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Abstract

Tele-lmmersion enables users in different locations to collaborate in a shared, simulated
environment asif they were in the same physical room. In atele-immersive environment, users
and objects are tracked and captured to permit them to be projected in realistic, multiple, geo-
graphically distributed immersive environments where individuals can interact with each other
and with computer generated models. Most tele-immersive systems make use of large spaces
and expensive hardware. This master thesis introduces a Desktop-Based Tele-Immersion
System that limits the used space to the area in front of the desktop display and uses modules
one can buy off the rack.

Based on previous work in the blue-c system we tried to adjust this software to our new
requirements. Due to the unnecessary complexity of the networking infrastructure and the large
amount of hardware used by this approach we discarded it and designed a new system from
scratch. Thisapproach isbased on agraphics hardware accel erated disparity-map a gorithm that
allows us to capture users and objects in an efficient way to render them as 3D objects on an
auto-stereoscopic display.

This system has been implemented and tested in its ability of real-time performance. From
the results it was apparent that the new design was able to perform in areal-time environment
and to construct 3D models. The efficiency of our system can be improved by decreasing the
delay between capturing and rendering. This can be done by improving the implementations of
the subprojects and their combinations and through parallelizing them as far as possible.






Zusammenfassung

Tele-lmmersion ermdglicht die Zusammenarbeit verschiedener, voneinander getrennter
Benutzer in einer gemeinsamen, simulierten Umgebung. In einer Tele-Immersion Umgebung
werden Benutzer und Objekte erkannt und aufgenommen um sie auf realistische Weise in ver-
schiedenen, geographisch verteilten immersen Umgebungen wiederzugeben. Diese Umgebun-
gen ermoeglichen die Interaction mit verschiedenen Benutzern oder mit computergenerierten
Objekten. Die meisten Tele-Immersion Systeme benoetigen viel Raum und teure Hardwareko-
mponenten. In dieser Masterarbeit versuchen wir ein Desktop basiertes Tele-Immersion System
einzufuehren, dass sich auf den Raum vor dem Bildschirm beschraenkt und mit einfach
zugaenglichen Modulen auskommt.

Auf der Arbeit im blue-c Projekt aufbauend, versuchten wir diese Software an unsere neuen
Anforderungen anzupassen. Auf Grund der unnétig komplexen Netzwerkinfrastruktur und der
grossen Anzahl an Hardwarekomponenten haben wir diesen Ansaty verworfen und ein eigenes
System von Grund auf entwickeln. Diesen Ansatz bauten wir auf einem Graphikhardware basi-
erten Tiefenbildalgorithmus auf der uns ermoeglichte Benutzer und Objekte in effizienter
Weise aufzunehmen und als 3D Objekte auf einem auto-stereoskopischen Bildschirm darzus-
tellen.

Dieses System wurde implementiert und auf die Echtzeittauglichkeit getestet. Aus den
Resultaten wurde klar, dass wir ein System entwickelt haben das 3D Objekte in einer Echtzei-
tumgebung aufnehmen und darstellen kann. Die Effizienz unseres Systems kann durch eine
verkleinerung der Zeitverzoegerung zwischen Aufnahme und Darstellung verbessert werden.
Dies kann durch effizientere implementierung der einzelnen Systeme und ihrer Kombination
sowie der moeglich parallelen Verarbeitung dieser Module verbessert werden kann.
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Introduction and
Motivation

In this chapter we will introduce you to the main ideas of our project and explain why we
considered doing thiswork. At the end we will give an overview over this report.

1.1 Project

The goal of our project is to develop and design a desktop-based tele-immersion system
which enables examination of different ways of virtual interaction between usersthat are sepa-
rated in the real world.

Our approach to Tele-lmmersion does not require expensive and space-consuming hardware
devices but goes into the other direction. With a desktop-based affordabl e solution we want to
provide the opportunity for everyoneto use thiskind of communication in the near future. This
means that we have to find solutions for acquiring images and constructing 3D models of the
captured objects that are able to work with off-the-shelf hardware. Beside this constraint we
have to assure that our approacheswork in real time, to give areal-lifeimpression using the vir-
tual world. This structure also provides us with the advantage that we only have to focus on the
spacein front of the display when trying to capture the users. Having this constraint we can use
simpler approaches that suit our real-time need much better. We aso do not want the users to
use additional tools like shutter glasses to be able to see the opponentsin 3D. Thisis why we
use a auto-stereoscopic display that can show 3D without having additional hardware.
Figure 1.1 depicts the current version of our prototype.

Themain goa of this master thesisisto design and devel op a prototype that providesthe pos-
sibility of recording users and representing them in 3D on an auto-stereoscopic display. To do
this we examined different ways of data capturing that enables us to reconstruct a 3D model of
the users, which can be rendered on a auto-stereoscopic display.

1.2 Motivation

With globalization in nearly all parts of our life the need for collaboration between usersin
different places has grown rapidly. This development has led to several attempts of bringing
people together without having to be in the same room. Beginning with the telephone the need



1. INTRODUCTION AND MOTIVATION

Figure1.1: Our Desktop-Based Tele-lmmersion Prototype.

for visual contact has emerged. This led to video conferencing tools which have never really
been accepted as replacement for human-to-human interaction. One of the problems of this
approachisthefact that it is not possible to have eye-contact with the opponent. Several studies
have shown that eye-contact is an essential part of communication. Thisiswhy tele-immersion
systems have been introduced. They are not wide spread yet because of the fact that they mostly
need alot of place and are not affordable for everybody. As Tele-lmmersion approaches usually
also include a 3D representation of the opponent wearing shutter glasses has been necessary for
most approaches. But this prevents eye-contact as well.

These are the reasons why we introduce a new approach to Tele-lmmersion. We use compo-
nentsthat do not need much space. In fact we want to devel op a Desktop-Based Tele-Immersion
System that builds on components that can be bought off the rack. We use an auto-stereoscopic
display that allows usto have a 3D representation without wearing shutter glassesand aminimal
amount of camerasto capture the conversational partner and construct a 3D model of him. This
allowsusto interpolate between the captured pictures and give the opportunity to render the user
directly looking at his opponent. It also enables us to render the user in relation to available
Interactive objects or data that can be manipulated and seen by all the users online.

1.3 Overview

We will discuss in Section 2 the fundamentals and related work for our project. We will
introduce you to the subject of Tele-lmmersion in Section 2.1. In Section 2.2 we will present
our auto-stereoscopic display and explain its functionalities. Section will talk about firewire
cameras and how we use them. Section 2.3 and Section 2.4 will introduce you to related work
on which we built up our approaches.

In Section 3.1 we will show how we achieved rendering on our auto-stereoscopic display.
We acquired our data by two different approaches. The visual hull based approach, building up
on the blue-c project isintroduced in Section 3.2 and the disparity-map approach in Section 3.3.
We will show you some results in Section4 and give a conclusion about our work in
Section 4.6.



Fundamentals and
Related Work

In this chapter we want to introduce the concept of tele-immersion and present previous
projects that have been done on this topic. Out of this knowledge we will present our own
approach. Along with this presentation we will introduce you to our specia hardware and to the
technigues we used to develop our Tele-lmmersion prototype.

2.1 Teelmmersion

There has always been an urge to bring people who are separated from each other together,
not only to communicate with each other but also to collaborate. At the beginning the only
method of doing so were letters. With advances in technology, telephones and even video con-
ferencing were introduced. But all of these approaches have their disadvantages and problems.
With atelephone you are not able to see the conversational partner. With a video conferencing
tool you can see your collaboration partner but you are still not able to interact with him like in
the real world. One of the reasons for thisisthe lack of ability to build up eye-contact between
the conversational partners, which is an essential part of communication between humans, as
can beseenin Figure 2.1. Thereisalso no spatial interaction between the users, which makesit

display screen

Figure2.1: Usual constellation in video conferencing tools. Camera and display are not
on the same sight line which prevents eye-contact with the conversation
partner. (image courtesy of Jaron Lanier).
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Figure2.2: Thehalf-silvered mirror allowsthe cameraand the display to bein the same
sight line. This results in the possibility to build up eye-contact with your
conversation partner. (image courtesy of Jaron Lanier).

difficult to work with each other.

There have been several attempts to solve the eye-contact problem. One of them isto share a
single sight line between the two participants. This can be achieved by ahalf-silvered mirror, as
illustrated in Figure 2.2 or with an image-based simulation of the opponent like it was done at
University of North Carolina, Chapel Hill (UNC), shown in Figure 2.3. These solutions break
down asthey only works for interaction between two opponents. As soon aswe have more par-
ticipantsit is not possible to build up an eye-sight-line to each user. Considering this problem,
the most current strategy is to skew up the images of users so that a correct perspective is not
even suggested.We can see an example from Apple’ siChat in Figure 2.4. Another approach iso

o
Figure2.3: We can see an image-based simulation of the opponent suggested at UNC.

reduce resolution so that features like eye and mouth are not ambiguous anymore.

The goal is to bring people that are in different places together to one place, not only as
Images and audio but asawholeindividual. Thisiswhy Virtual Reality tools have been used to
advance these technol ogies. If we combine video conferencing with virtual reality we get atool
that allows the communication and interaction of opponents, in different places, in the samevir-
tual place. This approach is called Tele-Immersion.t

There have already been several approaches to this idea. The first mgjor Tele-lmmersion
research project was the National Tele-lmmersion Initiative in the 1990’s, we can see their
approach in Figure 2.5. This approach enables persons in different offices to interact with each
other asif they where in the same office. The back- and foreground of the users representations
are static environments that simulate the extension of one's own office. The users are rendered
interactively, building up an eye-sight-line with each other. Using severa displays the interac-
tion between several collaborators is supported. Another major tele-immersion project was
blue-c [1]. This approach enables the interaction and collaboration of .several CAVE users.



