a set ofN s clusters.

cn Given a color space, power of light arriving at a pointr from a given direction in space as

a function of time, for then color space component.

cL;n and cR;n Then tristimulus valuen = f 1; 2; 3g, output of the viewing functionCL or CR ,

respectively.

CS Stereoscopic viewing function.

C j The viewing function corresponding to thej viewpoint, wherej 2 f L; Rg.

� � Vergence resolution or stereo acuity in humans which is below 20arcsec (4:8481e� 06rad)

in the majority of the adult population (a widely used value is � � = 20 arcsec).
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� Field-of-view in the diagonal of the image sensor.

� a Field-of-view in azimuth [deg].

� b Width of the blending region in the horizontal dimension.

� e Field-of-view in elevation [deg].

� t Time interval, i.e., exposure time in this context.

� x Deviation fromxb in the horizontal dimension.

�( D x ; D y )R Disparity operator over a central regionR.

D x Horizontal disparity map.

D y Vertical disparity map.

D Gazing direction de�ned by the azimuth(� ) and elevation(� ) angles.

DL Gazing direction with respect to the left viewpointeL .

DR Gazing direction of the right viewpoint.

de Interocular distance in the average adult population (65mm).

dh;i Horizontal (Euclidean) disparity between a correspondingpoint setK i .

dv;i Vertical (Euclidean) disparity between a corresponding point setK i .

dvj;i The vertical disparities between neighbor images(im j;i ; im j;i +1 ) de�ned between a co-

ordinate pointp j;i andp j;i +1 , for j = L or j = R.

" Tolerable horizontal disparity error.

Eh;i Horizontal disparity error (Euclidean) between any two picture elements with coordinates

p j;i andp0
j;i .

Ev;i Vertical disparity error (Euclidean) between any two picture elements with coordinates

p j;i andp0
j;i .

eh;i Horizontal disparity error (Euclidean) de�ned by the absolute difference betweendh;i (p j;i )

anddh;i (p0
j;i ).
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� Elevation angle (panning) in spherical or cylindrical coordinates.

� n Then-th color matching function in a color spaceC.

H j; ( i;i +1) Homography between planar coordinates de�ned onim p
j;i andim j;i +1

I Image luminance component to use in blending.

I S Omnistereoscopic image,I S : (R)2 ! (R)6.

I S Discrete valued omnistereoscopic image,I S = ( I L ; I R ), , I R : (Z )2 ! (Z )6.

I L Discrete valued omnidirectional image image pair corresponding to the left-eye viewpoint,

I L : (Z )2 ! (Z )3.

I R Discrete valued omnidirectional image image pair corresponding to the right-eye view-

point, I R : (Z )2 ! (Z )3.

I q;k Theq cylindrical panorama in thek cluster of three panoramas, whereq 2 f 1; 2; 3g and

k 2 f 1; :::; N s.

im j;i Stereoscopic image pair wherej 2 L; R andi 2 f 0; :::; N � 1g.

im p
j;i Planar projection of the stereoscopic image pair after correcting the lens distortion.

j Subindex that indicates the camera order in an stereoscopicpair, e.g.,j = L for the left side

camera andj = R for the right side camera.

K i Corresponding coordinate pointsp j;i arising when the same pointPW , in the stereoscopic

FOV of cameras
 j;i , is projected onto the imagesim j;i .

K j;i The corresponding coordinate pointsp j;i andp j;i +1 of the projection ofPW on im j;i and

im j;i +1 , respectively.

� Light wavelength.

� min The shorter light wavelength in the visible spectrum (400nm).

� max The longest light wavelength in the visible spectrum (700nm).

L j;i A ray of light modeled as a line between a point in the scenePW and a camera projection

centerO j ;i .
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M The dense omnidirectional depth map of the scene(M : R2 ! R).

N Number of band in a Gaussian pyramidal decomposition.

