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Abstract
This work investigates the setup and the set of methods of omni-directional system for
human activity detection and tracking. Research in the area of the omni-directional systems is
growing, the reason are many advantages such as low cost, portability and easy installation.
The main advantage is capturing a large portion of a space angle, which is 360 degrees. On
the other hand, a lot of problems exist and they must be solved. Images from omni-directional
systems have different properties than standard perspective images as they have lower
effective resolution and suffer adverse image distortion. If the resulting image is to be
presented to a human or is further processed, transformation and suitable kind of corrections
must be done. Techniques for image transformation into a perspective or panoramic view and
geometrical corrections are suggested in this paper. The mobile catadioptric system is usually
prone to vibrations, which cause the distortion in the transformed panoramic image. Therefore
the novel approach for stabilization of the image from omni-directional system was proposed.
Human face and hands detection plays an important role in applications such as video
surveillance, human computer interface, face recognition, etc. The wide view angle is
important for this kind of tasks and therefore the omni-directional system is suitable for these
purposes. Two different tracking methods are compared on the various kinds of video
sequences captured by omni-directional system in order to demonstrate the benefits and/or
drawbacks of the omni-directional system and proposed methods. The evaluation scheme was
developed for qualitative and quantitative algorithm description and comparison on different
video sources.
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1 Introduction
Seeing is not a simple process: it is just that vision has evolved over millions of years,
and there was no particular advantage in evolution giving us any indication of the difficulties
of the task. If anything, to have done so would have cluttered our minds with worthless
information and quite probably slowed our reaction times in crucial situations. The humans
are now trying to get machines to do much of their work. For simplest tasks there should be
no particular difficulty in mechanization, but for more complex tasks the machine must be
given our prime sense, that of vision. Efforts have been made to achieve this, sometimes in
modest ways, for well over 30 years. There is in fact a great variety of applications for
artificial vision systems – including, of course, all of those for which we employ our visual
senses. The pace of acquiring information has been lately increasing exponentially. That is the
reason, why they occur in such areas, where no one presumed their utilization.
One of such categories are the meeting recognition systems, which can be included into
multi-party interaction domain. Meetings play a critical role in the everyday life of
organizations, work or research groups. In order to retain the salient points for later reference,
meeting minutes are usually taken. In addition, people are often only peripherally interested in
a meeting; they want to know what happened during it without actually attending. The ability
to browse and skim these types of meetings could be quite valuable. Meeting records are
intended to overcome problems such as poor attention and memory. This branch is mentioned
with aim of capturing such situations.
The monitoring of the meetings usually requires several cameras to capture the whole
scene with each participant. Conventional cameras have a relatively narrow field of view. It
could for instance use a pan-tilt-zoom mechanism to aim the camera in different directions, or
it could rotate its body. Recently, an increased interest in omnidirectional vision for
applications not only in robotics could be noted. Technically, omnidirectional vision,
sometimes also called panoramic vision, can be achieved in various ways. Examples are
cameras with extremely wide angle lenses ("fish-eye"), cameras with hyperbolically curved
mirrors mounted in front of a standard lens (catadioptric imaging), sets of cameras mounted in
a ring- or sphere-like fashion, or an ordinary camera that rotates around an axis and takes a
sequence of images that cover a field of view of 360 degrees. Omnidirectional vision provides
a very large field of view, which has some useful properties. For instance, it can facilitate the
tracking of moving objects in the scene.
What are the potential applications?
Video surveillance, robotic vision, human activity monitoring call for a wide field of
view, and are a natural application for omni-directional systems. While typical surveillance
cameras provide a narrow field-of-view in a single direction, omni-directional technology
offers a simultaneous 360° panoramic perspective of its surroundings. An entire room, a

-4-

Omni-directional image processing for human detection and tracking
parking lot around a building, or any other area can be fully viewed. There are no “blind
spots” between cameras, or areas of image distortion.
Despite of the wide usage, we will aim to monitor participant activity at live meetings,
which are important part of everyday human social life as was stated above. It is convenient to
retain information generated in the meetings for later use. The traditional approach of manual
transcription is time consuming, modern technology can help to automate meeting recording
and processing. The goal is to monitor participant activity in the whole scene and extract
relevant information about movement, gestures, pointing, voting and other human actions.
The first requirement on any engineering design is that it should function. This applies
as much to vision systems as to other parts of engineering. The foremost possibility that
prevents algorithms from operating properly is that - at any stage - important fundamental
factors have not been taken into account. For example, a boundary tracking algorithm can go
wrong because it encounters a part of the boundary that is one pixel too wide and crosses-over
instead of continuing. Of course, these types of problems arise very rarely (i.e., only with
highly specific types of input data). Nevertheless, other stages in the algorithm design are in
the scope of this work. At this stage please imagine that we have a range of algorithms that all
achieve the “good” results on ideal data and that they really work. The next problem is to
compare them critically and, in particular, to find how they react to real data and nasty
realities such as noise that accompany it. These facts may be summed as follows:
•

Noise

•

Background clutter

•

Occlusions

•

Object defects and breakages

•

Effect of stray light, shadows, and glints

•

Optical and perspective distortions

•

Non-uniform lightning and its consequences

In general, algorithms need to be sufficiently robust to overcome these problems.
However, things are not so simple in practice. Most of algorithms in computer vision, not
only for tracking human body parts, are sensitive to several factors as enumerated above. The
omni-directional images have different characteristics than images taken from standard
cameras, which are mostly distinct in the latter. Preprocessing of the omni-directional images
tries to eliminate these aspects to utilize the advantages of such capturing system.
Why the catadioptric system?
A conventional imaging system is severely limited in its field of view, which make it
restrictive for certain applications in computational vision. It is only capable of acquiring
visual information through a relatively small solid angle subtended in front of the image
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detector. Usually, several video cameras are used to capture a large field of view. The biggest
disadvantages of such approaches are difficult installation, hardware demands and higher
price. Another possibility is using software based rotating cameras, which produce high
resolution panoramic images. The main disadvantage is that it is time consuming to acquire a
panoramic image. The use of these methods is limited to static scenes. Today, there exist a
wide range of vision sensors that are specifically designed to capture a panoramic image
instantaneously. Sensors consisting of multiple synchronized directional cameras, each of
them facing a distinct direction can deliver high resolution omnidirectional or panoramic
images in real-time. On the other hand, the computational cost increases with any additional
camera. It is well known that curved mirrors can be used to increase an otherwise limited field
of view. In what follows, we will focus on catadioptric sensors combining a single lens with a
single curved mirror for monitoring human activity because of its mobility, usage of unfixed
mounted devices, easy installation, and a lower price. This kind of monitoring system is
suitable for casual meetings at different places and conditions for which the suggested
algorithms will be specialized.
What are the goals of this work?
Vision algorithms have to account for the specific properties of the particular
omnidirectional imaging sensor setup at hand, which contain theoretical and methodological
challenges, as is the case for catadioptric vision. Other problems such as the geometrical
image distortions caused by the some kinds of mirrors require a suitable adaptation of image
interpretation methods.
The work described in this PhD. thesis is primarily concerned with the use of
omnidirectional vision systems combining cameras with mirrors dedicated to monitor human
activity during meetings. Such a system could allow a similar comparison to standard
perspective cameras yet can overcame their negative drawbacks. As was stated above, the
negative factors, such as optical distortion should be minimized in order to achieve the best
results when it is used for tracking or presenting the image to a human. This implies the main
goal of this thesis is to develop suitable set of methods in order to minimize the distortion in a
transformed image. The comparison of tracking methods to different types of source data is
necessary to test the results of this work. These tests will be performed on the data set
containing recordings from standard perspective cameras and omnidirectional system. The
evaluation protocol and person tracking methods will be suggested for this purpose.
What is the layout of the following chapters?
To help give the reader more perspective on this work, the main text has been divided
into seven parts. The early chapters of this work cover common concepts of the so-called
catadioptric systems and basic principles of image formation which is state of the art in
forming a compact image during a situation in the omnidirectional vision research. Some
chosen image processing methods for circle detection are mentioned. The next chapter
discusses the problem and suggests the set of methods to minimize the distortion in the
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transformed image. In section 4, the techniques stated in the chapter 2 will be modified to
develop the suitable set of methods for omnidirectional image stabilization. Chapter 5 move
on to experimental tests description and results, which aims to demonstrate the benefits and
drawbacks of suggested methods. In section 6, two types of tracking algorithms are discussed.
These algorithms are used for testing of classical perspective camera sequences so that the
panoramic sequences used the omnidirectional system. The evaluation process was designed
to objectively compare the tracking methods on various video sources. The last section of this
work summarizes the achieved results and briefly discusses future work.
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2 Omni-directional system and image
processing
This chapter deals with the state of the art of the image acquisition by panoramic
sensors and image processing methods which are relevant to this work. The content of this
chapter is not summary of this topic in the world, but it points only subjects with direct
relationship with this work.

2.1 Image representation and acquisition
A digital image is a two-dimensional (2D) discrete signal. Mathematically, such signals
can be represented as functions of two independent variables - for example, a brightness
function of two spatial variables. A monochrome digital image f ( x, y ) is a 2D array of
luminance values. Each element of the array is called a pel (picture element), or more
commonly a pixel. A color digital image is typically represented by a triplet of values, one for
each of the color channels, as in the frequently used RGB color scheme. The individual color
values are almost universally 8-bit values, resulting in a total of 3 bytes (or 24 bits) per pixel.
This yields a threefold increase in the storage requirements for color versus monochrome
images. Naturally, there are a number of alternative methods of storing the image data. Most
widely used are the so-called pixel-interleaved (or meshed) and color-interleaved (or planar)
formats. Row-wise or column-wise interleaving methods are less frequent. In a pixelinterleaved format, every image pixel is represented by a list of three values.
The imaging sensors plays important role in the image acquisition. The structure and
operation of the eye is very similar to an electronic camera, which is most often used to
acquire real world images. Both are based on two major components: a lens assembly, and an
imaging sensor. The lens assembly captures a portion of the light emanating from an object,
and focuses it onto the imaging sensor. The imaging sensor then transforms the pattern of
light into a video signal, either electronic or neural. The term focus means there is a one-toone match of every point on the object with a corresponding point on the screen. For example,
consider a 1mm region on the object. In bright light, there are roughly 100 trillion photons of
light striking this one square millimeter area each second. Depending on the characteristics of
the surface, between 1 and 99 percent of these incident light photons will be reflected in
random directions. Only a small portion of these reflected photons will pass through the lens.
For example, only about one-millionth of the reflected light will pass through a one
centimeter diameter lens located 3meters from the object.
Refraction in the lens changes the direction of the individual photons, depending on the
location and angle they strike the glass/air interface. These direction changes cause light
expanding from a single point to return to a single point on the projection screen. All of the
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photons that reflect from the object and pass through the lens are brought back together at the
"object" in the projected image. In a similar way, a portion of the light coming from any point
on the object will pass through the lens, and be focused to a corresponding point in the
projected image.
The most common image sensor used in electronic cameras is the charge coupled device
(CCD). The CCD is an integrated circuit that replaced most vacuum tube cameras in the
1980s, just as transistors replaced vacuum tube amplifiers twenty years ago. The heart of the
CCD is a thin wafer of silicon, typically about 1cm square. However, there is a new CMOS
image sensor that promises to eventually become the image sensor of choice. Both CCD and
CMOS image sensors capture light on a grid of small pixels on their surfaces.