2.1 TELE-IMMERSON

Figure2.4: Apple siChat solves the problem by skewing up the images to not suggest
the possibility of eye-contact.

Figure2.5: The National Tele-lmmersion Initiative introduced an approach that en-
abled several communication partners to meet in one extended office. (im-
age courtesy of [26]).

Figure2.6: The blue-c project enables several CAVE usersto meet in avirtual environ-
ment and interact with each other. (image courtesy of [1]).
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Figure 2.7. HP s Coliseum project tries to keep alarge enough sensor array to capture
severa users and having a small display, sacrificing the sight line between
the users. (image courtesy of [27]).

This creates the opportunity to bring the usersinto avirtual world. Y ou can see this approach in
Figure 2.6. Another approach has been done by Hewlett-Packard's Coliseum. This project isan
experiment to keep the sensor array large enough to see several users and to keep the screen
small. To achieve, the true sight lines are given up and they do not support any stereo, as you
can see in Figure 2.7Unfortunately none of these approaches can simultaneously support full
duplex communication, more then two users, and the normal range human motion while seated.
Many of the configurationsfail because users haveto wear shutter glassesto seetheir opponents
in 3D.

2.2 Auto-Sereoscopic Displays

Wearing shutter glasses in communication environments leads to several problems. As
already mentioned in Section 2.1 one of the reasons for 3D representationin Tele-Immersionis
to givethe ability to make eye contact with the opponent. If we have to wear shutter glassesthis
Is not possible. Besides this, we want to simulate an environment as realistic as possible and
wearing shutter glasses does not support that. Thisiswhy we focused on auto-stereoscopic dis-
plays, specifically on the Synthagram 204 display by Real D [24].

This display is a normal LCD display with an array of lenticular lenses in front of it that
breaks the sight lines of each eye in away that we see two different pixels with each eye. You
can seethisin Figure 2.8. By having nine pictures of an object from nine different cameras (real
or virtual) on one horizontal aligned camera array, as shown inFigure 2.9, we can interzig the
pixels of these nine views so that the display can show the object in 3D based on the lenticular
array. We can seethisconversionin Figure 2.10. Interzigging isthe act of joining the nineviews
with help of a precomputed interzigging map to one image. The interzigging map contains the
information of which pixel from which image has to stay on a certain pixel of the resulting
image. The lenses and the corresponding interzigged pixels on the display are ordered in away
that we have several viewing zones. This allows several people to see the 3D images from dif-
ferent angles at the same time. Support for multiple simultaneous users of the Synthagram dis-
play is illustrated in Figure 2.11. Each viewing zone consists of nine views which leads to
several stereo pairs and stereo-views. This alows us to move the head around in front of the
display and see the object from slightly different angles, which is considered as the look around
effect. The viewed pixelsfor oneimage pixel change not only by moving the head from the left
to theright but also if we go fourth and back in front of the display. This gives us the ability to
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Figure 2.8: Dueto thefact that the lenses break the sight lines of the eyes, each eye sees
adifferent pixel on the display. Thanks to the special configuration of the
pixels we can see 3D images. (image courtesy of [24]).

]

Figure2.9: We need 9 different views from cameras that are aligned on one horizontal
line to create our 3D image. (image courtesy of [24]).

interzigging
—_—
(pixel shader)

Figure 2.10: On the left-hand side we can see the 9 cameraviews. On the right hand side
we see theinterzigged image that shows a 3D image on the auto-stereoscop-
ic display. The interzigging is done by an interzigging map shown in the
middle of the figure.

move in front of the display without loosing quality of the 3D image.
By using vertex shaders to implement the interzigging we can achieve real-time render speed,
despite the fact that we have to render nine different images for each frame.Firewire Cameras

To capture our userswe use Firewire cameras. We decided to use Point Grey's Flea cameras
with aresolution of 1024x768 pixels and the corresponding frame rate of 30 frames per second.
As we have such a high resolution we can make a color reconstruction by down sampling the
iImages and still have aresolution of 512x384 pixels. The small size of the cameras allows usto
place them in nearly every position and combination that could be an advantage for our 3D
reconstruction. The large amount of data transmitted by each camera restricts us to a structure
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Figure 2.11: There are different viewing zones in front of the display that can see the
same 3D pictures. Each of these viewing zones includes several stereo-pair
pictures that allow alook-around-effect. (image courtesy of [24]).

where not more than two cameras can be used at one client machine. Thisrestriction is given by
the maximum bandwidth 400 Mbit/s of Firewire. If we want to use more then two cameras we
will have to use an appropriate number of clusters. Another way of avoiding thisrestriction is
to capture with smaller resolution using Format7, which enables us to capture only parts of the
image. But thiswould lead to less information from each picture and to a more expensive color
reconstruction. Using a synchronization unit from Point Grey we can guarantee synchronized
capturing with multiple cameras.

2.3 Visual-Hull-Based Approach

Asthere have aready been alarge amount of research projects on thistopic and the fact that
the data of the blue-c project, presented in paper [1], was available we decided to use these
sources in the first step and adjust them to our needs. In the following chapter we will give an
overview of the blue-c project.

2.3.1 blue-c Design

The blue-c project combines simultaneous acquisition of multiple live video streams with
advanced 3D projection technology in a CAVE like environment, creating the impression of
total immersion. Out of the multiple video streams a 3D video representation of the user iscom-
puted in real time using a visual hull based approach. The resulting representation is rendered
using a point-based method [ 7] with active stereo on the three projection walls, as you can see
in Figure 2.6. The communication between the capturing clients and the rendering is based on
a CORBA/AV-Streams environment. The constructed 3D video is streamed in real time using
atechnique introduced by Wuermlin et al. [4].

The blue-c system consists of 16 cameras. Each of these cameras is driven by one cluster
which performs all the pre computations like segmentation and contour extraction. All of the
resulting image datais streamed to a processing unit where the 3D model is reconstructed using
avisual hull approach. The resulting points of the 3D model are then submitted to the renderer
where the data is displayed on the CAVE walls in active stereo. You can see this design in
Figure 2.12.

2.3.2 Visual Hull Approach

The visua hull approach in blue-c is based on the image-based visual hull method by
Matusik et al. [2], which takes advantage of epipolar geometry to build a layered depth-image
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Figure 2.12: The blue-c system consists of 16 cameras, each driven by one cluster and 3
active stereo walls with corresponding projectors. (image courtesy of [1]).

representation, and the polyhedral visual hull method [3], which constructs atriangular surface
representation. These approaches have been modified to enable point-based rendering.

The image-based visual hull method was implemented by extracting contours from the fore-
ground objects as shown in [6]. These objects are found by using background extraction. This
leads to a reduced amount of points of interest and reveals the object from which the contour
has to be extracted.

The intersection of the resulting silhouette cones, calculated from different points of view,
define an approximate geometric representation of an object called a visual hull, as shown in

X

Figure 2.13: The intersection of all silhouette cones leads to the visual hull whichisan
approximate representation of a 3D object. (image courtesy of [2]).

Figure 2.13. Out of this information we can calculate a 3D point for every pixel of interest in
each video stream.

2.3.3 Point-Based Rendering

One way of doing point-based rendering isto use GL_POINTS as splats for each 3D point.
Asthese splats cannot adjust to the shape of the object’ s silhouette in an optimal way, the EWA
surface splatting approach from Zwicker et a. [7] isused. Thisrendering techniqueis based on
a screen space formulation of the elliptical weighted average (EWA) filter which is adapted for
irregular point samples. EWA surface splatting providesthe system with high-quality imagesin
real-time.
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2.3.4 Differential 3D Fragment Operators

blue-c uses a differential update scheme for dynamic point samples as shown in [4]. The
basic primitives of this scheme are point sampleswith different attributeslike position, asurface
normal vector, and acolor. The update scheme is expressed in terms of three different 3D frag-
ment operators. These operators are INSERT, which adds new 3D video fragments, DELETE,
which removes 3D video fragments and UPDATE, which corrects appearance and geometry
attributes of 3D video fragments. Using this update scheme the data traffic has significantly
been reduced.

2.3.5 Active Camera Control

Asblue-c isdesigned for real-time use, the amount of transferred and used data has to be as
small as possible without loosing quality. Thisisthe reason why active camera control has been
introduced to the blue-c system. If the current virtual viewpoint is known, we can figure out
which cameras have to transfer which amount of data. Thisis why the cameras can have three
different states in the blue-c system. They either submit intra-frame prediction scheme data as
explainedin Section 2.3.4 or they submit auxiliary information for the employed 3D reconstruc-
tion algorithm or they can even provide no data at all. This approach can be found in paper [8].

2.3.6 CORBA and Audio/Video-Streams

The blue-c environment hasits own communication and system layer architecture, described
in paper [1]. The data transmission within the blue-c portal, and between blue-c portals, is
achieved with the programming model of CORBA architecture and its Audio/Video streaming
service. All control and non-real-time information is transmitted using the traditional CORBA
environment. The rea-time data, however is transmitted via the Audio/Video-Stream imple-
mentation from the TAO/ACE framework [9].

Unfortunately the versions of TAO/ACE and the corresponding Audio/Video-Stream ver-
sions still used in the blue-c project have had several major releases and fundamental changes
in the usage, which caused a lot of problems adopting the blue-c code to our environment, as
with recent compilers the old versions did not compile anymore.

2.4 Disparity-Map Based Approach

Our second approach was designed by ourself and adjusted to our special needs. This means
that we tried to use only a small number of cameras due to the fact that we only have to cover
the space in front of our display to enable our Desktop-Based Tele-lmmersion approach. We
also tried to have as many cameras as possible on one cluster. Asstated in Section there aretwo
cameras for each machine. No extra processing machine should be needed and the amount of
cameras should be scalable according to desired quality. We adapted severa ideas from previ-
ous research projects and added them to a scal able acquisition and rendering system. In the next
chapters we will present these ideas.