N s Number of omnistereoscopic samples using the panoramic triad method.

nadir Opposite direction ofzenithde�ned by � = 180� .


 j;i The j camera in a stereoscopic rig whose azimuth gazing directionis � i with respect to

the omnistereoscopic camera frameXYZ .

O j Thej side reference viewpoint in an stereoscopic pair, wherej 2 f L; Rg.

O j;i The location ofj reference viewpoint in an stereoscopic pair oriented to thepanning angle

� i , wherej 2 f L; Rg andi 2 f 0; :::; N � 1g.

P j;i A vector de�ned as(X j;i ; Yj;i ; Z j;i )T

P Plenoptic function.

P j;i The coordinates of the scene pointPW expressed in the camera
 j i frame of coordinates.

p j;i The projection ofP j i into the imageim j;i as a point with coordinates(x j;i ; yj;i ) in the

image reference of coordinates.

pc
j;i Coordinates in the 2D-representation of a 3D-cylindrical canvas of a coordinate pointp j i

on the image plane.

� Azimuthal angle (panning) in spherical coordinates.

� i The i -th sampling angle in azimuth from an ordered setf 0; :::; N � 1g, measured with

respect to a reference frameXYZ .

Q Linear blending function.

%min Effective minimum distance to the scene for omnistereoscopic rendering for a givenxb

and a width� x .

R Central region of the cylindrical image.
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r The vector viewpoint location with respect to aXYZ reference of coordinates in a viewing

model. Also the vector reference point with respect to aXYZ reference of coordinates

in a stereoscopic viewing function.

r L The vector location of the left viewpoint with respect to aXYZ reference of coordinates

in a stereoscopic viewing model.

r R The vector location of the left viewpoint with respect to aXYZ reference of coordinates

in a stereoscopic viewing model.

S2 The unit sphere in 3D-spaceS2 = f r 2 R3 : krk = 1g. It can be expressed as a 3D-

vector vectorr = ( x; y; z) in cartesian coordinates or as a 2D-vector in polar coordinates

r = ( �; � ), wherekrk = 1.

s Pixel width in the horizontal dimension.

t Time variable.

u Input vector containing the parameters necessary to calculateC.

v Distance between the reference viewing pointr and the scenePW .

u j Vector containing the input parameters ofC j , wherej 2 f L; Rg.

uS Input vector containing the parameters necessary to calculateCS.

v̂ Unit vector indicating the viewing directionD .

v j;i Input vector ofC j , which is de�ned asv j;i = ( � i ; �; r j ; t)T .

W Warping transformation used to generate a synthetic stereoscopic view based on an image

and its dense depth map. The transformation is used to displace each pixel a de�ned

horizontal amount.

Wh The width in the horizontal dimension of the panoramic imageI q;k.

W Blending width in the horizontal dimension.

Wh Sensor width [m].

Wv Sensor height [m].
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xb Stitching coordinate in the horizontal dimension de�ned onim j;i for counterclockwise

mosaicking.

X j;i A magnitude de�ned as� f X j;i .

x j;i Thex image coordinate inim j;i .

XYZ Global reference of coordinates.

X 0Y 0Z0 Reference of coordinate atr , whose axes are parallel to the axes ofXYZ .

X j;i Y j;i Z j;i Reference of coordinate centered at the projection center of camera
 j;i , whose

axes are parallel toXYZ axes, i.e., theX j;i Z j;i -plane and theXZ -plane are the same

andY j;i is parallel toY and has the same orientation.

XZ -plane Reference �oor plane de�ned onXYZ .

X 0Z0-plane Reference �oor plane de�ned onX 0Y 0Z0, parallel to theXZ -plane.

nadir Direction de�ned by� = 180� :

Yj;i A magnitude de�ned as� f Y j;i .

yj;i They image coordinate inim j;i .

Z j;i A magnitude de�ned asZ j;i .

zenith Direction de�ned by� = 0 � .
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