Fig. 1 Single imaging sensor

The output of most sensors is a continuous electrical signal whose amplitude and spatial
behavior are related to the physical phenomenon being sensed. To create a digital image, we
need to convert the continuous sensed data into digital form. This involves two processes:
sampling and quantization. An image may be continuous with respect to the x- and ycoordinates, and also in amplitude. To convert it to digital form, we have to sample the
function in both coordinates and in amplitude. Digitizing the coordinate values is called
sampling. Digitizing the amplitude values is called quantization. The result of sampling and
quantization is a matrix of real numbers. Each element of this matrix array is called an image
element, picture element or pixel as was stated above.
The black-and-white image sensors and cameras can do this only for the brightness
sensation; the very rich perception of color requires additional information. For the best
performance, a color camera is built by providing special beam-splitting optics and by
arranging three black-and-white image sensors so that they see an identical portion of a scene.
Each image sensor is covered with its own color filter, as just described, and together the
three image sensors acquire the complete colorimetric information about a scene. Such threechip color cameras are employed in professional and studio cameras. They are quite
expensive. For these reasons, it is highly desirable to realize a color camera with just one
single black-and-white image sensor and a suitable pattern of pixel-individual color filters on
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top. Among the most used filters belongs 2-D mosaic color filter or Bayer pattern. This kind
of image sensors is mostly used nowadays.

2.2 Panoramic sensors
A variety of omni-directional systems have been developed for purposes in mobile
robot navigation, in visual surveillance or teleconferences. The presented systems consist of
the camera and the convex mirror on the various holder types. The panoramic sensor is meant
as sensor with very large field of view. These new sensors introduce the new exciting
possibility of producing much larger representations of the environment than what is possible
with standard cameras. This is the subject of the following text.
The Computer Vision Laboratory of the Department of Computer Science at Columbia
University headed by Prof. Shree K. Nayar developed OMNICAMERA [Fig. 2 a]. The optics
of the sensor has been designed to ensure that all points in the world are projected through a
single center of projection. This allows their software to generate pure perspective images at
video rate for any user-selected viewing direction and magnification. The Center for Machine
Perception in Prague tried to integrate optical, optoelectronic, hardware, and software
technology to realize a smart visual sensor [Fig. 2 b]. In particular their intention was to
design and realize a low-cost, miniaturized digital camera acquiring panoramic (360 deg)
images [Fig. 2 c] and performing a useful low-level processing on the incoming stream of
images in real-time. Target applications include surveillance, quality control and mobile robot
and vehicle navigation. Omnidirectional Vision Sensor (ODVS) developed by Department of
Computer & Communication Sciences, Wakayama University, Japan directly approximate the
plenoptic representation of the environment.

Fig. 2 a) Omnicamera developed by Prof. Shree K. Nyar b) Standard perspective camera

with hyperbolic mirror (CMP Prague) c) O-360 panoramic optics d) ODVS from
Wakayama University
A lot of companies produce additional systems for capturing a larger field of view. The
0-360 One-Click Panoramic Optic can be one of them. This equipment [Fig. 2 d] is a specially
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designed camera panorama lens attachment, with an exclusive optical reflector which captures
an entire 360 degree panorama with a single shot.
This chapter presents only a fragment of all existing systems. Various universities, labs
and companies are involved in the development and exploitation of panoramic cameras and
produce several types of such systems.

2.3 The history of panoramic sensors
Panoramic cameras have been produced for at least 160 years in various types and sizes
around the world. The most of these historical items was founded in the United States patents
library. The following list contains only the most interesting and respective to the topic of this
work.

1843
Joseph Puchberger of Retz, Austria, patented a hand crank driven swing lens panoramic
camera that used daguerrotype plates 19 to 24 inches long. Camera had an 8-inch focal length
lens and covered a 150 degree arc.

1909
Louis Henry Kleinschmidt patented an apparatus for producing topographic views,
which is basically a camera coupled with a conical mirror, but the camera is also designed to
rotate.

1927
James C. Karnes patented an Omniscope, which appears to be a periscope equipped
with a parabolic mirror for panoramic viewing, with a hole in the parabola, where the viewer
would see themselves. This hole has been augmented with a prism, so that this region may
contain the image of something useful, such as an unseen portion of the scene or a compass.

1939
James S. Conant's patent describes several catadioptric sensors, using spherical,
parabolic and conical mirrors, and also some projection/screen inventions. Conant proposes
using a conical mirror so that the camera does not appear in the image, and so that the film is
used more efficiently. (What Conant means by conical though is any mirror that is a surface
of revolution that does not have a horizontal tangent at its lowest point.) This is probable the
first occurrence of a sensor being designed to maximize image quality.

1943
Frank Benford patented an apparatus employed in computing illuminations. This is one
of the most interesting of the old patents. Benford is interested in radiometry - the goal is to
build a catadioptric sensor with a mirror shape designed to make it easy to measure the
amount of illumination from a light source. While he doesn't give explicit equations he says
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that the curvature of the mirror is such that the area of the image of a spherical source should
be proportional to a certain other projection of the source, which is related to its illuminance.

Fig. 3 F.Benford – Apparatus Employed in Computing Illumination

1961
Ernest Stechemesser points that the problem of non-uniform resolution that occurs when
images are created using spherical, parabolic or conical mirrors and reprojected onto a
spherical or cylindrical screen. The solution he proposes is to use as a mirror as a surface of
revolution with a pointy bottom, i.e., the surface is formed by rotating a curve about an axis
and the curve is not normal to the axis at the intersection point. An explicit curve is not
mentioned.

1962
Donald W. Rees probably was first, who made use of the single viewpoint properties to
“unwrap” an image. Rees proposes a camera/hyperbolic mirror combination, with the center
of projection of the camera placed at the lower focus of the mirror. The image is then
projected onto an elliptical (360 degree) viewing screen that presents the images to the
operator.

1973
The Pinzone’s invention “Reflectors and Mounts for Panoramic Optical Systems”
consists of a spherical mirror joined to a small conical mirror at its bottom and supported by a
single central post that is screwed into the center of the camera lens.

1981
Don G. King patented the “Panoramic Zoom Lens Assembly”. This design is a mirror
(any surface of revolution) with a movable lens system beneath it that can zoom in on it. The
"annular" image is to be transformed into a rectangular one with another of King's inventions.
The annular image is projected upon the target surface of a video camera and is scanned in a
horizontal scanning pattern. The image reproduced in the video receiver is an exact duplicate
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of the annular image including a central region of the raster surface of the video receiving
tube which is unused. In order to make efficient use of the raster surface of the video picture
tube, the annular image is "spread" or transformed into a rectangular image in which the
complete panoramic view is portrayed on the receiver screen without image inversion.

Fig. 4 Reflectors and Mounts for Panoramic Optical Systems

1990
Shree K. Nayar patented the “Robotic vision system”. This invention pertains to a
robotic vision system for identifying the location of objects. Robotic vision system includes a
device for recording images. Each of the n elements is disposed at a predetermined position
such that each of the n elements is in view of the recording device and reflections of objects
from each of the n elements is received by the recording device.

1993
Ian Powell patented the “Panoramic lens”. A panoramic imaging system for projecting a
360 degree cylindrical field of view onto a two-dimensional annular format has a panoramic
imaging block with a concentric axis of symmetry, two refractive surfaces and two reflective
surfaces. The first reflective surface is a concave conicoid. The second refractive surface (the
last in the path of rays) is flat, while the first reflective surface, the second reflective surface
and the first refractive surface are all spherical.

1997
Simon Baker and Shree K. Nyar presented a theory of single-viewpoint catadioptric
image formation [19].

2001
S. Gaechter, T. Pajdla, and B. Micusik presented the mirror design for an
omnidirectional camera with a space variant imager called SVAVISCA [22].
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2.4 State of the art of the omnidirectional systems
Omnidirectional video cameras are becoming increasingly popular in computer vision.
Today, video surveillance and monitoring systems rely heavily on conventional imaging
systems as sources of visual information. A conventional imaging system is severely limited
in its field of view. It is only capable of acquiring visual information through a relatively
small solid angle subtended in front of the image detector. To alleviate this problem,
pan/tilt/zoom camera systems are often employed. Though this enables a remote user to
control the viewing direction of the sensor, at any given instant, the field of view remains very
limited. In short, conventional systems have blind areas that are far larger than their visible
areas. The goal of the omnidirectional research program at Columbia University and Lehigh
University is to create novel omnidirectional video sensors, develop algorithms for
omnidirectional visual processing, and use these sensors and algorithms to build intelligent
surveillance systems [19]. Their approach is to incorporate reflecting surfaces (mirrors) into
conventional imaging systems that use lenses. This is what we refer to as catadioptric imaging
system. It is easy to see that the field of view in a catadioptric system can be varied by
changing the shape of the used mirror. However, the entire imaging system must have a single
effective viewpoint to permit the generation of pure perspective images from a sensed image.
At Columbia University, a new camera with a hemispherical field of view has been
developed. Two such cameras can be placed back-to-back, without violating the single
viewpoint constraint, to arrive at a truly omnidirectional sensor. Columbia's camera uses an
optimized optical design that includes a parabolic mirror and a telecentric lens. It turns out
that, in order to achieve high optical performance (resolution, for example), the mirror and the
imaging lens system must be matched and the device must be carefully implemented.
Recently, an increased interest in omnidirectional vision for applications in robotics
could be noted. Fraunhofer Institute deals with the localization of robots in an indoor office
environment using an omnidirectional camera. After learning the office environment from
training images, taken at certain known positions, a current image is compared to the training
set by an approach called „Appearance based matching“. Appropriate classification strategies
yield an estimate of the robot's current position. For this work, the original catadioptric
images were rectified and clipped. Splitting the rectified images into single, separately
matched sectors led to an increased robustness with respect to two phenomena: partial
occlusions of the scene and rotational differences between the robot's pose at the current
position compared to the robot's pose at the next reference position of the training phase. One
of the aims of this work is to investigate methods to calculate a reliable optical flow on the
distorted catadioptric images. Robot control in a highly dynamic environment is a real-time
sensory data acquisition and processing task. The surrounding scene of the robot is rapidly
changing and there is a need to continuously search for the most relevant information
regarding the robots navigation task. The fusion of sensory information by the use of an
external arbiter, e.g., optical flow calculated from an omni-vision system, could in this case
direct fast sensory cues that operate on smaller fields of view. In initial experiments the
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integration of omni-vision and optical analog VLSI processing elements show promising
results and the research goal is to investigate this kind of implementations for fast reactive
vision based mobile robotics applications[15][23][25][27].
The Center for Machine Perception in Prague is interested in several cues concerning to
the omni-directional vision. They are focused on the foundations of panoramic stereo vision
by presenting the analysis of epipolar geometry for panoramic cameras. The panoramic
cameras with convex hyperbolic or parabolic mirror, so called central panoramic cameras,
allow the epipolar geometry as perspective cameras. Motion estimation from panoramic
images requires one to design a practical panoramic camera with a simple mathematical
model. It proposes method for its calibration, developing the epipolar geometry for panoramic
images, and employs the algorithms for motion estimation. In an attempt to speed up the
search and explore efficient search methods for the correspondences of panoramic images,
one calls for analyzing of the shape of the epipolar curves in order to locate the corresponding
points and to study the epipolar alignment of the panoramic images. The other task is the
estimation of omnidirectional camera model from epipolar geometry. The authors try to
estimate parameters of a nonlinear omnidirectional camera model from automatically
established image correspondences[21][14] whereas no assumptions about the scene, besides
rigidity (e.g. no calibration object) are mentioned.
In the past few years, many researchers have been attempting to find various ways to
lessen problems in meetings. Xerox has developed a media-enabled conference room
equipped with cameras and microphones to capture audio-visual content. The NIST Smart
Space Lab set up another smart meeting room. At Microsoft research, some work has been
conducted on capturing small group meetings using a ring camera. The University of
California, San Diego has also developed a meeting system equipped with several fixed
calibrated cameras, some active cameras, and several omnidirectional cameras.The system is
able to track people in the room and recognizes their faces. The Interactive Systems
Laboratory of Carnegie Mellon University and Universität Karlsruhe have been developing
technologies for intelligent meeting room since 1997 by exploiting the omnidirectional
systems to tracking meeting participants. This work will continue in this direction.