2.4.1 Brick Idea

Waschbusch et al. [10] suggested a scalable 3D video approach for dynamic scenes. They
introduced theidea of bricks. In thisapproach bricks are an arrangement of a projector, atexture
cameraand a stereo camera pair, as seen in Figure 2.14. Each of these bricks cal cul ates a depth
map for its own point of view, using the stereo cameras and a structured light pattern from the
projector. Out of thisinformation they construct the 3D pointsin aworld coordinate system and

10
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Erick System

Figure 2.14: Brick consist in Waschbuesch’ s approach of a projector for structural light,
atexture cameraand a stereo camera pair for the 3D reconstruction. Several
Bricks can be used to acquire a scene (as seen on the right). (image courtesy
of [10]).

color them using texture information from the texture camera. All of the calculated points are
sent to the renderer where they are merged with the points from possible additional bricks and
represented as one 3D picture. We can scal e this approach until we have a point cloud dense and
reliable enough to describe our scene.

We adapted the brick ideabut changed the arrangement. Aswe want to use aminimal amount
of cameras, we only use the stereo cameras and reconstruct depth and texture from them. We do
not include a projector and construct our depths by background extraction and a hardware based
disparity-map calculation algorithm presented in the following chapter. That means that we
only have bricksincluding stereo camera pairs.

2.4.2 GraphicsHardware based Depth Calculation

There has been alot of research on image-based rendering and real-time reconstruction/ren-
dering systems. Beside Image-based Methods such as the visual hull method mentioned in
Section 2.3.2, there are also techniques that build on vision-based methods. Depth from stereo
seems to be the most widely available technique [11] because of its biological approach and the
ease of dataacquisition. The mainideaisto find within the stereo image pairsthe corresponding
pixels and identify their disparity. The smaller the disparity, the further away the related 3D
point is. Thisapproach is based on the functionality of human eyes. However, to find the corre-
sponding pixels we have to search in the whole image which leads to very expensive computa-
tions. These techniques often require special hardware [12,13,14] or search only localy,
resulting in atrade off on precision and reliability. Mulligan and Daniilidis proposed anew trin-
ocular stereo algorithm in software [15], where they introduced a number of techniques, such
as motion prediction and assembly level instruction optimization to accel erate the computation.
However the stereo matching algorithm is still the bottleneck in their method. The Yang et al.
[16] approach uses commodity graphics hardware to accel erate the disparity calculation. Inthis
approach they project the images of several cameras on a global sweep-plane, Figure 2.15. On
each sweep-plane depth they calculate, with the help of programmable pixel shader technology,
the square intensity differences between reference image pixels, and choose the depth of the
plane with minimum difference, i.e. the most consistent color for each pixel. Thisresultsin a
dense disparity-map from the current virtual view point, related to the global sweep-planes.
Since this approach builds on several cameras but we only want to use stereo-pairs we looked
at a following method introduced by Yang [17]. It isa similar approach but adjusted to stereo
iImage pairs. Instead of projecting the images on a global sweep-plane with different depth val-
ues, the two images are moved in reference to each other in horizontal direction for a certain
disparity value. Thisis done for every disparity value in a certain disparity range and the dis-

11
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Figure 2.15: The images from the different reference cameras are projected on a sweep-
plane parallel to thevirtual view point for different depth values. On each of
these planes the minimum difference in color per pixel is calculated. The
depth where a pixel has the smallest difference is the depth where the cor-
responding 3D point liesin the real world.(image courtesy of [16]).

parity value with the smallest square intensity difference is considered to be the corresponding
disparity value of this pixel. Thisis done with help of programmable pixel shaders. Aswe only
have the information of two images this leads to a not so robust algorithm. Y ang suggests to
work not only with these two images but also with different mipmap levels. The disparity range
calculation isdone for every mipmap level and the best disparity value per pixel ischosen. This
leads to a more robust algorithm, which has the disadvantage of a more “blurry” result that is
not able to detect fine structures. Cornelis [18] suggested a derivation of this algorithm by
adding some filtering techniques. We focus on Y ang's mipmap approach. To reduce the com-
putational costs of the disparity calculation Y ang suggests to use rectified images. In the next
chapter we will discuss some rectification approaches.

2.4.3 Rectification and Calibration

Rectification is the transaction that enables us to transform images so that the epipolar lines
are aligned horizontaly. If thisis the case we only have to look for corresponding pixelsin one
dimension and can solve our disparity problem much more efficiently. Epipolar geometry is
explained in Figure 2.16.

There are different ways to achieve thisgoal. As mentioned in [17] it is possible to perform
a 3x3 homography by implementing aprojective texture mapping [19] on aGPU. Pollefeys[20]
introduces a simple and efficient rectification method for general motion that can be necessary
if the epipolesarein or close, to theimages. There are also more universal methods like the one
from Oram [21] that allows us to make arectification for any epipolar geometry.

To create an efficient rectification we have to be able to tell where our cameras stand in our
space and what parametersthey have. Thisiswhy we need to calibrate our cameras. Calibration
delivers us the extrinsic and intrinsic parameters of each camera. Extrinsic parameters tell us
where in correspondence to a arbitrary point in real world our camera stands and the intrinsic
parameters reflect the internal attributes of each camera, as focal length, pixel size and so on.
Aswe already knew the calibration toolbox for MATLAB from Mel [22] we decided to use the
OpenCV [23] implementation of this agorithms. As the CvCalibFilter of the cvaux library,
which is part of the OpenCV project, included the possibility of rectifying our images, we
decided to use thisalgorithm to get our initial results.
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2.4 DISPARITY-MAP BASED APPROACH

Figure 2.16: Epipolar geometry:
Cand C' arethestereo camerasand M isa3D point. eand € arethe epipoles
of the cameras which means that they are the images of the cameras in the
corresponding images. | and I’ are the epipolar lines these are the mappings
of thelight line from the point M to the corresponding camera (for I’ itisthe
connection between C and M on the image of camera C’). (image courtesy
from [21]).

CvCalibFilter uses several images of a moving checkerboard from a stereo camera pair to
calculate the position of the cameras relative to a world coordinate null point on this checker-
board. Y ou can seethisin Figure 2.17. The algorithm first extracts the edge points of the check-
erboard and calculates with these points all the necessary parameters.

Figure 2.17: Thecornersof the checkerboard are extracted automatically and used for the
calculation of the intrinsic and extrinsic parameters of the cameras. (image
courtesy of [22]).
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Realization

The first part of this chapter describes the auto-stereoscopic display and the corresponding
rendering software for our project. Next we will show how we ported the blue-c code to present
library versions and adjusted it to our needs. The second part discusses the design and imple-
mentation of our system from scratch.

3.1 Auto-Sereoscopic Display

Before beginning with the implementation of our Tele-lmmersion system we had to confirm
that it ispossible to render in real time with our auto-stereoscopic display. To do thisweimple-
mented test programs to determine possible frame rates. The display was delivered by the man-
ufacturer with an API that allowed rendering in 3D on a software based manner. We did not
want to render based on software but with hardware support, which included vertex and frag-
ment shaders. We used some given examples using hardware based rendering in DirectX to
determine if a hardware based implementation is able rendering the needed nine views for our
interzigging, explained in Section 2.2. As we wanted to use the auto-stereoscopic display on a
Linux machine with OpenGL and not on a Windows machine with DirectX, we had to adjust
our code to OpenGL and make sure that it compiled and worked on Linux.

We give a short overview of our implementation and the generic design for our renderer. As
already mentioned in Section 2.2 we need nine views from nine cameras, in our case virtual
ones, that are aligned on a horizontal linelooking toward the scene. These nine views arejoined
to anine-tile image on which we can execute our vertex shader to accomplish the interzigging.
In the following we show thisin a short passage of pseudo code:

St er eoRender er: : Render ()
{
prepare OpenGL for frane;
for(all 9 canera views) {
gl Frustum(...); // adjust the view perspective for this
/1 camera inmage
gl ViewPort(...);// give the part on the ninetile inage
/'l where this canmera i mage has to be pl aced
gl uLookAt (...); /'l readjust the eye point to the new
/'l canera and to the object
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Dr awScene() ; /1l draw the scene corresponding to
/'l the new camera given by previous
/'l instructions

}
/I now we have ninetile imge in color buffer
read ninetile fromcolor buffer;

Bi nd shaders;
gl Begi n( GL_QUAD) ;

render quad with ninetile image as texture 1

and the correspodi ng interzigging nask as texture 0O
gl End( GL_QUAD) ;

Di sabl e shaders;

gl ut SwapBuffers();

As can be seen the whole nine-tile production and interzigging is completely independent of
the actual object rendering. This is the reason why we created a render function that takes as
input afunction that is responsible for the rendering of the objects. Thisleadsto ageneric algo-
rithm that can render every scene you want, by providing the actual scene rendering routine. We
have to take care that there are no OpenGL functionsin thisroutine which interfere with the rest
of the 3D rendering. In general we can say that if we do not clear any buffers there are no prob-
lems. Even if we never ran into problemswith thissmall constraint it would be good to examine
all the possible functions that can interfere with our algorithm. In the next code sample you can
See our generic approach to the rendering function.

St er eoRender er: : Render (voi d(*myScene) (voi d))

{

prepare OpenG for frane;
for(all 9 camera views) {
gl Frustum(...); // adjust the view perspective for this
/1 canmera inmage
gl ViewPort(...);// give the part on the ninetile inage
/'l where this canera i mage has to be pl aced
gl uLookAt (...); [// readjust the eye point to the new
/'l canera and to the object

myScene() ; /1 draw the scene corresponding to
/1 the new camera given by previous
[/ instructions
}
/I now we have ninetile inage in color buffer
read ninetile fromcolor buffer;

Bi nd shaders;
gl Begi n( GL_QUAD) ;
render quad with ninetile inmage as texture 1

and the correspoding interzigging mask as texture 0
gl End( GL_QUAD) ;
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Di sabl e shaders;

gl ut SwapBuffers();
}

3.2 Visual Hull based Approach

In this chapter we show our steps porting the blue-c code to the latest libraries and adjusting
it to our system.