2.5 Types of central catadioptric cameras
Two different types of panoramic cameras are usually used. One central panoramic
camera consists of an ordinary perspective camera and a hyperbolic mirror. An orthographic
camera and parabolic create the second type. The orthographic projection in Fig. 5 can be
modeled by rays which travel parallel to the optical axis. Second image in Fig. 5 depicts the
perspective projection through one point called a pinhole. Further, we will consider only
system consisting of the perspective camera and mirror.
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Fig. 5 a) Orthogonal system b) Perspective system

The rotational symmetry of the omni-directional images immediately suggests the
adequacy of using a polar pixel distribution. One possibility is to use SVAVISCA log-polar
sensor developed at DIST, University of Genova, characterized by a log-polar pixel
distribution. Hence, using this image sensor has two main advantages:
Panoramic images can be directly read out from the sensor without the need of any
geometric transformations. The panoramic image will have constant horizontal resolution due
to the fact that the log-polar sensor is organized as concentric rings with a constant number of
pixels. On the other side, this type of sensor is very expensive and photosensitivity dependent
on the pixel size. It does not ensure camera and mirror coincidence, a big distortion originates
and it is not possible to remove it additionally.

2.6 Mirror Design
The image formation model of a catadioptric omnidirectional camera is determined by
the shape of the mirror. One can design the shape of the mirror in such a way that certain
world-to-image geometric properties are preserved - which we will refer to as linear
projection properties. The shape of the mirror determines the direction in which rays
originating in the camera are reflected.
The family of mirror shapes which can be “theoretically” used to construct central
catadioptric vision systems is derived in [19]. If z(r) is the profile of the mirror shape, where z
denotes the height and r = x 2 + y 2 is the radius, the complete family of mirrors is given by
the profile equations:
2
c

 c t −2
2 t
 z −  − r  − 1 = 

2

2  4  t 
2

c
c 2   2t + c 2

2
 z −  + r 1 +  = 
2
2t   4


2





(t ≥ 2)

(1)

(0 p t p 2)

(2)

where c denotes the distance between the pinhole of the camera and the effective
viewpoint, and t is a constant of integration. For t > 2 and c > 0 a hyperboloid is obtained. A
hyperboloid is defined by the locus of points for which the distance between two fixed points,
called the foci F and F’, is constant. When a hyperboloid is used to construct a catadioptric
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vision system, focus F lies inside the mirror. When t → ∞, c → ∞ and c / t = h is a constant,
equation 1 describes a paraboloid. Other solutions of equation 1 describe a plane, a sphere, a
cone and an ellipse. If t = 2 and c > 0, equation 1 is reduced to the equation of a plane. If c = 0
and t > 0, equation 1 describes a spherical mirror, and for c = 0 and t ¸ 2 it describes a conical
mirror. These mirror shapes cannot be used to construct a catadioptric system with a single
effective viewpoint in practice because when c = 0 the effective pinhole and the effective
viewpoint coincide.
The choice of properties that should be preserved by the catadioptric imaging system is
naturally related to the specific application. Table [Tab. 1] shows some of existing mirror
profiles and their properties. The spherical mirror does not require a long focal depth for
acquiring a focused image. That is, the spherical mirror is superior for making low cost omnidirectional systems which can generate clear images. However, the acquired image with the
spherical mirror does not have a single center of projection and cannot be transformed into
normal perspective images. Although the system with such mirror can observe over the
horizontal plane, the image is distorted in the peripheral.

Mirror

Cost Astigmatism

Focal
depth

Vertical
viewing
angle

Single
center of
projection

Lens

Spherical

Low

Small

Short

-90..10

No

Normal

Conic

Low

Large

Long

-45..45

No

Normal

Hyperbolic
with a small
curvature

High

Small

Short

-90..10

Yes

Normal

Hyperbolic
with a large
curvature

High

Large

Long

-90..45

Yes

Normal

Parabolic
with a small
curvature

High

Small

Short

-90..10

Yes

Telecentric

Parabolic
with a large
curvature

High

Large

Short

-90..45

Yes

Telecentric

Tab. 1 Comparison between various mirrors

A conic mirror is the second to spherical mirror that can be easily manufactured. The
feature of the conic mirror is normal reflection in the vertical direction. Therefore, it is easy to
combine several mirrors. However, the astigmatism is large and the captured image can not be
transformed into normal perspective image as spherical mirror. Further, it needs a long focal
depth in order to acquire focused images. A spherical mirror has a focal point like a normal
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lens; on the other hand, the conical mirror does not have it and needs a lens which is
positioned close to a pinhole.
Next important mirror profile is a hyperboloid, which will be discussed further in the
text. An image captured with this mirror can be transformed to normal perspective, cylindrical
images and so on. Further, if the curvature is small, the astigmatism is not so large. When
careful alignment of the camera and the mirror is ensured, and the pinhole of the camera
coincides with focal point F’, an omnidirectional vision sensor with a single effective
viewpoint at F is obtained. This kind of mirror is the best for optical systems using normal
cameras.
An ideal optical system can also be realized with a parabola mirror and telecentric lens.
Rays passing through the focus of the paraboloid are reflected in a direction parallel to the
mirror axis of symmetry. The paraboloid can be used to construct a central catadioptric
system if the projection of the mirror into the image can be modeled by an orthographic,
instead of a perspective, projection. This can be achieved by using a telecentric lens, which
can be regarded as a lens whose focal point lies at infinity. The paraboloid based system has
several advantages over a hyperboloid based system. Since the projection is orthogonal, the
distance between the mirror and the lens can be set flexibly in the design and the lens
eliminates internal reflections of a glass cylinder or sphere which supports the mirror.
However, it is a demerit to make a compact and low cost system by using the telecentric lens.
This kind of lenses are generally expensive and they are not small.
In some cases, we expect the linear projection properties, which can be categorized into
three main types [Fig. 6]:

Constant vertical resolution – This design constraint aims to produce images, where
objects at affixed distance from the camera’s optical axis will always be the same size in the
image, independent of its vertical coordinates. In other words, if we consider a cylinder of
radius C around the camera optical axis, we want to ensure that ratios of distances, measured
in the vertical direction along the surface of the cylinder, remain unchanged when measured
in the image. Such invariance should be obtained by adequately designing the mirror profile.
Constant horizontal resolution – The constant horizontal resolution ensures that the
ground plane is imaged under a scaled Euclidean transformation. As such, it greatly facilitates
the measurement of distances and angles directly from the image as well as easier tracking of
objects lying on the pavement or table (depends on the mirror position).
Constant angular resolution - Equally spaced points on a meridian of a sphere are
mapped linearly in the image plane.
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C

C
C

Fig. 6 Comparison of different projection types a) vertical b) horizontal c ) angular

Combination of first two approaches is a so called “Mixed Mirror”, where the one part
of the image sensor is used to obtain a constant vertical resolution image, while the other part
is devoted to yield a constant horizontal resolution image. In this case, both the differential
constraints on the mirror shape resulting from the two design goals are combined together in a
single profile. A very important property of an omni directional system is its resolution.
Uniform resolution in part of image view can be achieved if it is ensured that ratios of
distances measured in the vertical direction along the surface of the cylinder would remain
unchanged when measured in the image.
Another important property of such designed mirrors is distance sensitivity [17]. This
value determines how the linear projection properties degrade for objects laying at distinct
distances than those considered for the design. Since we know the geometry of the
catadioptric system, we can compute direction of light passing through the viewpoint for each
pixel. In this case, single effective viewpoint permits the construction of geometrically correct
panoramic images as well as perspective [19]. The first criterion of the constant vertical
resolution as also the distance sensitivity will be important for further work.

2.7 Catadioptric system description
Nayar (1997) gave the first formal treatment of catadioptric systems with a single
viewpoint in the context of computer vision. A catadioptric instrument is an optical system
combining reflective (catoptric) and refractive (dioptric) elements (Hecht and Zajac, 1997).
The term catadioptric sensor is used for sensors consisting of cameras and mirrors.
Catadioptric sensors are sometimes also known as omnidirectional sensors, although this
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terminology is misleading, since they rarely are omnidirectional in the sense that they capture
an image in all directions. Generally, but not always, the mirrors are rotationally symmetric
and convex. Central catadioptric sensors are the class of these devices having a single
effective viewpoint [14]. The reason a single viewpoint is so desirable is that it is a
requirement for the generation of pure perspective images from the sensed images. This
requirement ensures that the visual sensor only measures the intensity of light passing through
a projection center. It is highly desirable that the omnidirectional sensor have a single
effective center of projection, i.e. a single point through which all the chief rays of the
imaging system pass. This center of projection serves as the effective pinhole (or viewpoint)
of the omnidirectional sensor. Since all scene points are "seen" from this single viewpoint,
pure perspective images that are distortion free (like those seen from a traditional imaging
system) can be constructed via suitable image transformation.
In this work, the system consisting of an ordinary perspective video camera equipped
with a various mirrors will be studied. Such system allows the capturing of a large portion of
the space angle, usually 360x105 degrees field of view.

Fig. 7

a) Demonstration set-up with conventional camera and mirror holder b) optimal
camera and lens configuration

Two setups exist for capturing such images: mirror above/below the camera. The mirror
above the camera is usually used for mobile robots for terrain observing. The second setup is
more suitable for capturing people sitting around the table. Before further processing, each
image is transformed to a standard perspective or panoramic view. The omni-directional
image has different features as image captured by standard camera. Vertical resolution of the
transformed image has usually non-uniform distribution. The circle which covers the highest
number of pixels is projected from the border of the mirror, which means that the transformed
image resolution is decreasing towards the mirror center. If the image is to be presented to a
human, it needs to be a perspective/panoramic image so as not to appear distorted. Other
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issues become more important, when we want further process the image, as spatial resolution,
sensor size and ease of mapping between the omni directional images and the scene. We will
show suitable methods for image transformation into panoramic or perspective image in the
next chapters.

2.8 System calibration
Camera calibration is the process of determining the internal camera geometric and
optical characteristics (intrinsic parameters) and the 3-dimensional position and orientation of
the camera frame relative to a certain frame of reference (extrinsic parameters). Calibration of
the omni-directional vision sensor can be done in two steps. First, the perspective camera can
be calibrated by a conventional camera calibration method. More information is in the
following chapter.
The next step involves positioning the camera with respect to the mirror in such a way
that the single effective viewpoint property is obtained. Svoboda [21] proposes the method,
where the mirror parameters are accurately known from manufacturing, and the intrinsic
camera parameters have been estimated reliably. By design, the desired height and the radius
of the mirror rim are known. The perspective camera model can then be used to predict the
image of the mirror edge as it should be observed when the camera is positioned correctly
with respect to the mirror. By overlaying the prediction in a live video window, the camera
position can be adjusted manually so as to obtain an accurate registration of the observed and
the predicted mirror rim.
In some cases, the special holder can be used to mount the mirror precisely against the
camera. These holders are designed to accommodate a huge variety of cameras, lenses, and
mirrors. Therefore, the mirror holder enables movement of the mirror image on the camera
plane in all three directions. It means that camera distance from the mirror, vertical mirror
position regarding to the camera plane and camera rotation in horizontal axis can be adjusted.
The camera has usually also manual zooming (focal length setting). All these parameters can
vary slightly from session to session. Performing full camera calibration each session is time
consuming and cumbersome process. Furthermore, the principal point (projection of the
camera frame Z-axis into the image) is known to be difficult to estimate reliably. Instead,
automatic system calibration approach is suggested, which re-estimates the focal length and
the principal point of the camera as well as precise mirror image position on the camera plane.
This process is described in the section 4.1. Bunschoten [38] used for this purpose manual
selection of the mirror’s rim from the image. The proposed approach is fully automatic and
serves for real-time image stabilization at the same time.

2.9 Perspective camera calibration
To calibrate the camera, 3-dimensional coordinates of reference control points on a
calibration target and corresponding 2-D coordinates of the image observation are required.
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The patterned checker-board is usually used for this purpose, where the corners or other
marks act as control points. These marks are chosen in order to achieve the simple and
accurate detection without user’s interaction. Camera calibration involves minimizing the
error between measured positions of control points and the positions of the control points as
predicted by the camera model as a function of the camera model parameters. Various
calibration methods have been presented in the literature. The most commonly used camera
calibration method is perhaps the DLT (direct linear transformation) method originally
reported by Abdel-Aziz and Karara (1971). The result of camera calibration is an explicit
transformation that maps a 3D world point M = ( X , Y , Z , l ) T into a 2D pixel m = (u , v, l ) T .
This mapping can be represented by a 3x4 projection matrix, P, that encompasses 11 physical
parameters: rotation angles R x , R y , R z , translations t x , t y , t z , the coordinates of the principal

point (u 0 , v 0 ) , two scale factors a u , a v and the skewness c between the image axes. At least 6
points are required for a unique solution, but usually many more points are used in a least
squares optimization that minimizes the effects of measurement uncertainty.
Recording images using a camera is equivalent to mapping object point O in the object
space to image point in the projection plane. The projection plane is called image plane. Point
N is the projection center.

Fig. 8 Object-space reference frame (the XYZ-system) and image-plane reference frame

(the UV-system)
The optical system of the camera maps point O in the object space to image I in the
image plane. [x, y, z] are the object-space coordinates of point O while [u, v] are the imageplane coordinates of the image point I. Points I, N & O thus are collinear. This is the so-called
collinearity condition, the basis of the DLT method[41].
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Fig. 9 Principal point

A new point P, the principal point, is introduced in Fig. 9. The line drawn from the
projection center N to the image plane, parallel to axis W and perpendicular to the image
plane, is called the principal axis and the principal point is the intersection of the principal
axis with the image plane. The principal distance d is the distance between points P and N.
Assuming the image plane coordinates of the principal point to be [u 0 , v0 ,0] , the position of
point N in the image-plane reference frame becomes [u 0 , v0 , d ] . Vector B drawn from point N

to I is becomes [u − u 0 , v − v.0 ,− d ] . Now, assume that the position of the projection center (N)

in the object-space reference frame to be [x0 , y 0 , z 0 ] (Fig. 9). Vector A drawn from N to O

then becomes [x − x0 , y − y 0 , z − z 0 ]. Since points O, I, and N are collinear, vectors A and B

form a single straight line. The collinearity condition is simply equivalent to the vector
expression:
B = cA

(1)

where c = a scaling scalar. Note here that vectors A and B were originally described in
the object-space reference frame and the image-plane reference frame, respectively. In order
to directly relate the coordinates, it is necessary to describe them in a common reference
frame. One good way to do this is to transform vector A to the image-plane reference frame:

u − u 0 
 r11
 v − v  = c r
0

 21
 − d 
r31

r12
r22
r32

r13   x − x0 
r23   y − y 0 
r33   z − z 0 

(2)

From equation (2), we obtain:

u − u 0 = −d

r11 ( x − x0 ) + r12 ( y − y 0 ) + r13 ( z − z 0 )
r31 ( x − x0 ) + r32 ( y − y 0 ) + r33 ( z − z 0 )

(3)

v − v0 = −d

r21 ( x − x0 ) + r22 ( y − y 0 ) + r23 ( z − z 0 )
r31 ( x − x0 ) + r32 ( y − y 0 ) + r33 ( z − z 0 )

(4)

Note that u, v, u 0 and v0 in equation 3 & 4 are the image plane coordinates in the reallife length unit, such as cm. In reality, however, the digitization system may use different
length units, such as pixels, and we must accommodate this:
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u − u 0 ⇒ λu (u − u 0 )
v − v 0 ⇒ λ v (v − v 0 )

(5)

where [λu , λ v ] are the unit conversion factors for the U and V axis, respectively.

2.10 Simple unwrapping
The simplest transformation uses unwrapping of the source image. The system
calibration parameters as focal length, mirror profile equation and projection plane are not
necessary. Such transformation is especially useful, when we have not possibility to extract
these parameters. Another possibility is using mirror with constant vertical resolution for
panoramic image capturing, which do not cause the distortion in the resulting image. In other
cases, the distortion can occur and depends on the mirror profile.
The necessary parameters for simple unwrapping are center and radius of the projected
circle from the mirror border. The transformation of the output coordinates to coordinates of
the captured image can be written as:

x M = CenterX + cos(
yM

x
2πROUTER

+ Offset ) * ( RINNER + y )

x
= CenterY + sin(
+ Offset ) * ( RINNER + y )
2πROUTER

(1)

where Offset parameter defines the origin of the transformed panoramic image.
Parameters ROUTER and RINNER are radii of the outer and inner projected mirror border, which
define the transformation restriction. The last parameters CenterX and CenterY specify the
circle center, which is projected by the mirror to the camera image. Horizontal size of the
panoramic view is computed as perimeter 2π ( ROUTER − RINNER ) and vertical size is given by
radius difference ROUTER − RINNER .

Fig. 10 Simple unrolling transformation

The calculated pixels in the camera image do not correspond exactly “one to one” to the
pixels of projected image so sub pixel anti-aliasing methods should be used. In the
applications as outlined in forthcoming chapters, the bi-linear interpolation method willbe
used that may lead to aliasing in case the catadioptric image is under-sampled. A form of
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space variant filtering is required to resolve this issue. The issue has received little attention in
panoramic vision literature and could be an interesting direction for future research. This
problem can be solved by over-sampled transformation of the images. The other solution can
be a use of the 3D graphics card with anisotropic filtering as hardware for image
transformations.

2.11 Geometric image formation
Geometry knowledge of the catadioptric system with single effective point enables
correct transformation of the mirror image into the suitable form – panoramic, perspective etc.
Firstly, we focus on the correct panoramic image transformation. One of the approaches is to
use geometrical properties of the mirror for image projection on the cylindrical plane around
the main mirror axis. Due to the rotational symmetry of the system we only need to know
information about the mirror profile. The image formation can be expressed as a composition
of coordinate transformations and projections. We want to find the relationship between the
real world point and the point on the camera image plane. The mirror coordinate system is
centered at the focal point F and the hyperbolic mirror is defined by the equation:

( y − e )2
a2

−

x2
= 1,
b2

(2)

where a, b are mirror parameters and e = a 2 + b 2 signifies eccentricity. The camera
center has to coincide with the second focal point of the mirror to preserve the single effective
viewpoint. The effective projection center is behind the mirror and its distance to the camera
center is equal twice the eccentricity. The geometry of the image formation in the
omnidirectional catadioptric camera is shown in Fig. 10. Catadioptric projections are subset of
a general type of projections. In a central catadioptric projection, a point is first projected to
the mirror through its focal point and then this point is projected to an image plane from the
second focus. However, there is still distortion caused by different position of observed
objects.

Central catadioptric system
Let us consider projection cylinder of radius d, where cylinder axis is aligned with the
camera and mirror optical axis. This projection is computed from the cylindrical plane to the
camera image plane. There are essentially three coordinate systems. The world system
centered at the point X on the projected cylinder, the mirror system centered at F so that the yaxis coincide with the mirror axis and the camera coordinate system centered at the second
focal point F’ with z-axis corresponding to the optical axis of the camera. We will use only 2dimensional model, because the proposed system is rotationally symmetric. The ray
projections will be computed in the plane demarcated by the ray and the catadioptric system
axis. The whole projection is then computed by plane rotation around this axis.
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Fig. 11 Imaging model of central panoramic camera with hyperbolic mirror

The center of the coordinate system is chosen in the mirror focal point F. Line v1 goes
through the real point X on the cylindrical plane and through the focal point F of the mirror.
The line equation is y = qx . Then, we compute the intersection point X M on the mirror with
the line v1 . The quadratic equation after induction into mirror profile equation is following:
x M2 (b 2 q 2 − a 2 ) − 2 x M qeb 2 + b 2 e 2 − a 2 b 2 = 0

(3)

The root x, which presents the x-coordinate of the mirror point, is computed from
equation (3). Two possible solutions that represent two ray intersections with the mirror exist
and from them the proper one is used to compute ray reflection.
x M 1, 2 =

2qeb ± 2ab e 2 + q 2 − a 2
2(b 2 q 2 − a 2 )

(4)

The computed x-coordinate is transformed through the camera center F’. The camera
projection parameters must be known for this purpose. The distance y1 between the camera
focus F’ and the camera plane is computed to calibrate the camera projection. The Ri is radius
of the projected mirror border in the camera plane (captured image) and the RM is the real
mirror radius. The equation to compute desired distances [Fig. 11b] between the camera
center F’ is following:
a RM2 + b 2
Ri
y1 =
y 2 where y 2 = (2e +
)
b
RM

(5)

The y 2 length is computed as sum of the double eccentricity and y-coordinate of the
mirror border. Because the 2-dimensional model is used, the point on the camera plane is
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represented by vector. The size of this vector, whose angle α is given by plane in which lays
the projected ray, is computed as:

y
r
c = xM 2
y1

(6)

The x M is the x-coordinate of the mirror point intersection computed from equation 3.

The final points on the camera plane [x c , y c ] are computed from these two equations:

r
xC = CenterX + c cos(α )
r
yC = CenterY + c sin(α )

(7)

where [CenterX , CenterY ] are center coordinates of the projected mirror and angle α is
given by plane with ray regarding the coordinate origin, which is described above.
The vertical field of the view is given by the distance d and by the “minimal and
maximal” projection rays [Fig. 12]. The boundary points on the mirror define these rays. The
first point is the one on the mirror border and the second is selected from the dependence on
the inner radius. This radius specifies inner mirror area with very small spatial resolution,
which is not transformed.

ymax
d

Small spatial
resolution area

ymin

Fig. 12 Vertical field of view determination

The “maximal and minimal” rays reflected from the mirror can be computed as
projection from the mirror focal point F through the mirror inner and outer border. The ycoordinate of the intersected points on the mirror is computed as:

a x2 + b2
y=
−e,
b
where x is the mirror radius RM for computation of the maximal y
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y max =

d
y
RM

(9)

or inner radius Ri for computation of the minimal y
y min =

d
y.
Ri

(10)

The rays going through these points and mirror focal point F determine the vertical field
of view.

Perspective projection
A perspective image is suitable for many computer vision applications to e.g. for a
human observer. That is the reason; why we want to transform the image captured by the
omnidirectional system into the perspective view. The geometry of the catadioptric system
and a projection plane is depicted in [Fig. 13]. It consists of image plane, the plane in which
the image is formed by an operation called perspective projection and the mirror focus F,
located at the distance d from the image plane. The optical axis of the perspective projection
is the line passing through the mirror focus F and that is perpendicular to the image plane.
It is assumed that the transformation geometry of the ray from the camera plane into the
point on the mirror is known from the previous chapter. It is necessary to determine the
perspective projection of these rays into the image plane; please see [Fig. 13].
Firstly, the size of the projection plane must be defined and aligned with mirror
coordinate system for which the reflected rays are defined. The perspective image plane with
[Width, Height] proportions, distance d p and the horizontal view angle α defines mutual
relationship:

dp =

Width

(11)

α

2 tan( )
2

d
d
F

F

Fig. 13 Perspective projection of the rays going through the mirror center

The alignment of the perspective image plane regarding the mirror system is given by
the view angle α for horizontal direction and by the y min and y max derived from equations
(9),(10) for vertical direction. This projection is constructed by using planes onto which the
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reflected ray and the main mirror axis lies. The value d represents the orthogonal distance
between image plane and the mirror focus.
This distance d depends on the projected point, on the projected plane and therefore the
distance changes according to the x-position on the perspective plane.
2

 Width

d= 
− x  + d p2
 2


(12)

The vertical direction of incoming ray is then computed from the line going trough the
point on the projection plane and mirror focus. This direction is affected by the orthogonal
distance d of the projected point and the mirror focus F. The coordinates of the point which
lies on the projection plane are x p , y p . The slope of the incoming ray in vertical direction

[

]

regarding to the main mirror axis is then computed as:
q=

y max − y p
d

or q =

y min + y p

(13)

d

The computation procedure of the ray intersection with the mirror and reflected
projection ray on the camera plane is the same as in previous chapter. The angle between the
plane with rays and mirror coordinate origin is computed for perspective projection as:

α=

αE +αB
2

 Width − 2 x p
+ arctan

2d p







(14)

The angles α B and α E determine the minimal and the maximal horizontal angle of the
perspective projection. The computed angle α is inducted into equation (7). The size of the
r
vector c is computed by using equations (4), (5) and (6) by induction of the q from the
equation (13).