3.21 64Bitvs. 32 Bit

After testing and preparing the auto-stereoscopic display we could advance and begin to port
the blue-c system to our environment and needs. Thefirst decision we had to make was whether
we wanted to run our environment on machines with a 64 Bit or 32 Bit based Scientific Linux.
As al the machines in the lab where configured with 64 Bit and we thought that this would
improve compatibility for later approaches, wetherefore decided to proceed with the 64 Bit ver-
sion. This did not only mean that we had to compile the blue-c code on 64 Bit, but also all the
libraries that were used. We had to do this with the firewire libraries libraw1394,
dc1394 control, the Rendering environment Qt, and the communication environment CORBA
and ACE/TAO. After investing some time we were able to compile and run them all on 64 Bit
machines. As we discovered that there is no way to compile the Intel library libippi on 64 Bits
and we knew that thislibrary is an essential part of the blue-c code, we had to go back. The fol-
lowing stepswereto install on al machinesthe 32 Bit version of Scientific Linux and recompile
the libraries on it. After these changes we could finally begin to compile the blue-c code. As
there have been several major releases on compilers we had to adjust alot of syntax mainly on
templates. Following these changes we found out that there had been some major releases in
CORBA and ACE/TAO that included different syntax and exclusions of whole classes which
where essential in the blue-c implementation for Audio/Video-Streams. Knowing this and the
fact that we did not need such a complex communication environment, we decided to avoid the
problem by using an already available socket approach for internal communication in the blue-
c portal. Thisapproach had already been used for information exchange between different blue-
C portals.

3.2.2 Portation from Audio/Video-Streamsto Sockets

The communication in the blue-c system isregulated by CORBA. This means that we run a
naming service which runsan ORB where all the clients can register themselves. The ORB con-
nects the right communication partners to each other with a direct Audio/Video-Stream. Since
we wanted to use sockets instead of Audio/Video-Streams we had to change the method for
building up the connections. We used the pre-existing socket classes in blue-c API but had to
modify the process of naming the clients, as we wanted to assure that it is possible to connect
severa clients on one host to the processing unit as a later step. In the original communication
protocol of the blue-c system the clients had the name of the host, since there was only one client
per host. We changed that, enabling new names. We used not only the hostname but we also
numbered the clients on it. This means that the names of the clients were not only the hostname
anymore, but we also appended the number of the client on thishost. Thus, we were ableto allo-
cate the right socket portsto theright clientsregarding the configuration file. Asthe connections
now had to be constructed by the clients themselves we had to include a new row in the config-
uration file link.bcl. Thisfile is used in the blue-c system to specify al the parameters needed
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to build up connections. The new entry in this file told the clients not only on which host they
were but also the port and the host to which they had to connect for a connection to the process-
ing unit. This changes had also to be included into the code. We describe the changesto the con-
figuration filein Appendix A.1.

These changes allowed us to communicate between the clients and the processing unit with
sockets. Wetested the system in this configuration but no datawas transmitted. After testing the
incoming and out coming data in the used sockets and clients, we found that the connections
were open and that there was a small amount of data transferred. A closer ook at this data
proved that there was a datatransfer for each frame, but that it only consisted of headers and no
information for the reconstruction. Asthischange wasafundamenta changein the blue-c archi-
tecture and we could not tell if wetruly achieved to do all the necessary changes, we decided to
try the communication with Audio/Video-Streams.

3.2.3 CORBA, Audio/Video-Streams Upgrade

As we wanted to use several cameras on one machine, we did not have to restore all the
changesfrom our socket approach. We continued naming our clients by hostname and the actual
numberation on the corresponding host.

Aspreviously mentioned in Section 3.2.2 we had to adjust our code to several major releases
in CORBA, but mainly on TAO/ACE's Audio/Video-Streams. These modifications fundamen-
tally changed the usage of these streams by even removing whole classes and functions that
were used by the blue-c code. This was not the only trouble, but also the fact that they had
changed the syntax of several functions in order, to make it more compatible to severa plat-
forms. Welist the most important changesin Appendix A.2. Finding out these changesand inte-
grating them into the blue-c code took us several weeks and threw us back in our time schedule.
But the hope to have a working system after these changes prompted us to stay working on it.
At theend, wefinally managed to change the codein away that all the clients and the processing
unit could register at the naming service. This service established the Audio/Video-Streams
between the corresponding communication partners. But we had the same result as we already
had had with sockets. There was communication between the clients and the processing unit but
no relevant data was transferred. Only headers with empty bodies were send around. We could
determine now that the error should not bein the communication. Therefore, wetried to find the
reason for our difficulties somewhere else. One of the biggest differences in our approach and
the one in blue-c wasthat we were using only two cameras at the time compared to the 16 cam-
eras in blue-c. The visual hull approach used by blue-c had problems working with only two
cameras and the active camera control integrated in the system, as explained in Section 2.3.5,
had problemswith this number of camerasaswell. Asaresult we increased the number of cam-
eras used by our system. We introduced several cameras to one machine to at least double our
number of cameras, since we only had a limited amount of machinesto use.

3.2.4 OneCamera per Machineto several Cameras

As our changes for communication already considered the change from one to several cam-
eras on one machine we only had to change the internal structure of the capturing clients. We
did not add cameras to the existing clients but changed the code and structure of the clientsin a
way that it was possible to start several clients on one machine, because making this changes
only affected the clients and not the processing unit, that still could handle the clients in the
same way. The changes were mostly the adjustment to the new client names. Thisled to multi-
ple independent clients on one machine, which allowed us to use the processing unit without
any changes as it did not have to care where the clients are or how they are organized. Using
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-

Figure3.1: Thisisour four camera system design using the blue-c code. Two cameras
are connected to one host. This host performs the precomputation as seg-
mentation and contour extraction and sends the resulting images to the pro-
cessing unit. Where the images from all four cameras are considered to
construct a3D model. Thisresultistransferred to arenderer where the auto-
stereoscopic rendering is performed.

this structure we were able to use two cameras on two capturing machines each, which lead us
to atotal of four cameras. In Figure 3.1 we can see the four camera system design. However,
despite the changes we still had the same problems. We saw possible problems in the active
camera control integration and we tried to get rid of it and have all the four cameras activated
for textural and structural datatransmission. The clientsdid capture and construct all the needed
data but the transmission still did not work out. We were not successful with this four cameras
and we could not tell if the problem was still in the transmission or in the amount of cameras or
in the activation of all cameras or even in some other place. Asthe structure needed for the cap-
turing and communication in the blue-c system was to complex for our purposes and it would
be possible to design a easier and more efficient way for our usage, we decided, regarding the
fact that there was only around one month left for our work, to build everything up from scratch
to have afundamental system at the end of this thesis on which it would be possible to build up
successfully in future work.

3.3 Disparity-Map based Approach

In this chapter we will introduce our own tele-immersion approach that bases the 3D recon-
struction on a graphics hardware accelerated disparity-map calculation algorithm by Yang as
mentioned in Section 2.4.2.

3.3.1 Design

We split our approach into two main parts. The first part is the ClientViewer. This project is
responsible for the capturing, rectification, disparity-map calculation and finally for the conver-
sion from reference camera points to world coordinate points that are transmitted to the second
part of the system, the StereoRenderer. The StereoRenderer project isresponsible for the recep-
tion of the points calculated by the ClientViewer and the representation on the auto-stereoscopic
display. You can see thisdesign in Figure 3.2.

ClientViewer usesthree different tools. First we developed our own camera classes that per-
form the capturing of raw data by the firewire cameras and reconstruct the color values by
downsampling the captured raw data. The background is distracted from the object we want to
reconstruct based on the segmentation used in the blue-c code. This project delivers also the
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Figure3.2: Our system consists of two main parts. The ClientViewer, responsible for
capturing and 3D model construction, and the StereoRenderer responsible
for rendering on the auto-stereoscopic display

ability to writeimagesinto files, which we needed for several tests and result generations. After
preparing the images it rectifies them using the CalibFilter class, which has been derived from
the CvCalibFilter classin OpenCV. The next step isto cal cul ate the disparity-mapswith the Se-
reoYang classfor thereference camera. For this cal cul ation we used the code delivered by Y ang
and adjusted it to our needs. Out of these disparity-map the points of interest are calculated for
the 3D world coordinates in order to submit them to the renderer. A further part of this project
IS the communication between the ClientViewer and the StereoRenderer. At this time we solve
that problem by writing all the interesting points calculated by ClientViewer into afile, from
which the StereoRenderer can retrieve them when needed. Thisisonly atemporary solution that
should be replaced later on by a socket communication.

The StereoRenderer consist of the rendering framework developed in Section 3.1 and a Ren-
derClient that reads the points from the file and delivers arender function. This render function
has to be given to the framework for auto-stereoscopic rendering.