Non-central catadioptric system
In practice, however, catadioptric cameras are not central. The most common reasons
are i) a perspective camera is not placed in one of the focal length points of hyperbolic or
elliptical mirror, or ii) the mirror shape, e.g. a sphere or uniform resolution mirrors, are
designed so that they do not posses a single viewpoint property. All the above may cause that
the catadioptric camera becomes non-central and there is no single viewpoint from which all
rays would emanate. Using the central camera model for a non-central camera leads to an
inaccurate determination of 3D rays corresponding to image points. The solution is to derive
the correct non-central camera model capturing the true distribution of reflected rays. When
the high correspondence accuracy between 3D real world points and image points is not
needed such as for human presentation or tracking purposes, the approximation methods can
achieve sufficient results.
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Fig. 14 Imaging model of non-central catadioptric system

Let us derive a general imaging model for a non-central catadioptric camera system.
The technique of the derivation is in some steps similar to the derivation of the central
catadioptric camera model that was presented in previous chapters. Let us consider a
Cartesian world coordinate system W. A Cartesian coordinate system of a mirror, placed in
the point F, is rotated and translated by Rm ∈ R 3 x 3 and t m ∈ R 3 x1 . A Cartesian coordinate
system of a perspective camera, placed in the optical center C, is related to the mirror
coordinate system by Rc and t c .
A conventional perspective camera projects a 3D point x on the mirror surface into the
image plane by the standard projection equation:
v 2 = λRCT K −1u + t C ,

(15)

where u is a point on the image plane(its origin lies in the center C) and λ defines the
ray slope. We will consider the 2D dimensional case in the plane coincident with system
optical axis and emitted ray. This simplification is possible with regard to the rotational
symmetry of the mirror. Parameterization of the mirror surface is an essential step towards
computing the intersection with the ray and mainly the computation of surface normal. The
mirror profile is interpolated by suitable curve f (x) . Therefore the computation of
intersection will not be presented here, because it depends on the type of used curve f (x) .
We will consider the intersected point on the mirror X M . The ray ν 2 is reflected at the point

X M by the mirror such that the angles γ of incident and coincident rays to the surface normal
are equal.
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The gradient of the normal line to the mirror surface in the mirror point X M is given by
g=−

1
f ′( x)

which defines the normalized form of the curve normal nˆ =

(16)

n
(for more information
n

see[23]). The directional vector of the reflected ray v1 can be computed as
v1 = RCT K −1u − 2(( RCT K −1u )nˆ )nˆ .

(18)

When an imaging system does not maintain a single viewpoint, a locus of viewpoints in
three dimensions is formed, called a caustic. For dioptric systems this is termed as a
diacaustic and for catadioptric systems as a catacaustic. The caustic represents the envelope of
all incoming scene rays, which are eventually imaged. Each pixel in the image maps to a point
on the caustic surface. Also, every point on the caustic maps to a unique light ray from the
scene that eventually gets imaged. Thus, caustics completely describe the geometry of an
imaging system. With respect to imaging devices, caustics represent their loci of viewpoints.
The single viewpoint is a degenerate case of a point caustic. Each point on the caustic surface
represents the three-dimensional position of a viewpoint and its viewing direction. Thus, the
caustic completely describes the geometry of the camera [23].

Fig. 15 Section of the reflector showing incident rays from the scene reflected into the lens
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The geometric description of how the caustic originates, is depicted on the Fig. 15.
Since we know the geometry of the mirror(reflector), its surface normal can be derived
analytically. The incident ray Vi (t ) is tangential to the caustic surface. At the caustic point, if
we travel infinitesimally along Vi (t ) , we would also move from one ray onto the next. This is
due to the close bunching of extended incoming rays at the caustic surface.
We pose the problem of creating a spherical or cylindrical panorama from the image
acquired from a non-single viewpoint sensor. In such cases, a single center of projection is
assumed. Since our sensor does not have a single center of projection, parallax effects are
introduced in the panorama.

Perspective projection for non-central system
The basic of this projection is the same as in the case of central systems. The different
nature of such system is absence of the central viewpoint. A non-central model is often very
complex with large number of parameters. The simplified model allows using a central
projection, which represents some kind of approximation. Hence, the construction of the
geometrically correct perspective view is not achieved by this way; nevertheless such
accuracy is enough for presenting to a human or for tracking purposes. The higher accuracy is
needed at scene reconstruction tasks, which is not subject of this work.

Virtual
image plane
Virtual
view point

Fig. 16 a) Optics of the non-central catadioptric camera system b) All scene rays are

referred to a common virtual point
Consider the general system of figure [Fig. 16a], in which a convex mirror surface
redirects light to a perspective camera. The incoming optical rays do not necessarily intersect
in a single viewpoint. Because the mirror is convex, there is a unique optic ray at each angle
β i emanating from the mirror, with a corresponding angle α i for the ray incident on the
camera. Given this system, we construct a virtual system in which all of the incoming rays do
intersect at a single point. Figure [Fig. 16b] shows the idea, with all incoming rays converging
at the same chosen point. Given the constructed viewpoint, an image can be formed by reprojection onto a virtual image plane.
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d

dc

F

yc

yp

Fig. 17 Mapping pixels from cylinder to a perspective plane

We arise from the presumption of the known or simple transformation from the camera
plane to the cylinder around the mirror. The perspective mapping is represented by
transformation between the cylinder and the virtual projection plane. For example, the simple
transformation (see chapter 2.10) can be used for panoramic image formation from the mirror
with uniform vertical resolution. The coordinates on the cylinder surface are defined as [xc,yc]
and the coordinates on the virtual projection plane are [xp,yp]. The perspective projection will
be represented by the plane with [Width, Height] proportions, distance from the projection
plane d p , and the view angle α . The mutual relations are defined at the equation 11. The
distance d represents the perpendicular distance from the cylinder axis to the vertical line on
the perspective image plane, where the processed point occurs. This relation is described by
the equation 12. The second relation between point on the cylinder and the point on the
projection plane can be written as:
y p = yv −

d
( yv − yc )
dc

α
x
x p = d p tan − c
 2 2πd c

 Width
 +
2


(19)

(20)

where y v is the position of the viewpoint on the cylinder axis and d c is the cylinder
radius. The essential factor is the viewpoint selection. The best position of the viewpoint must
be selected regarding to the error minimization. Micusik & Pajdla [23] proposed the
calibration technique for non-central catadioptric cameras. Derrien and Konolige [26]
presented how the non-central spherical catadioptric camera can be approximated by a camera
with a single viewpoint (the top of the mirror) to construct perspective images.

2.12 Image quality description
Dot Per Inch (DPI) represents the “sharpness” or more correctly the point density per
length unit. Such information is not suitable to describe panoramic image quality, especially
when such image is captured by the omni-directional system. The spatial resolution gives us
the possibility to describe the resolution of such image. In catadioptric systems, resolution is
governed by the interaction between local curvature of the mirror and the camera viewing
angle. For paraboloid and hyperboloid systems, the resolution gets monotonically larger while
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moving along the mirror away from the revolution axis[19]. For the paraboloid, the resolution
at a 90 degree elevation angle is 4 times that at 0 degrees; for the hyperboloid, it is even more.

v=(0,0)
dv

c

Mirror area
Mirror point
(r,z)

World

F’=(0,c)
u

Solid angle
dw
Pixel area dA

Fig. 18 The geometry to derive spatial resolution of central catadioptric system

In [19], Baker and Nayar showed that conic mirror based single viewpoint catadioptric
cameras possess radially increasing resolution. We assume the conventional camera with the
pinhole distance u and its optical axis is aligned with the mirror axis. The situation is depicted
on the picture [Fig. 18]. Then the definition of the resolution is following. Consider an
infinitesimal area dA on the image plane. If this infinitesimal pixel images an infinitesimal
solid angle dv of the world, the resolution of the catadioptric sensor as a function of the point
dA
on the image plane at the center of the infinitesimal area dA is
. The resolution of the
dv
dA
. The more detailed derivation of these relations is
conventional camera can be written as
dw
written in the Baker’s and Nyar’s work [19]. The resolution of the catadioptric camera is the
resolution of conventional camera used to construct it multiplied by a factor:

dA  r 2 + z 2  dA
=

dv  (c − z )2 + r 2  dw

(1)

where (r,z) is the point on the mirror being imaged. The factor in equation (1) is the
square of the distance from the point (r,z) to the effective viewpoint v=(0,0), divided by the
square of the distance to the pinhole F’=(0,c). Let d v denote the distance from the viewpoint
to (r,z) and d p the distance of (r,z) from the pinhole. Then, the factor in equation (1) is
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For the hyperboloid, d p − d v = K h for some constant 0 < K h < d p . Therefore, for the
hyperboloid the factor is:
 Kh 
1 −



d
p 


2

(2)

which increases as d p increases and d v increases. It means that the factor in equation
(1) increases with r for the hyperbolic mirror for which it was derived. Hence, the catadioptric
sensor constructed with a hyperbolic mirror and the uniform resolution conventional camera
will have their highest resolution around the periphery.

Fig. 19 The geometry to derive spatial resolution of non-central catadioptric system

The resolution characteristics across a radial slice of the imaging plane for some
configurations of conic catadioptric cameras were published by Swaminathan[20]. These
consist of a conic mirror (whose profile is a conic section) and a perspective lens system,
whose camera pinhole is located at a finite distance from the mirror. Figure [Fig. 20]
illustrates the resolution across a radial slice of the imaging plane. The curves have been
normalized with respect to magnification such that area of the reflector’s image in all three
cases is the same. This facilitates a fair comparison of resolution between the three
catadioptric systems. As can be seen, resolution drops drastically beyond some distance from
the image center. This characteristic gradually changes as entry pupil approaches the focal
point of the reflector (system becomes single viewpoint). In this configuration, resolution
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increases radially. The presented resolution results are only for rotationally symmetric
systems.

Fig. 20 Resolution of catadioptric sensors having a perspective camera and an elliptic, a
parabolic and an hyperbolic mirror where a pinhole located at (a) the coordinate system
origin d = 0 and (b) at d = 6

Resolution is parameterized by the geometry of the mirror, the location of the entrance
pupil and the focal length of the lens used. Given an apriory resolution curve, we can “fit” the
right parameters in the model that most closely approximates the required curve. In the most
generic setting, we could let resolution characteristics completely dictate reflector’s shape
(not restricted to conic reflectors). It should however be noted that by fixing resolution the
sensor may not maintain a single viewpoint. Depending on the application at hand, this may
or may not be critical.

2.13 Overview of relevant image processing methods
The following chapters will contain description of chosen methods relevant to the omnidirectional image preprocessing. The particular problem description, which is based on
following methods, is introduced in the chapter 3. The aim of this chapter is not to cover the
whole set of common used methods in this research area, but to presented only methods
related with proposed methods for omni-directional image preprocessing. The following
techniques are specialized to the edge finding for several circle detection methods. Some of
them is described to compare them with proposed approach.
Various methods for circle detection exist. The Circle Hough Transform (CHT) has
become a common method for circle detection in numerous image processing applications.
This method was developed in 1962 and first applied to circle detection by Duda and Hart
(1972). Various modifications to the basic CHT operation have been suggested. The large
amount of storage and computing power required by the Hough Transform are the major
disadvantages of using it in real-time applications. Some of these disadvantages can be
improved by employing parameter spaces of reduced dimension. Davies (1987 and 1988) has
considered the effect of noise on edge orientation computations, showing in particular their
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effect in reducing the accuracy of the center location. Most recently, Atherton and Kerbyson
(1999) showed how to find circles of arbitrary radius in a single parameter space using the
novel procedure of coding radius as a phase parameter and then performing accumulation
with the resulting phase-coded annular kernel [36]. Goulermas and Liatsis (1998) showed
how the Hough transform could be fine-tuned for the detection of fuzzy circular objects such
as overlapping bubbles by using genetic algorithms.
Zelniker, Vaughan, Clarkson [35] presented an interpretation of the Maximum
Likelihood Estimator (MLE) and the Delogne-Kasa Estimator (DKE) for circle-parameter
estimation via convolution. For the MLE, the output provides a coarse estimate but in order to
obtain sub-pixel accuracy, it is possible to refine the coarse estimate through the NewtonRaphson method to achieve the sub-pixel accuracy. A comparison of the MLE NewtonRaphson method with the DKE least squares method shows that the MLE performs better as
the arc length gets smaller and as the noise level gets larger.

2.14 Edge finding
The methods, which will be further presented in the text except the sub-pixel method,
are based on the usage of the mask edge detectors. That is the reason, why we try to bring
near the aspects of existing edge detectors, because the accuracy of the whole method is
usually affected by them. The central challenge to edge finding techniques is to find
procedures that produce closed contours around the objects of interest - in our case - the
projected mirror border.

a)

b)

c)

d)

e)

f)

Fig. 21 Edge models: a) sudden step-edge b) slanted step edge c) smooth step edge d)

planar edge e) roof edge f) line edge
The effective profiles of edge models are nonzero only within the stated neighborhood.
The slanted step and the smooth step are approximations to realistic edge profiles: the sudden
step and the planar edge are extreme forms. The roof and the line edge models are shown for
completeness only and not considered further.
For objects of particularly high SNR(signal to noise ratio), the edge detection can be
achieved by calculating the gradient and then using a suitable threshold. This kind of method
is called gradient-based. The gradient is a vector, whose components measure how rapidly
pixel values are changing with distance in the x and y directions. Thus, the components of the
gradient may be found using the following approximation:
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∂f ( x, y )
f ( x + ∂x, y ) − f ( x, y )
= ∆x =
∂x
∂x

(3.1)

∂f ( x, y )
f ( x, y + ∂y ) − f ( x, y )
= ∆y =
∂y
∂y

(3.2)

where ∂x and ∂y measure distance along the x and y directions respectively. In order to
detect the presence of a gradient discontinuity, we must calculate the change in the gradient.
We can do this by finding the following gradient magnitude measure,

G = ∆x 2 + ∆y 2

(3.3)

and the gradient direction, ϕ , given by

ϕ = arctan(

∆y
).
∆x

(3.4)

Many edge detectors have been designed using convolution mask techniques, often
using 3x3 mask sizes or even larger (Sobel, Prewitt). An advantage of using a larger mask
size is that errors due to the effects of noise are reduced by local averaging within the
neighborhood of the mask. An advantage of using a mask of odd size is that the operators are
centered and can therefore provide an estimate that is biased towards a center pixel.

Ideal edge
position

Blurred edge
Gradient

Laplacian
Fig. 22 1-D profile of the edge with first and second derivatives

A more modern view to handling the problem of edges is to use the zero crossings
generated in the Laplacian of an image which is called zero-crossing procedure. The
Laplacian of a function f(x,y), denoted by ∇ 2 f ( x, y ) , is defined by:
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∂ 2 f ( x, y ) ∂ 2 f ( x , y )
∇ f ( x, y ) =
+
.
∂2x
∂2 y
2

(3.5)

Once more we can use discrete difference approximations to estimate the derivatives
and represent the Laplacian operator with the 3x3 convolution mask. However, there are
disadvantages to the use of second order derivatives. The second derivative operators
exaggerate the effects of noise and no directional information about the edge is given. The
problems that the presence of noise causes when using edge detectors means we should try to
reduce the noise in an image prior to or in conjunction with the edge detection process. The
mostly used method for this task is Gaussian smoothing. The Gaussian distribution function in
two variables, g(x,y), is defined by

g ( x, y ) =

1
2πσ

2

e −( x

2

+ y 2 ) / 2σ 2

(3.6)

where σ is the standard deviation representing the width of the Gaussian distribution.
Having smoothed the image with a Gaussian operator, we can now take the Laplacian of
the smoothed image. It is simple to show that this operation can be reduced to convolving the
original image f(x,y) with a “Laplacian of a Gaussian” (LOG) operator ∇ 2 g ( x, y ) . Thus the
edge pixels in an image are determined by a single convolution operation. This method of
edge detection was first proposed by Marr and Hildreth at MIT who introduced the principle
of the zero-crossing method. A related method of edge detection is that of applying the
Difference of Gaussian (DOG) operator to an image, which is computed by applying two
Gaussian operators with different values to an image and forming the difference of the
resulting two smoothed images. It can be shown that the DOG operator approximates the
LOG operator.

Sub-pixel accuracy
When the resolution of an image is high enough, most vision systems obtain adequate
measurements using pixel accuracy only. Obtaining the minimum image resolution needed by
a vision application is sometimes difficult; however, because of the limits on the size of the
sensors available. In these cases, you can find edge positions with sub-pixel accuracy.

Gray level
intensities

Search
direction
Fig. 23 Edge profile of pixel and interpolated values along a search region
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Sub-pixel analysis is a method that estimates the pixel values that a higher resolution
imaging system would have provided. To compute the location of an edge with sub-pixel
precision, the edge detection method first fits a higher order interpolating function (e.g., a
quadratic or cubic function) to the pixel intensity data.
The interpolating function provides the edge detection algorithm with pixel intensity
values between the original pixel values. Then the intensity information is used to find the
location of the edge with sub-pixel accuracy. [Fig. 23] shows how a interpolation function fits
to a set of pixel values. The search region can take the form of a line, the perimeter of a circle
or ellipse, the boundary of a rectangle or polygon, or a freehand region. The specific method
analyzes the pixel values along the profile to detect significant intensity changes. Using this
fit, values at locations between pixels are estimated. The edge detection algorithms use these
values to estimate the location of an edge with sub-pixel accuracy. However, the results of the
estimation depend heavily on the imaging setup, such as lighting conditions and the camera
lens.

2.15 Modified Hough transformation for circle detection
In the original HT method for finding circle, the intensity gradient is first estimated at
all locations in the image and is thresholded to give the positions of significant edges. The
positions of all possible center locations are then accumulated in parameter space. Finally,
parameter space is searched for peaks that correspond to the centers of circular objects. Since
edges have nonzero width and noise will always interfere with the process of peak location,
accurate center location requires the use of suitable averaging procedures. This approach
requires that a large number of points be accumulated in parameter space. Other possibility is
to use locally available edge orientation information at each edge pixel to enable the exact
positions of circle centers to be estimated. This is achieved by moving distance R along the
edge normal at each edge location. This represents a significant saving in computational load.

Fig. 24 Hough space for circle center coordinates with different radius (source image was

used from omni-directional system)
However, this improvement brings the other errors in the measurement of local edge
orientation. Edge operators such as the Sobel introduce an inherent inaccuracy of about 1°.
Image noise typically adds a further 1° error, and for objects of radius 250 pixels the result is
an overall uncertainty of about 8 pixels in the estimation of center location. Generally, sub-
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pixel accuracy of center location cannot be expected when a single-parameter plane is used to
detect circles over a range of sizes. This is because of the amount of irrelevant “clutter” that
appears in parameter space, which has the effect of reducing the signal-to-noise ratio. For
high accuracy a relatively small range of radius values should be employed in any one
parameter plane, whereas for high speed one parameter plane will often cover the detection of
all circle sizes. When the center need be estimated to within 0,1 pixel, we should accumulate
in parameter space not a single candidate center point corresponding to the given edge pixel,
but a point spread function (PSF) that may be approximated by a Gaussian error function.
However, a technique is available that can cut down on the computation, without significant
loss of accuracy.

r

C

r

d
D
A

Fig. 25 Arrangement for obtaining improved center approximation

The further improvement can be achieved by eliminating transverse errors, because
most of the inaccuracy in calculating the position of the center arises from transverse rather
than radial errors [37]. This leads to the following strategy: find a point D in the region of the
center and use it to obtain a better approximation A to the center by moving from current edge
pixel P a distance equal to the expected radius r in the direction of D (see figure Fig. 25).
Then repeat the process one edge pixel at a time until all edge pixels have been taken into
account. Theory shows that for small d the mean result will be an improvement by a factor
close to 1.6 (the limiting value as d → 0 is π / 2 (E.R. Davies, 1988)).
Although the Hough technique has been found to be effective and highly robust against
occlusions, noise, and other artifacts, it incurs considerable storage and computation –
especially if it is required to locate circles of unknown radius or if high accuracy is required.

2.16 RANSAC
RANSAC is an acronym for RANdom SAmple Consensus and involves repeatedly
trying to obtain a consensus(set of inliers) from the data until the degree of fit exceeds a given
criterion. Fischler and Bolles introduced it in 1981. It is capable of interpreting and smoothing
data containing a significant percentage of gross errors. The estimate is only correct with a
certain probability, since RANSAC is a randomized estimator. The algorithm has been
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applied to a wide range of model parameters estimation problems in computer vision, such as
feature matching, registration or detection of geometric primitives.
The structure of the RANSAC algorithm is simple but powerful. First, samples are
drawn uniformly and at random from the input data set. Each point has the same probability
of selection (uniform point sampling). For each sample a model hypothesis is constructed by
computing the model parameters using the sample data. The size of the sample depends on the
model one wants to find. Typically, it is the smallest size sufficient to determine the model
parameters. In our case of the “deformed” circle detection are sufficient three points to
determine the parameters. The parameter derivation can be found by solving the following
determinant equation:

x2
x12
x 22
x32

+
+
+
+

y2
y12
y 22
y 32

x
x1
x2
x3

y
y1
y2
y3

1
1
= 0,
1
1

where the unique circle passes through these three points

(1)

(x1 , y1 ), (x2 , y 2 ), (x3 , y3 ) .

These three points determine a unique circle if, and only if, they are not on the same line.
Evaluating the cofactors for the first row of the determinant can solve the determinant. The
determinant can be written as an equation of these cofactors:

(x

2

)

+ y 2 M 11 − xM 12 + yM 13 − M 14 = 0

(2)

Now, we use the general equation of the circle, rearrange terms and substitute with the
equation (2), which gives:

x0 = +0.5M 12 / M 11
y 0 = −0.5M 13 / M 11

(3)

r02 = x02 + y 02 + M 14 / M 11
Note that there is no solution when M 11 is equal to zero. In this case, the points are not
on a circle; they may all be on a straight line.
Drawing more than the minimal number of sample points is inefficient, since the
probability of selecting a sample consisting only of inlying data points (i.e. all data points
belonging to the same model), that gives a good estimate and at random, decreases with
respect to the increasing sample size. Thus the minimal sample set maximizes the probability
of selecting a set of inliers from which a good estimate will be computed later.
In the next step, the quality of the hypothetical models is evaluated on the full data set.
A cost function computes the quality of the model. A common function is to count the
number of inliers (i.e. data points which agree with the model within an error tolerance). The
hypothesis, which gets the most support from the data set, gives the best estimate. Typically,
the model parameters estimated by RANSAC are not very precise. Therefore, the estimated
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model parameters are recomputed by for example a least-squares fit to the data subset, which
supports the best estimate.
The RANSAC technique uses three variables to control the model estimation process.
The first determines whether or not a data point agrees with a model. Typically, this is some
error tolerance that determines a volume within which all compatible points must fall in. The
number of model hypotheses that are generated is the second variable. It depends on the
probability to draw a sample including only inlying data points. As the proportion of outliers
and the minimal sample set size increase the number of model hypotheses must be increased
to obtain a good estimate of the model parameters. The proportion of outliers depends on the
noise level and on how many models are supported by the data set. Furthermore, one
tolerance variable is needed to determine if a correct model has been found. An extracted
model is deemed valid if there is sufficient support from the data points for this model. The
performance of the algorithm degrades with increasing sample size. The computational
efficiency of the algorithm can be improved significantly in several ways. The speed depends
on two factors: firstly, the number of samples which have to be drawn to guarantee a certain
confidence to obtain a good estimate; and secondly, the time spent evaluating the quality of
each hypothetical model. The latter is proportional to the size of the data set. The evaluation
of the models can be computationally optimized by randomizing the evaluation. Every
hypothetical model is first tested only with a small number of random data points from the
data set. If a model does not get enough support from this random point set, then one can
assume with a high confidence that the model is not a good estimate. Models passing the
randomized evaluation are then evaluated on the full data set.
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3 Proposed methods for omnidirectional
vision system
Robust person tracking, their head poses, and their identities are essential for a system
to provide information on who is in the scene, where they are located, what they are doing,
who is talking to whom, and when interactions happen. Omni-directional systems serve for
recording meetings, surveillance, mobile robotics and sensors. Most of them are mobile and
suffer by the vibrations. Such system is usually based on standard video camera equipped
with a non-planar mirror which is mounted to the holder. For example, the common system
(see Fig. 7) is designed in order to be installed on the table to record participants sitting
around. The deformation demonstrated in the figure [Fig. 26] is caused by table vibrations. It
is necessary to transform the captured image before its further processing or presenting it to a
human. However, the vibrations cause the distortion in the transformed image. The distortion
originates from the divergence of the camera axis from the main mirror axis. The suggested
system of the construction posses some restrictions to be constructed from the common
scalable equipment; it will increases the possibility of vibrations propagation.