If we set this approach in reference to the hardware the ClientViewer controls two firewire
cameras and calcul ates the 3D points of interest in world coordinates for areference camera. It
Ispossibleto use several ClientViewers, as bricks, because the only connection between the Ste-
reoRenderer and the ClientViewer are the transmitted 3D pointsin world coordinates. The Ste-
reoRenderer receives all the points from the ClientViewer(s) in world coordinates and renders
them without any further knowledge about the scene on the auto-stereoscopic display.
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3.3.2 Capturing

We implemented our own camera class. Because we aready had our experience with the
blue-c camera class we tried to adopt as much as possible from this code. It is possible to ini-
tialize acameraby providing the firewire port number of the cameraand aname for the camera.
According to thisname we have a configuration file where the needed parameters are indicated.
Thisfile hasto be saved in the configuration file directory with the name of the camera plusthe
ending “.param”. It has to include the following parameters for the camera:

- Brightness

- Exposure

- WhiteBalance Blue

- WhileBalance Red

- Gamma

- Shutter

- Gain

and the five coefficients needed for the blue-c segmentation:

-Coef1 (traditional backsegmentation threshold: -the bigger — the less foreground pixels)
-Coef2 (shadow processing: the smaller — the more detection of shadows)
-Coef3 (filter coefficient)

-Coef4 (number of timesto dilate)

-Coef5 (box filter mask size)

The cameraclassisalso responsible for the color reconstruction which is done based on code
from the Coriander project [25]. As the resolution, we achieve through our cameras, is far to
high for a real-time disparity-map algorithm we decided to use downsampling for color recon-
struction. This algorithm is the fastest way to perform a bayer color reconstruction but it also
reduces the image resolution. This reduction comes from the fact that each pixel is calculated
by merging all neighboring pixelsinto one pixel. In our case thisis not a disadvantage.

After the color reconstruction we apply the segmentation to the captured images to extract
the needed foreground objects. Thisleads to amask that indicates which pixels of theimage are
part of the foreground and which ones are not. This segmentation leads to a smaller amount of
pixels that have to be considered in the following calculations. It also reduces the noise in our
resulting disparity-maps as the background pixels do not interfere anymore with the foreground
objectsin the disparity-map calculation. In Figure 3.3 you can see a segmentation.

For several testing and result acquiring purposes we also needed the ability to write images
into files. Thisisthe reason why we also integrated afunction that is able to write a PPM image
file given RGB data.

3.3.3 Rectification

We use the CvCalibFilter from the cvaux library that belongs to the OpenCV project. This
filter is designed to take checkerboard pictures taken by a stereo camera pair and calcul ate out
of the extracted corners of the board the extrinsic and intrinsic parameters of the participating
cameras. In Figure 3.4 we can see the detected corners in two samples of stereo camera pair
images. We can decide how many checkerboard stereo images we want to feed to the algorithm.
Assoon asthe checkerboard pictures are fed to thefilter he can calculate the extrinsic and intrin-
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Figure3.4: We can see the detected corners in both stereo cameras in two different
frames. On the | eft side we have the images from the left camera and on the
right side the ones from the right camera.

sic parameters of our cameras. The calculated parameters can be saved to afile. Thismeansthat
we only have to calibrate our cameras once and we can reuse these parameters until we change
the location of our cameras. But we have to mention that systems involving cameras and cali-
bration are very unstable and the smallest movement of the cameras can cause big errors, which
leads to the need of frequent calibrations. As our approach enables use to do calibration auto-
matically and fast, thisis no big disadvantage.

Nevertheless we decided to use this calibration and the associated rectification. Mostly
because the rectified images looked good, the recalibration was very fast and it was easy and
not time consuming to integrate it into our system. We had to change some minor things in the
OpenCV library to be able to compile and run thefilter, but we could find this changesin news-
groups. You can see these changes in Appendix A.3. Figure 3.5 shows a rectified image pair.
Having thisrectification it was possible to feed Y ang' s graphics hardware based disparity-map
algorithm. We use the resulting disparity-map to calculate the world coordinates of the 3D
points. But before we can do this we have to unrectify the disparity-map again. Asthere is no
function in the CvCalibFilter that gives us this feature we implemented our own. We wanted to
have a fast unrectification that did not need expensive calculations. This is the reason why we
decided to use an approach with lookup images. This lookup images contain for each rectified
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Figure 3.5: On the left side we see the original images. On the right side the rectified
images. The top line corresponds to the left camera and the bottom line to
the right camera.

pixel the information where it was before the rectification. To receive this lookup images we
introduce two artificial images. One of them has as pixel value the row number of this pixel and
the other has the column number. If we rectify these two images this results in two lookup
imagesthat have the information where each pixel was beforethe rectification. Aswe only have
to calculate this images ones, this leads to a very fast unrectification. We can see a sample in
Figure 3.6. Aswe can see, we have holesin the unrectified image. Thisresultsfrom the fact that

[

COREG, AR s sillipl ataitras oo LILELETTELY 1L
Figure 3.6: On the left we have the original images. In the middle the rectified image
and on the right the unrectified image.

with the rectification we loose information and we cannot regain that information back by
unrectifying. We tested this back rectification with our system and we did not have any prob-
lems as a result of the missing information in the unrectified image. This can be explained by
the usage of a smoothing filter over the disparity-map before constructing the 3D model. We
discussthisin Section 3.3.5.

3.3.4 Digparity-Map Calculation

The main part of our implementation is Y ang's disparity-map calculation algorithm, which
weintroduced in Section 2.4.2. If we have the depth of the pixelsin theimageswe can calculate
their 3D camera coordinates and later on the 3D world coordinates. The independence of the
resulting 3D points from the camera allows usto construct our 3D model with help of accumu-
lated 3D points from several stereo camera pairs.
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Aswe decided to use Y ang’ salgorithm we started to look for implementations and we found
an implementation from Y ang himself. It is provided on his homepage and can be used by read-
ing in two rectified RGB images. It calcul ates then for these two images the disparity-map. Itis
possible to interactively change the mipmap levels and the disparity range can be given at the
beginning as a console parameter. As we wanted to use the code not only for one image pair but
for every frame's stereo image pair we had to change some parts of the code. This was not the
only difference, but also the fact that we do not read in the images from afile. We already have
the RGB data ready and want to feed it directly to the disparity-map algorithm. Thisiswhy we
introduced a new function that allowed usto feed Y ang’ s algorithm with our image data. In the
original code the images are given to the functions as values. That is no problem, if you only
load the images once and never change them again. However, we have to load the images every
frame and as we have high resolution images this result in high amount of data transfer. Thisis
why we changed the functions to take the image data as reference. This allowed us to feed the
Images much faster to the algorithm. In Yang's original code they only calculate the disparity-
map from one reference image, but we want to be able to calculate the both disparity-maps of
each reference camera to acquire more depth data and be able to improve our 3D model by
having a denser point cloud. This is an advantage in places where the information from one
camerais not dense enough. But this also leads to the double amount of points from which most
areduplicates. In futurework it should be considered to filter out all the double points and there-
fore optimize the amount of points. To do the disparity-map calculation for both cameras with-
out having to load the images twice we had to adjust Yang's code again. All these changes
worked out but they are certainly not as efficient as they have the potential to be. We only
changed the code already available for our purposes, which lead to some unpleasant hacks. In
future work the reimplementation of this algorithm should be considered.

Nevertheless we achieved the integration of the code into our system and receive very fast
good disparity-maps. To be precise, we receive disparity mapswith avalue rangefrom 0 to 255.
The values resulting from the cal culation with a certain disparity range are scaled to thisrange.
As the depth can be calculate from the disparity by dividing one through the scaled disparity d
it isno problem to get the depth values. The needed calculation is shown in the following equa-
tion:

1

depth= o >es

(3.1)

We are also able to interactively change the mipmap levels and the disparity range we work
with. Thisleadsto amore universal system that can be adjusted to different depth ranges. Y ou
can see different used parameters for different depth ranges and the results in Section 4.3. By
using higher mipmap levels the diparity-map becomes more blurry, which results in disparity
values corresponding to pixelsthat are not part of the foreground and hence not interesting for
us. Thisisthe reason why we apply our segmentation mask mentioned in Section 3.3.2 on our
disparity-map again. In Figure 3.7 we can see the different results with different mipmap levels.

Having the depths of the points and knowing the location of our cameras we can calculate
the 3D pointsin the world coordinate system.

3.3.5 Calculation of Point Coordinates

Thanks to the calibration, described in Section 3.3.3, and the depth values for the reference
cameras we can calculate the 3D points in world coordinates. To do this we take a closer ook
at theintrinsic and extrinsic parameters of the camera calibration.
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Figure 3.7: Inthetop row we can see the segmented object. In the middle row we can
see from left to right the disparity-map with 0,1,2 and 4 mipmap levels. The
bottom image represents the disparity-map with 4 mipmap levels cut out by
the segmentation mask.

If we consider that we have an ideal perspective camera then it is possible to transform a
point P, in the world coordinatesto apoint p in the camera coordinate system by,

P=RP,+T (3.2)

where R isthe rotation and T is the translation given by the extrinsic parameters. Knowing
P we can calculate the pixel coordinates in the image plane.

o[- 4

If P=[xY.21", f isthefocal length of our cameraand p isthe point in the camera plane.In
the following we will assumethat f is1 for our cameras. These equations are true for ideal per-
spective cameras. But a camera like that does not exist. Thisis the reason why we also have to
consider the intrinsic parameters of our cameras. Theintrinsic matrix convertsour cameraplane
coordinates into image plane coordinates, regarding the pixel size and the actual principal point
in the camera plane. Y ou can see this transformation in Figure 3.8.

This transformation can be expressed as,

X Sy Se O, rx
pPP=1y|=Kp=10 Sy oy ||y (3.4)
1 0 0 1 11

Where p' isthe resulting point on theimage plane and K isthe transformation matrix formed
by the intrinsic values.
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Figure3.8: We can seeinthisfigure the transformation from camera coordinatesto im-
age coordinates, which is done by intrinsic parameters.

. X-coordinate of the principal point in pixels
. y-coordinate of the principal point in pixels
* s Sizeof unit length in horizontal pixels

* s, sizeof unitlength in vertical pixels

* s,: Skew of the pixel, often close to zero

We now know how to calculate the pixel of animage corresponding to a 3D world point con-
sidering the extrinsic and intrinsic parameters. It is obvious that we loose information with this
transformation since in the image plane we do not have any knowledge of the depth of the point.
Thisis the reason why we have to calculate the depth values to be able to reconstruct the 3D
point out of our images. This meansthat for our back propagation we have to follow the follow-
ing steps. First we have to transform the image plane pixel p to acamera plane pixel p.

p=K'p (35)
We do this by multiplying the inverse from k with p'. Now we have to expand our camera
Image point by the depth value z calculated in Equation 3.1.
Ximp X Z
P = |Vimp X2 (3.6)
z

Where p isnow the 3D point in the reference camera coordinate system. As we want to have
the world coordinate values for P we have to undo Equation 3.2 as well. This is done by the
following step.