Fig. 26 a) deformed image b) correctly transformed

This distortion can be eliminated by estimating proper transformation parameters that
can be extracted from the projected mirror border in the camera image, see picture [Fig. 26]. It
is necessary to estimate precise center and radius of the circle, which is given by this mirror
border. Even the very small inaccuracy (about 0.3 pixels in the 1440x1040 input image) can
cause visible distortion in the transformed video sequence (e.g. 5pixels in the output image).
The distortion is increasing towards the mirror center, because of the decreasing resolution of
the transformed image. Therefore the size of the distortion depends on the mirror profile,
which determines the resolution of the catadioptric system. The main aim was to find and
adapt suitable algorithm for precise detection of the mirror center and radius. The projected
mirror border has elliptical form in the projected image, because of the different than one
camera aspect ratio. This ratio is known as technical parameter of the camera and is used to
preserve the number of unknowns in the parameter equation and hence the problem
complexity, which is important for high speed and accuracy. These requirements follow from
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the real-time image transformation without any visible distortion for further processing and/or
presentation to a human.
In the following section, the set of methods for image preprocessing from
omnidirectional camera will be discussed. The [Fig. 27] depicts the scheme of the image
processing consecution which is applied on the images from the catadioptric system. Previous
chapter contained description of the image formation from the omni-directional system both
to panoramic and perspective views. This chapter will present approach of the image
processing by using set of proposed methods that should be used for parameter estimation.
Such preprocessing is necessary to correct distortion in panoramic/perspective image
formation. The following chapter will discuss the suggested approach in more detail.

Modified
Canny
Edge Det.

Sub-pixel
Edge
Detection

Panoramic image
Captured
images

Omnidirectional
system

Image flow
Parameters
Processing part
with proposed
set of methods
Participant tracking
Fig. 27 Image processing overview

Perspective images

The omnidirectional system captures images of circular shape. These images must be
further processed to get panoramic respective perspective view. The process of the
transformation needs to know parameters of the mirror image center and its radius. These
parameters should be real-time detected by two stage detection algorithm as is depicted in the
figure [Fig. 27]. These two stages are dependent on each other. Firstly, the mirror border must
be detected from the source omni-directional image. The second step is based on the accuracy
increase by sub-pixel detection. The panoramic image formation is performed after this
parameter estimation process. In order to get perspective corrected images, the last processing
stage requires information about selected views. This information can be chosen manually or
automatically by some kind of object detection algorithm. The perspective views are the
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created from panoramic images. The image formation process depends on the type of used
mirror.
The table [Tab. 2] shows the overview of proposed method set which is necessary for
image formation from omni-directional image. The mentioned methods are consequent as is
depicted in the scheme [Fig. 27].

Method

Description

Modified Canny Iterative searching of the mirror border in
edge detection
the captured image by using one
directional edge detection approach

Purpose
Image stabilization which
removes the distortion in the
video sequence and
automatic initialization of
transformation

Sub-pixel edge
detection

Additive method for increasing of the
accuracy of parameter estimation

Panoramic
image formation

Transformation of the captured image
into the panoramic view by using
estimated parameters

The 360 degree image

Perspective
image formation

Virtual view selection and perspective
correction

Generating of perspective
images as from classical
cameras

Tab. 2 Description of the set of methods used for omni-directional image

preprocessing
A priori knowledge about an omni-directional image allows us use specific methods for
circle finding, which represents the projected mirror border. It is necessary to estimate all
circle parameters at the beginning. Then, the circle radius is constant and the center varies in
narrow interval. The suitable selection and the suggestion methods affect several properties.
The more important of these are appearance of only one circle in the image and possible
partial circle cropping by the image border and occurrence of spurious edges. There are also
several causes of inaccuracy in locating the center of circle:
•

natural edge width may add errors to any estimates of the location of the center,

•

image noise may cause the radial position of the edge to become modified,

•

image noise may cause variation in the estimates of local edge orientation,

•

an object(edge) may appear distorted because of illumination.

A number of methods for ellipse respective circle detection exist. Some of them, which
can be used to solve such problem, are cited in the chapter 2.13. Accuracy and speed of the
algorithm are the most stressed elements. Therefore the present algorithms are unsatisfactory.
Among the well-known methods belongs the Hough transform (section 2.15) or RANSAC
algorithm (section 2.16). The Hough transformation is very robust method to detect various
features including circles. On the other hand, this method is very computationally costly,
which restricts its use in such problems. All these methods has been implemented and tested
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to get comparative results with proposed method. These results are stated in the chapter 5.
These aspects require the design of novel approach for detection of the mirror border with
given properties.
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4 Achievement of Objectives
This chapter describes proposed methods, which create the set of methods required for
panoramic/perspective image formation from omni-directional system. The method design
results from the scheme [Fig. 27] that was proposed in the previous chapter.

4.1 Parameter estimation of the mirror projection
The aim was to develop simple and fast algorithm for sub-pixel mirror rim detection
and parameter estimation. Since the rim of the mirror is visible in the image, the principal
point can easily be estimated by fitting an ellipse to the image of the mirror rim. The center of
the mirror image can be regarded as the principal point. Some of existing methods were
tested, but they do not satisfy the speed or accuracy requirements(see chapter 5.7). The
proposed method should be able to work in real-time; it means finding precise parameters for
each frame in the video sequence. The second criterion is high accuracy of the detected
parameters, especially center coordinates of the mirror image. The expected accuracy should
be lower than 0.2 pixels by reason of the distortion elimination. The reason, why we need
such detection algorithm, is that there exist a lot of recorded video-sequences with cluttered
background behind the mirror image and also without any significant marks for the
calibration.
The main idea is to extract mirror border pixels. Extracted border pixels serve for
parameter computation by using iterative linear regression method. The prerequisites are n
measured points with xi , y i coordinates and the output is the middle of the circle x0 , y 0 and
the radius r. The method should be able to find all mirror parameters including radius, because
it is unknown at the beginning of the stabilization and transformation process. The center
coordinates estimation is enough for the rest of the video-sequence.
In the following chapters, the circle detection process will be presented. These methods
were published by this author on the VIIP 2005 conference [53].

4.2 One-directional edge detection
The basic approach for edge detection is using suitable convolution masks. These
simple edge detectors differ in their form and quality. There are some criterions, which we are
expecting from the edge detection. First criterion stipulates that edges occurring in images
should not be missed and that there should be no responses to non-edges. The second criterion
is that the edge points are to be well localized. In other words, the distance between the edge
pixels as found by the detector and the actual edge is to be at a minimum. A third criterion is
to have only one response to a single edge. This is needed because the first two criterions
were not substantial enough to completely eliminate the possibility of multiple responses to
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an edge. These criteria satisfy the well-known Canny edge detector from which the proposed
method arises.
A prior knowledge about an image let us use specific methods for circle finding. It is
not necessary to search whole image space for possible circles. The radius and also the center
of the circle vary in a narrow interval. It allows specification of the chosen interval of these
parameters for searching circle in the image. The main idea is to suppress edges that are not
parallel with the probable mirror border. Therefore, only the gradient with vertical direction
regarding the mirror radius is used for this purpose. So for simple application, the image part
around the probable mirror border must be straightened. The simple transformation described
in the chapter 2.10 is suitable for this purpose. Shape of the transformed image is rectangular
and border of the circle is transformed as a line in ideal case [Fig. 28]. This enables us to use
classical mask edge detector for horizontal edge response.

Fig. 28 Left - transformed part of the image and image after application of the one-

directional edge detector, right - iterative process with modified canny edge detection
The initial parameters, which are needed for determination of the area size, are
estimated from the supposed mirror image position and size. The implicit mirror image
position is exactly in the center of the image captured from the omni-directional system,
because the mirror image should cover the biggest part of the captured image and should
satisfy the axis coincidence. Regarding the nature of the captured images the following limits
for the detected parameters were deduced:
•

Position of the center x-coordinate can be ±30% of the image width.

•

Position of the center y-coordinate can be ±30% of the image height.
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•

Radius size can be ±40% of the image height.

These limitations can be adjusted with bigger ranges, which were tested in chapter 5.4.
The further advantage of this transformation for edge detection is a choice of the image
resolution from which edges will be extracted. The resulting transformed image can have
various quantities of columns that represent vertical lines spanning to the mirror border. The
lower number of vertical columns can increase the speed of the algorithm. However, it is
necessary to maintain the desired accuracy, which was tested and discussed in the chapter 5.4.
This approach also enables simply extract just one edge point with edge response parallel to
the probable mirror border, which lies on the radius line of this border.
Based on the criteria described above, the modified canny edge detector [Fig. 29] first
smoothes the image to eliminate a noise. The Gaussian filter is used exclusively to smooth the
image, because it can be computed using a simple mask with effective implementation. The
proper size of the Gaussian mask must be chosen, because it affects the sensitivity of the edge
detector to noise and also localization error. Both are increasing with the mask size. After
smoothing the image and eliminating the noise, the next step is to find the edge strength by
taking the gradient of the image. The first difference with classical Canny edge detection is
that only the gradient for horizontal edge detection is used:
G = hy

(1)

The image gradient is used to highlight regions with high spatial derivatives in vertical
direction. The further important information is the direction of the detected edge, which will
serve for non-maxima suppression. This direction is computed from responses of the vertical
and horizontal edge detection mask:
Phase = a tan(h y / hx )

(2)

Once the edge direction is known, the next step is to relate the edge direction to a
direction that can be traced in an image. Only four possible directions are enabled there.
When the edge directions are known, non-maximum suppression has to be applied. This
method is used to trace along the edge in the edge direction and suppress any pixel value (sets
it equal to 0) that is not considered to be an edge. This will give a thin line in the gradient
image. The second modification of the classical Canny edge detector is additional suppressing
of the edges with 90 and 270 degrees direction.
The gradient image is now further reduced by hysteresis. Hysteresis is used to track
along the remaining pixels that have not been suppressed. It uses two thresholds and if the
magnitude is below the first threshold, it is set to zero (made a non-edge). If the magnitude is
above the high threshold, it is made an edge. Then, any pixels that are connected to this edge
pixel and that have a value greater than low threshold are also selected as edge pixels.
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Fig. 29 Structure of the modified Canny edge detector

The proposed method is based on the iterative searching of the mirror border in the
selected area, size of which is decreased in each step. This iterative approach enables increase
in the resulting accuracy. Computed parameters of the center and radius are used in the each
step to define new (smaller) area for border finding. Number of iterations is given by the size
of scanned area, which also affects the size of the decreasing step.
The best candidates for edges are extracted from the transformed image on which the
modified canny edge detector is applied. Only one edge candidate is extracted in each vertical
line of this image. The final parameters are computed from the set of these extracted edge
points. The iterative linear regression method is used to compute center coordinates and
radius in the first frame. The following computation can be based on the simple center
computation, because we assume the constant radius parameter through the stabilization
process. The iterative method enables the approximation towards the correct parameters,
because the area with border edges is decreasing in each step and finally contains only a
narrow area with mirror border. This method enables the use of heuristic techniques in order
to adjust edge detection sensitivity (size of the transformed area) regarding the number of
correctly detected circle border points in the end of the parameter estimation.