P, = R (p-T) (3.7)

Where the resulting point p, isin theworld coordinatesand R istheinverse of R the Rota-
tion from the extrinsic parameters and T is the corresponding translation.

Knowing now how to calculate the world coordinatesfor every point of interest in the camera
images we can create the 3D model constructing a point cloud. By doing thiswe smooth out the

depth values with a Gaussian filter to minimize the influence of outliersin our disparity-map to
our 3D object. This Gaussian filter also helps us to minimize the influence of the missing infor-
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mation resulting from the unrectification, mentioned in Section 3.3.3. We use a Gaussian filter
with the mask seen in Figure 3.9.

1 2 1
2 4 2
1 2 1

Figure 3.9: Gaussian filter mask with the weights for the corresponding neighbors.

The transfer of the datais currently done by writing the resulting pointsto afile and reading
them out when needed. Thisis not agood solution for areal-time application, but it allowed us
to advance faster to the main part of 3D model construction and representation.

The renderer displays the resulting 3D points of the objects using the GL_POINTS primi-
tivesfrom OpenGL on the auto-stereoscopic display, as described in Section 3.1. In future work
the rendering should be extended to a splatting based rendering technique as used in the blue-c
system showed in Section 2.3.3.
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Results and
Conclusion

In this chapter we will present our results and discuss the different parameters and the possi-
ble approaches to change or improve them. All the results are obtained on alntel Pentium 4, 3.2
GHz Processor with 1 GB RAM and a nVidia GeForce 6800 PCIExpress graphic card with
256MB RAM. At the end of the chapter we will present our conclusion.

4.1 Auto-Stereoscopic Rendering
In this chapter we look at the time needed to render alarge amount of GL_POINTS on our

auto-stereoscopic display set in comparison with the rendering time on a standard display. As
mentioned in Section 3.1 we have to render nine images and combine them with each other for
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Figure4.1: Comparison of therendering timefor alarge number of pointsfor astandard
display (2D) and our auto-stereoscopic display (3D).
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our auto-stereoscopic display. We can see thiscomparison in Figure 4.1. We can also seein this
plot that the combination of the nine images takes around 14 ms and is for all the numbers of
GL_POINTS the same. Thisis the reason why the ratio between time measures convergesto a
factor of nine with higher numbers of GL_POINTS. We can also see that the rendering on the
auto-stereoscopic display passes the 30 frames per second threshold with around 18500
GL_POINTS. In our system we have to count on around 38000 GL_POINTS for one disparity-
map if we have a scene similar to the onein Figure 4.7 with amipmap level of four. If we con-
sider one disparity-map we have a rendering time per frame of around 75 ms which leads to
around 13.5 frames per second. If we consider the 4.5 frames per second that can be captured
and processed by the ClientViewer, discussed in Section 4.5, we still do not slow down the sys-
tem.

4.2 Calibration and Rectification

Figure4.2: 15referenceimages of the checkerboard taken by the right camera. The cor-
ners of the checkerboard are extracted and used for the calibration.

Before we can calculate the depths of the different points of interest we have to prepare the
images for our algorithm. This means that we have to rectify the reference images captured by
our stereo camera pair. Before we are able to do so, we have to calibrate our cameras. As
explained in Section 3.3.3 we capture images for that from a moving checkerboard and extract
the corners of this checkerboard automatically. Y ou can see 15 reference images from the right
cameraand the extracted cornersfor one of our test runsin Figure 4.2. Wetried to have as many
different positions of the checkerboard aspossible. It isimportant that we have, if possible, sam-
ples for each possible arrangement of the checkerboard. If the samples are all similar like in
Figure 4.3 the probability of bad calibration and bad rectification is higher, even if with the pre-
vious example we still had good looking results, as seen in Figure 4.5. The result from the cal-
ibration from the imagesin Figure 4.2 isseen in Figure 4.4.

The calibration and rectification by the CvCalibFilter seems to be robust. However, we do
not want to focus only on optical correctness, but we also want to know how accurate our rec-
tifications are in reference to the pixel size. Unfortunatelythere is no way to find out this error
directly in CvCalibFilter. Therefore, we had acloser ook at the calibration code to find out how
we could determine the accuracy of the calibration. In this code there is an optimization loop
that either stops after 30 iterations or when the resulting change of the optimization is smaller
then atreshold. The change is the difference of the positions of the reprojected corners in two
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Figure4.3: This 15 reference images are similar and do not cover the hole position
space of a checkerboard.

e

Figure4.4: Rectification resulting from calibration from reference framesin Figure 4.2.

following iterations of the optimization. Ideally the reprojection of the corners should end up
exactly on the corners of the referenceimage. In most cases the loop was | eft because the change

was smaller than FLT_EPSILON, which hasthe value of 1, 1921 =™ . This meansthat the differ-
enceis much smaller than a pixel. In the example shown in Figure 4.5 the loop was left after 30
iterationswith afinal change of o, 0102 which indicatesthat the optimization did not find agood
solution, even if the first optical impression made it seem so.

4.3 Disparity-Map Results

In this chapter we want to discuss the disparity-map resultsfrom our calculation with Yang's
graphics hardware based approach. First we want to have alook at the differing results with dif-
ferent mipmap levels. As mentioned in Section 3.3.4 we can choose during our calculation to
work with one, tow or four mipmap levels. In Figure 4.6 we can see the results with all three
choices and adisparity range of 64 with cameras standing in a middle range, distance of around
13 cm, from each other. As we already stated, the higher the mipmap level the more blurry but
stable the results are. We can see that the lower mipmap levels have problems with larger uni-
form colored patchesin theimages. Thisisawell-known problem. However we can see that the
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Figure4.5: Rectification resulting from calibration from reference framesin Figure 4.3.

Figure4.6. Rectified disparity-map results for mipmap level 1,2 or 4 with the corre-
sponding reference image.

level four results can handle this problem pretty well sacrificing the ability to detect thin
attributes of the object. This trade-off has to be considered when one decides with how many
mipmap levels the disparity-map should be calculated.Y ou can seein Section 4.5 the measured
times calculating the one and the four mipmap level results. In the following test we will calcu-
late al our disparity-maps with level four.

We will now have alook at the relationship between the used disparity range, the distance of
the cameras to each other and the distance of the foreground object in relation to the cameras.
We will seethat the higher the disparity range the better the results for near objects and cameras
that are further away from each other, but the computational costsincrease aswell.

In Figure 4.7 we can see the results for the cameras standing near one another - 8.5 cm dis-
tance measured from the middle of the cameras, and a disparity range of 32. We can see that for
a nearby object, in the top of the image, the disparity-map is not robust and reliable. We can
explain this by the fact that most of the corresponding pixels have a disparity of more than 32
pixels. You can see thisin Figure 4.8 on the |eft side. The farther away the objects are the less
the disparities of the pixels and we get better results. This means that for near objects we need
a higher disparity range. We can see the results with the same arrangement but with a disparity
range of 64 pixelsin Figure 4.9. The result for a nearby object is now much better, but we can
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Figure4.7: Disparity-map of object in different distancesto the cameras, that are stand-
ing near to each other and disparity range 32.

o F e
Figure4.8: The basic rectified images for camer
ject, on the left and afar object in the right.



4. RESULTSAND CONCLUSON

Figure4.9: Intheseimageswe can seetheresultsfor near camerasand adisparity range
of 64 pixels.

seethat the far away object is now considered to be very far away. We can explain thiswith the
fact that the disparity values of the pixelsare scaled to range of 0to 255. The bigger our disparity
rangeis, the lessinfluence has on pixel of disparity, on the disparity-value. This shows that the
disparity range is in general only optimal for a certain object distance and the corresponding
camera distance. We can see in Figure 4.10 the results with the cameras standing far, approxi-
mately 35 cm, from each other. We can see that the results are more fuzzy but in the middle and
far object range we can still obtain areasonable disparity-map. If weincrease the disparity range
to 128, we can still obtain good results for near objects as seen in Figure 4.11. The pixel values
that ook like shadows are a side effect of the large distance of cameras and the high disparity
range. But we do not have to worry about them because in our system we only use the disparity-
map values that are not segmented out by our segmentation mask. We can see in the near object
some holesin the area of the nose, which can be explained by the fact, that these pixels are not
seen by both cameras because of the high distance between them and the different viewing
angles. To get rid of this holes we have to introduce more stereo camera bricks that are able to
calculate the depth of these points.

4.4 Sereo Rendering

In the previous chapters we saw all the necessary components that lead to rendering on our
auto-stereoscopic display. After obtaining the rectification and the depths we can calculate the



4.4 STEREO RENDERING

Figure 4.10: In these images we can see the results for cameras that are far away from
each other and a disparity range of 64 pixels.

world coordinates of all the points of interest and render them. In this stage of the project we
decided torender themasGL_POINTS. In Figure 4.12 we can seetheresultswith GL_POINTS
of size 1.0. Onthetop row of the figure we can seethe resulting imagesif the user looks directly
into the cameras and the virtual cameras are aligned in away to construct asight line from user
to the stereo camera pair. On the bottom we can see the resultswhen the user looks directly into
the display and thevirtual camerasare aligned in away that asight line between user and display
Is produced. Thisleadsto possible eye-contact between two users. On the |eft we see the image
of the camera in the middle of the virtual cameras and on the right we see the resulting
interzigged image for the auto-stereoscopic display. We can see on the bottom row that there
are alot of holes around the chin and the parts under the chin. Thisresults from the fact that our
cameras are Situated on top of the display and look down on the user. Y ou can see this arrange-
ment in Figure 1.1. InFigure 4.13 you can see the segmented views from the stereo camera pair.
Aswe only have one stereo camerapair these points can not be reconstructed because we do not
have any information about them. This could be avoided by adding more camera pairs. On the
top row in Figure 4.12 we can see the reconstructed user looking into the cameras. Here we have
holes on the left side of the face. These holes arise out of the same reason. The left camera
cannot see the ear and its surroundings and this is why we do not have enough information to
reconstruct parts of the face dense enough. There are also holesthat result from the interpol ation
of the real camera positions and the virtual camera positions. These holes can be prevented by
adding more points. We could do so by adding more camera pairs. The holes can also be pre-
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Figure 4.11: Results having the cameras standing far from each other with a disparity
range of 128.

Figure 4.12: Rendering resultswith GL_POINTS of size 1.0. On the | eft side we can see
the view of the virtual camera in the middle. On the right side the in-
terzigged image for the auto-stereoscopic display. On top we look directly
into our stereo camera pair and have the virtual cameras in the same spot.
On the bottom we look directly into the display and the virtual cameras are
aligned in amanner that asight line to the conversational partner isbuilt up.
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Figure 4.13: Here you can see the base images that are fed to the algorithm to calculate
the depth-values. On the top we can see the user looking into the cameras
and on the bottom looking directly into the display.

vented by making the points bigger. In Figure 4.14 you can see the resultswith GL_POINTS of
size 1.5. We can see that the number of holesis decreased, however as a side effect the whole
image is more blurry. The face contours are not so smooth anymore and that leads to small dis-
tortions of the mouth and eyes. We can also see in the bottom row images that the chin now
looks like a part of the black sweater. This results out of outliers of the black sweater, which
were moved to these points by the interpolation to this viewpoint. On the auto-stereoscopic dis-
play you can see that they are nearer to the user then the rest of the face. We do not see them
with point size 1.0. In general we can say that the bigger the points are the more influence the
outliers have on the representation. Small pointsin wrong places are filtered out by the human
brain, but if they achieve a certain size they are considered to be real and needed. It would be
better to render the GL_POINTS with sizes corresponding to the density of the neighborhood.
Thisiswhy asplatt based rendering approach like the one introduced in Section 2.3.3 should be
used in future work.

4.5 Overall Capturing Speed

In this chapter we will examine the amount of time used for the subtasks. We decided to sep-
arate the overall work flow in the ClientViewer into the following subtasks:

» Capturing (images acquisition by camera and color reconstruction by downsampling)
» Segmentation (background extraction for both cameraimages)

» Rectification (for both cameraimages)

» Digparity-map calculation

» World coordinates (construction of the 3D object, calculating the world coordinates of
the relevant points)

» Transmitting points (writing al the points of interest into afile)
We performed the time measuring for the following approaches:

* Disparity-map extraction with mipmap level four

» Digparity-map extraction with mipmap level one

37



4. RESULTSAND CONCLUSON

Figure 4.14: Rendering resultswith GL_POINTS of size 1.5. On the |eft side we can see
the view of the virtual camera in the middle. On the right side the in-
terzigged image for the auto-stereoscopic display. On top we look directly
into our stereo camera pair and have the virtual cameras in the same spot.
On the bottom we look directly into the display and the virtual cameras are
aligned in amanner that asight line to the conversational partner isbuilt up.

Time distribution with Disparity-map with mipmap level 4
(Values in ms)

13.1 21.0

@ capturing

B segmentation

O rectification

O depth-map

B world coordinates

Osend

Figure 4.15: Measured values for mipmap level four.

The difference in these two approaches consists of the different mipmap levels. This means
that we do the disparity calculation for each mipmap level once. In the first approach this leads
to four passes of this calculation and to one pass in the approach with mipmap level one. In
Figure 4.15 we can see the measured time values for mipmap level four. We can see that as
expected the disparity-map calculation takes the longest. The entire process from capturing to
the end of sending the world coordinate points to the StereoRenderer takes 218.4 ms which
leads to 4.5 frames per second working with images of a resolution of 512x384 pixels. Each of
these disparity-maps deliversin average 37964 3D points.
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Time distribution with Disparity-map with mipmap level 1
(Values in ms)
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Figure 4.16: Measured values for mipmap level one.

Now we want to examine the same measurements but only with mipmap level one. In
Figure 4.16 we can see the results for one disparity-map. The time used for disparity-map cal-
culationisnow 67.1 ms compared to 87.7ms with mipmap level four. Thisleadsto an accumu-
lated frame time on the ClientViewer of 184.8 mswhich leads to 5.4 frames per second with a
resolution of 512x384 pixels per reference image. An object of in average 31226 3D points
results from one of these disparity-maps. We can say that the disparity-map calculation with
mipmap level oneis faster but it also delivers more noisy disparity-map images than the level
four approach as you can see in Section 4.3

Now that we know al the needed times for the different subtasks we can have alook at the
delay in between the capturing of the stereo images and the representation on the auto-stereo-
scopic display. For this examination we communicate between the ClientViewer and the Stere-
oRenderer with afile. We know that this leads to a higher delay but at the present state of the
project no other communication isavailable yet. Wewill have alook at the delay with amipmap
level four approach. As found out before the whole calculation on the ClientViewer needs
218.4msfor oneframe. The rendering on the auto-stereoscopic display for an object with 37964
3D points needs 72 ms. Reading out the 3D data from the file takes in average 10 ms. This
means that we need 82 ms to render one frame. This adds up to an expected delay of around
300ms. In fact we have adelay of around a second. Which can be explained by the fact that the
rendering and the disparity-map calculation are made in the GPU using the same graphic card
and have to share the resources.

4.6 Conclusion

We designed in our project atele-immersion system that is able to reconstruct 3D objects out
of one or several bricks containing a stereo camera pair. To do this we considered different
image based 3D reconstruction approaches and included a graphics hardware based disparity-
map cal culation algorithm into our system. Out of this disparity-map we reconstruct 3D models
inworld coordinates and render them on an auto-stereoscopic display. The disparity-map is cal-
culated from two images captured by a stereo camerapair. These images arefirst ssgmented, to
extract the background and then rectified. Thanks to the background extraction we can concen-
trate on the pixels of the foreground object and prevent noise in the disparity-map caused by the

39



4. RESULTSAND CONCLUSON

influence of background pixels. The rectification enables us to use the graphics hardware based
disparity-map calculation efficiently by reducing the search range for corresponding pixels
from two dimensionsto one dimension. Thisresultsin asystem that allows usto render the user
inaway that the conversational partner can see him asif hewerelooking in hisdirection despite
the fact that the cameras are not directly aligned to this sight-line.

One of the goals in the master-thesis description was the integration of a 3D video user rep-
resentation with existing visualization applications. We decided to leave thistask to future work
as we wanted to concentrate on the design and implementation of a reliable tele-immersion
system on which these kind of tasks could be integrated later on without having to rebuilt the
whole system.

We used for our system various pre-existing implementations as the CvCalibFilter and
Yang's disparity-map calculation. The integration of this code in our system led to different
adjustments that could probably be solved more efficiently by implementing them by consider-
ing peculiarities of our system and nomalizing the data structures.

Besidesthisthe calibration of the cameras should be considered to be implemented in amore
general way. The CvCalibrationFilter is able to calibrate stereo camera pairs but could have
problems calibrating different stereo camera pairs to one reference point. Thisfact and the lack
of integrated error evaluation argues for another approach if we want to expand the system by
severa bricks safely.

Our system renders objects resulting from 3D points with GL_POINTS. As these points
cannot adjust smoothly to the object contours and because they cannot adjust to different den-
sities of points in the object, which can result into holes or blurry results, we suggest that in
future work the rendering is done by a splat based rendering algorithm which allows to render
the objects in high quality, adjusting to the density and the arrangement of the 3D points.

The communication between the different parts of our system is at the time done by writing
the world coordinate 3D points of interest into afile and reading them out when needed. Thisis
not an approach that meets our real-time efforts. Thisisthe reason why we suggest that in future
work the communication should be reimplemented considering the approach used in the blue-c
system mentioned in Section 2.3.4. Thiswould lead to less data transfer and to a smaller delay
from capturing to rendering.

Asaready stated in Section 4.5 our delay is at thetimeto large for areliable tele-immersion
system. Thisiswhy we suggest to parallelize as many subtasks as possible. We already |ooked
at this problem and would suggest to try an approach similar to the one shown in Figure 4.17.
The capturing and the preprocessing of the .

1. Capturing

2:Segmentation

3:Rectification

4: Disparity-map calculation

5: unrectifying and world coordinate calculation
6: transmitting points

Figure 4.17: Segmentation of the subtask in the ClientViewer to three units which could
be parallelized to improve the speed and delay of our system.
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images could built one unit. The second unit could consist of the disparity-map calculation
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Changes

A.1 Changesin link.bcl

We introduced two new rows to the link.bcl to enable the clients and the processing unit to
build up a socket connection:

» DataHostName: Gives the name of the host to which the client has to connect on the port
given by Lepld.

» AcknolegmentsName: Gives the name of the host to which the processing unit has to
connect on the port given by Lepld

You can find a example link.bcl-socket in the Conf directory of the modified bc3dvidpar
project.

A.2 Changesin CORBA and Audio/Video-Streams

The most important changes were in the files, bclLEP.cpp, bclCommClient.cpp and
bclOrb.cpp.

Here you can see part of the initial bclL EP.cpp the most important parts are written in bold:

bel :: LEP: : LEP(LEPId id,
int argc,
char **argv,
TAO ORB_Manager *om
bcl : : ORBThread *orb,
bcl::dient *client)
. id (id), argc_(argc), client (0), ownOb_(false),
ownd ient (false),
al l owRsvl d_(true)
/1 allowRsvld (false)

{

i f(strenp(bcl:: LI NK CONFI GURATI ON: : i nstance()->beNane(id), "TxBE"') == 0)

{
/1 TxBuf f er Engi ne

ACE_DECLARE_NEW CORBA_ENV:

45



A. CHANGES

ACE_TRY
{

/1 ORB mBnager ---------ommm i
if(om== 0)
{
TAO AV _CORE: :instance()->init(argc_, argv_, ACE TRY_ENV);
ACE_TRY_CHECK;
om = TAO AV _CORE: :instance()->orb_manager();
}

}
The function :
om_ = TAO AV_CORE: :instance()->orb_manager ();

Does not exist any more and the TAO_AV_CORE instance is not used in newer examples
anymore. That is why we changed this code to the following:

bel:: LEP: : LEP(LEPId id,
int argc,
char **argv,
TAO_ORB_Manager *om
bcl:: ORBThread *orb,
bcl::Client *client)
id (id), argc_(argc), client_(0), owmOb_(false),
ownCl ient (false),
al l owRsvld_(true)
/1 allowRsvlid (false)

{

i f(strcnmp(bcl:: LI NK CONFI GURATI ON: : i nstance() ->beNane(id), "Tx-
BE') == 0)
{
/1 TxBuf ferEngi ne
ACE_DECLARE_NEW CORBA ENV;

ACE_TRY
{
/1 ORB manager ---------- - oo oo
if(om== 0)
{
om_ = bcl::COM CLIENT: :instance()->get O bManager () ;
}

)

To be able to do this we had to change the bcl CommClient from this code:
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bel::ConClient i::ConClient i()
om (0), orb (0), client (0)
{

ACE_DECLARE_NEW CORBA ENV:
ACE_TRY

{
om_ = TAO AV_CORE: :instance()->orb_manager();
orb_ = new bcl:: ORBThread(om);
orb_->init(ACE_TRY_ENV);
ACE_TRY_CHECK;
orb_->activate();
ACE _DEBUQ (LM DEBUG, "bcl::ConClient i(): ORB activated"));
client_ = new dient(om);

client_->init(ACE_TRY_ENV): ACE_TRY_CHECK;
ACE_DEBUG (LM DEBUG, “bcl::ComClient i(): CLIENT initialized")):

}
ACE_CATCHANY;

{
client_ = 0;
ACE_PRI NT_EXCEPTI ON( ACE_ANY_EXCEPTI ON,
"\'nCaught in bcl::ConClient()\n");

}
ACE_ENDTRY;

}

To the following:

bcl::ConmClient i::ConClient _i()
om (0), orb (0), client_(0)

{
ACE_DECLARE_NEW CORBA_ENV,;
ACE_TRY

{

om_ = ORB::instance()->manager();

ACE_TRY_CHECK;

orb_ = new bcl:: ORBThread(om);

orb_->init(ACE_ENV_SI NGLE_ARG PARAMETER) ;

ACE_TRY_CHECK;

orb_->activate();

ACE_DEBUE (LM DEBUG, "bcl::ConClient_i(): ORB activated"));

client_ = new dient(om);

client_->init(ACE_ENV_SI NGLE ARG PARAMETER);

ACE_TRY_CHECK;

ACE_DEBUG (LM DEBUG, "bcl::ConClient _i(): CLIENT initialized"));
}
ACE_CATCHANY;
{

client = 0;
ACE_PRI NT_EXCEPTI ON( ACE_ANY_EXCEPTI ON,
"\ nCaught in bcl::ConClient()\n");

}

ACE_ENDTRY;
}
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To do thiswe had to change the bcl Orb.cpp file that wasin the project but not used. Asthere
were already some changesto newer versions, we assume that somebody already tried to update
the code to a newer version. We continued by changing this code:

bcl::Ob_i::Ob_i()

{

}

bcl :: Conf conf (" min.bcl");
conf.read();

ACE_DEBUG( (LM DEBUG, "bcl::Orb_i::Ob_i()\n"));

ACE_DECLARE_NEW CORBA_ENV;
ACE_TRY

{
manager _ = new TAO CRB_Manager;
manager _->init(conf.argc(), conf.argv(), ACE_TRY_ENV);
ACE_TRY_CHECK;

I ACE_DEBUG (LM DEBUG, "\tbcl::Ob_i: running ...\n"));
I manager ->run( ACE_TRY_ENV);
ACE_TRY_CHECK;
}
ACE_CATCHANY
{

ACE_PRI NT_EXCEPTI ON( ACE_ANY_EXCEPTI ON,
"\nCaught in bcl::Ob_i::Ob_i()\n");
}
ACE_ENDTRY;

To the following:
bel::Ob_i::Ob_i()

{

bcl :: Conf conf (" nmain. bcl");
conf.read();

ACE_DEBUG( (LM DEBUG, "bcl::Orb_i::Ob_i()\n"));

ACE_DECLARE_NEW CORBA_ENV;
ACE_TRY
{
CORBA: : ORB_var orb =
CORBA: : ORB_init (conf.argc(), conf.argv(),
0, ACE_ENV_ARG_PARAMETER) ;

CORBA: : (bj ect _var obj
= orb->resolve_initial _references ("RootPOA"
ACE_ENV_ARG PARAMETER) ;

ACE_TRY_CHECK;

/'l Get the POA var object from Object_var
Port abl eServer:: POA var root_poa
= Portabl eServer::POA:: narrow (obj.in ()
ACE_ENV_ARG_PARAMETER) ;

ACE_TRY_CHECK;
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}

Port abl eServer: : POAManager _var ngr
= root _poa->
t he_POAManager (ACE_ENV_SI NGLE_ARG_PARAMETER) ;

ACE_TRY_CHECK;

ngr->activate (ACE_ENV_SI NGLE ARG PARAMETER) ;

ACE_TRY_CHECK;

/1 Initialize the AV Stream conponents.

TAO AV _CORE::instance ()->init (orb.in (),
root_poa.in ()
ACE_ENV_ARG_PARAMETER) ;

ACE_TRY_CHECK;

manager _ = new TAO ORB Manager (orb, root_poa, ngr);

ACE_TRY_CHECK;

ACE_DEBUG (LM DEBUG, "\tbcl::Ob_i: running ...\n"));

}
ACE_CATCHANY
{
ACE_PRI NT_EXCEPTI ON( ACE_ANY_EXCEPTI ON,
"\nCaught in bcl::Ob i::Ob_i()\n");
}
ACE_ENDTRY;

This was the biggest change and gave us the opportunity of working with the rest of the
Audio/Video-Streams implementation. In this changes you already can see the syntax changes
that have occurred to the new libraries. Basically the ACE_TRY_ENV macro was changed.
Here you can see the rules for this changes:

If the ACE_TRY_ENV is part of the function declaration then it is replaced by
ACE_ENV_SINGLE_ARG_DECL if it is the only argument. If there are more argu-
mentsin the functionitisreplaced by ACE_ ENV_ARG _DECL. If ACE_ TRY_ENV had
a default value it is replaced by either
ACE_ENV_SINGLE ARG DECL_WITH_DEFAULT (if only one argument) or
ACE_ENV_ARG _DECL_WITH_DEFAULT (if severa arguments).

If the ACE ENV_TRY is used when caling a function it is replaced by
ACE_ENV_SINGLE ARG _PARAMETER if it is the only argument and by
ACE_ENV_ARG_PARAMETER if there are several arguments. In this case a default
value does change the used macro.

A.3 Changesin OpenCV Library

When we tried to run the CvCalibFilter we always had the following error:
MKL ERROR : Parameter 8 wasincorrect on entry to SGEMM

We found in the yahoo OpenCV news group somebody who had the same error. It seemsto
be aerror that only occurs under linux at the time. This changes were suggested:
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cxcore/ src/cxswi tcher. cpp,

CV_I MPL int

cvUseOptim zed()
{

const char* nkl _suffix = arch == CV_PROC | A32_GENERIC ?
(cpu_i nfo->nmodel >= CV_PROCC | A32_P4 ? "p4" :
cpu_i nfo->npdel >= CV_PROC IA32 PIII ? "p3" : "def") :
arch == CV_PROC | A64_ I TANIUM ? "itp" : "";

change it to

nn

const char* nkl _suffix = ;

Wedid it and did not have any problems anymore.
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How to use prototype

B.1 Calibration and Preparation

To calibrate the system and cal cul ate the average background for the segmentation you have
to start the coTest project. This executable will first calculate the background images. This
means everything that isnow in the view of the cameraswill count as background later on. After
this calculations the system changes to the calibration. It will be looking for Etalons (checker-
boards) depending on how many you specify in the code it will continue searching until it has
enough accepted checkerboard pairs. This means that you have to move the checkerboard in
front of the camerasin away that both cameras can see the checkerboard. If it has enough data,
it will calculate the extrinsic and intrinsic parameters. Afterward that it will capture 100 frames
and rectify this images and write them into the /work/pics/ directory, which has to be created
before use. Y ou can use thisimages as a optical test for the quality of the rectification.

After running coTest you will have to copy the following filesfrom the coTest/Cfg directory
to the coClientViewer/Cfg directory:

e params (extrinsic and intrinsic parameters)

» {name-of-cameras} .seg (Configuration for the background segmentation needed by the
blue-c segmentation algorithm)

B.2 Capturing and Rendering

To start the cameras you will haveto start coClientViewer and adjust with‘m’ or ‘n’ thedis-
parity range. ‘m’ increasestherangeand ‘n’ decreasesit. The default valueis 32. With the keys
‘1,2, 4 you can change in between the different mipmap levels. The mipmap level threeis
not properly supported by Y ang'simplementation and leads to a crash.

Now you can start the coStereoRenderer to start the rendering on the auto-stereoscopic dis-
play. You can zoom in and out by using the keys*‘,” or ‘.". The reconstructed object should be
centered at the beginning.
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