4.3 Sub-pixel edge detection
It is necessary to detect the circle border points with sub-pixel accuracy, because no
further improvement occurs, and the system settles down to a situation where it is randomly
wandering around the ideal center, sometimes getting better and sometimes getting worse.
The reason for it is that the particular approximation obtained at this stage depends more on
the noise on individual edge pixels than on the underlying theory of used method.
To improve this situation further, the inaccuracy given by pixel detection can be solved
by sub-pixel edge detection using the parametric curve interpolation. The problem of finding
the exact position of the edge is treated like a classical extremus problem. This means that the
derivative functions have to be calculated. The uniform bicubic B-spline is used for this
purpose. While the interpolation method is important, no really measurable differences can be
found at all. The technique is used to create a continuous function out of the sample values.
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The algorithm for curve interpolation uses four values – two on the left ( y n −1 , y n ) and two on

the right ( y n+1 , y n + 2 ) .

The used equation is:
y (t ) = a 0 y n−1 + a1 y n + a 2 y n +1 + a 3 y n+ 2

(1)

where n = index of current point sample (0 .. N-1), y n are intensity values in the given

point and y(t) is interpolated value, t ∈ [0,1] between points P1 and P2 . The coefficients in
the equation are:
a0 =

− t 3 + 3t 2 − 3t + 1
6

3t 3 − 6t 2 + 4
a1 =
6
a2 =

(2)
(3)

− 3t 3 + 3t 2 + 3t + 1
6

(4)

t3
6

(5)

a3 =

Our aim is to find such position on the interpolated curve, where the gradient is going to
decrease after increasing or it is going to increase after decreasing (the second derivative
changes sign). This kind of points can be found on the places with zero second derivation.
This condition does not guarantee the proper edge location, because it can be local maxima or
minima. Therefore, we will search the point with zero second derivation and maximal first
derivation. Firstly, the position of the zero second derivation must be computed. The point,
where is the second derivation equals the zero, is called point of inflexion.
∂ 2 y (t )
= (−t + 1) y n −1 + (3t + 2) y n + (−3t + 1) y n +1 + ty n + 2
∂ 2t

(6)

Then, we state the condition
∂ 2 y (t )
= 0,
∂ 2t

(7)

from which the following position t is derived

t=

2 y n − y n −1 − y n +1
.
− y n −1 + 3 y n − 3 y n +1 + y n + 2

(8)

The value t with the first derivative gives us the information about the edge slope which
is necessary for the selection of the best edge. The equation for the first derivation is
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9t 2 − 12t
3t 2
∂y (t ) − 3t 2 + 6t − 3
− 9t 2 + 6t + 3
=
y n −1 +
yn +
y n+1 +
y n+2
6
6
6
6
∂t

(9)

The direction of the curve for which the edge is computed must be coincident with the
radius of the tested circle (see Fig. 30 left). This line intersects horizontal/vertical curves,
which are also interpolated from pixel values (see Fig. 30 right) in the raster image.

Fig. 30 Searching of the intersection with radius line

The final curve is computed from four intersected points. Values of these points are
substituted in equation 1. The important step is to choose horizontal or vertical intersection
lines in the raster image. The selection depends on the radius of the line slope regarding to the
raster. The vertical line interpolation is selected for interval (-45,45) and (135,225) degrees.
The horizontal line interpolation is selected for interval (45,135) and (225,315) degrees. These
conditions ensure the high accuracy of the interpolated values on the radius line, which
intersects the horizontal or vertical lines. To know the exact position of the positive or
negative edge, the zero-crossing position for the function has to be determined from equation
8. The computed gradient values from the intersections of the radius line and
horizontal/vertical lines are inducted into this equation as y values. The point with maximal
first derivation (equation 9) is then expected to avoid stationary points, maxima or minima.
The further problem is to specify whether to extract positive or negative edges, because
the relation between the mirror image and the background is hard to determine. The mirror
image can be in some parts lighter than background due to reflections or shadows casted by
the mirror.

4.4 Perspective reconstruction from non-central omni-directional image
It is well known, that some omnidirectional images can be transformed back to
equivalent perspective image (chapter 2.11). The construction of the perspective view for
central or non-central omni-directional system differs. The geometry and fundamentals of
these two kinds of systems were presented in the chapter 2.11. The central system has the
advantage of the single focal point of the mirror, which is uniquely defined. This point is then
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used as viewpoint for perspective view construction. On the other hand, the non-central
system does not have a single focal point; hence the correct perspective view can not be
constructed. The first possible way is to determine the viewpoint through which the
perspective view will be approximated. The results are presented in the chapter 5.3.
It has already been proved that any central panoramic system can be fully calibrated
from the image of three lines in general position [42]. However, since lines are mapped into
conic curves which are only partially visible, the accurate estimation of catadioptric line
images is far from being a trivial task. The proposed approximation method arises from these
presumptions. The omni-directional images often contain many lines by which information
about perspective can be extracted. The user’s input consists of geometric nature supported by
his knowledge of parallelism of lines or planes of the scene. Typically, the user identifies
some curves in the omnidirectional image, which are collinear or coplanar in the real world.
This approach will be demonstrated on the omni-directional images from the meeting rooms.
Firstly, the pixel mapping on the cylinder is performed. The simple transformation is used,
because this method is suitable when we do not know the mirror parameters or the mirror is
designed with uniform vertical resolution.
There are often visible lines representing the edges of the table and/or edges between
sides of the room. The geometrical corrections can be applied based on knowledge about the
geometrical setup of the room and information about the positions of the participants.
Therefore the user has to define two setup describing curves by marking some points in the
image for each one.

Fig. 31 Part of transformed image together with alignment for equalization

These curves are approximated by circles or other conics, which depends on the type of
used mirror [39]. These curves are used to make pixel interpolations to solve deformations in
the vertical direction (see picture [Fig. 31]). This interpolation is linear in the case of figures
[Fig. 31] and [Fig. 32].

Fig. 32 Equalized image
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The mirror profile course can be used to define the interpolation to decrease
deformation caused by mirror profile. Because the panoramic image is used, the distortion in
the horizontal direction can be computed by perspective equation (20) from chapter 2.11. The
comparison between this kind of perspective image formation and image formation by using
virtual viewpoint is presented in the chapter 5.3. This method was published on ICPR 2004
conference and was used for omni-directional image preprocessing for face tracking system
based on the particle filter (for details see [56]).
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5 Experiments and results
Two types of mirrors were available for testing of proposed set of methods. Both were
provided by company Neovision. Both mirrors have diameter 60mm and are made from glass
with metallic coating. The first H3G mirror has “universal” profile shape defined by
hyperbolic equation:

z2
x2 + y2
−
=1
789,3274 548,1440

(1)

The second mirror was custom-made with predefined parameters, the most important
was constant vertical resolution in 1m distance from the main mirror axis. This mirror was
specially developed for meeting recording purposes, where such property is important.

Fig. 33 a) H3G mirror b) mirror with constant vertical resolution

Both mirrors are rotationally symmetric, which allows capturing a 360 degrees view
around the main axis. The vertical view angle is about 105 degrees. Profiles of both mirrors
are depicted in picture [Fig. 33].

Fig. 34 a) hyperbolic mirror H3G b) custom-made mirror

Both mirrors are used with standard perspective cameras. Mirrors can be mounted on
the mirror holder in specific position towards to a camera which satisfies the coincidence of
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the mirror axis with the main camera axis. For this purpose, the mirror holder MH1 was used.
The system design is usually used for corpus recording of live meetings with four participants
sitting around.

5.1 Simple vs. geometric transformation
The comparison of the simple unwrapping and geometrical transformation with the
tested image shows the distortion in vertical axis of the output image. Since the mirrors are
rotationally symmetric, the horizontal distortion owing to mirror shape do not occurs.
The synthetic image, which contains horizontal lines with constant distance between
them, was used for tests. This image was captured by using hyperbolic mirror H3G with
profile depicted on the image [Fig. 33a] and it is transformed by using two kinds of
transformation methods. The simple unwrapping method [section 2.10] does not consider the
mirror profile. Therefore, the transformed image is vertically distorted, which is demonstrated
by different distances between lines in the image [Fig. 35c]. Compared to the geometrical
transformation, the horizontal lines are correctly transformed with constant distance [Fig.
35b]. The second difference is demonstrated by the resolution progression in the vertical
direction. This test shows that the H3G mirror has not constant vertical resolution, which was
defined in the section 2.5. Such property is not suitable for using mirror with this profile for
capturing of the meetings, since usually constant resolution in the vertical axis is needed.

Fig. 35 a) omni-directional image from H3G mirror b) geometrically transformed image

c) simple unwrapped image
The simulation of the ray reflection from the mirror is depicted in [Fig. 36]. This kind of
mirror satisfies the condition of the single viewpoint, which is placed in the point F. This
property allows construction of the correct perspective images, viewpoint of which is identical
with the mirror focal point F. You can also see the variable distance between intersections of
rays with horizontal image border. The distance of intersections with rays on the camera
projection plane is constant. This property shows how the vertical distortion originates. The
rays are intersected exactly in one focal point F, when the distance of the focal point F from
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the optical center of the camera is equal twice the eccentricity e. The eccentricity for H3G
mirror is 36,57mm.

.
Fig. 36 Model of catadioptric system - rays reflected by the hyperbolic mirror meet at the

point F (the ray’s reflection was simulated for H3G mirror)
The second mirror, designed by the Neovision, has an uniform resolution along the
radius axis for objects in 1m distance from the mirror axis.

Fig. 37 a) omni-directional image from designed mirror b) simple transformed image –

left image with 5cm distance, right image with 1m distance and different line ratio
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A constant resolution can be exactly achieved only at same distance from the rotational
mirror axis and thus the shown images may not present exactly constant resolution as the
distance of the grid is about 5cm from the mirror axis while the distance for which the truly
constant resolution should be obtained is 1meter.Distortion arises from a parallax effect,
where the viewpoint does not stay constant with elevation angle. This effect is mostly visible
when the perspective image is created, that will be demonstrated in the paragraph 5.3.

5.2 Distance influence
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The dependence of the vertical object position on the mirror radius projection presents
the degree of the distortion in the transformed image. The synthetic test was performed to
measure this dependence on the real mirrors. The omnidirectional system was placed in
different distances from a vertical tape measure. The distances were chosen regarding to the
common requirements given by the meeting recording system. The dependence curves are
depicted in the figure [Fig. 38]. The different colors represent the different distances from the
tape measure. The mirror radius is pre-computed from the radius in the projected camera
plane, because the dependence is linear.
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Fig. 38 Function of the distance dependence on the mirror projection, a) mirror with

uniform resolution, b) hyperbolic h3g mirror
The dependences are not measured on the mirror center regarding to the strong
distortion, which makes impossible the scale reading. The curves on the left hand side graph
show that the first mirror with uniform resolution does not generate the distortion in the
vertical axis for objects in the given distances. The non-linear curves in the right hand side
graph shows the behavior of the distortion when we use the H3G hyperbolic mirror. These
measurements can be used for the determination of the panoramic or perspective image
approximation. We can simply remove the distortion in the vertical axis in the transformed
image by using knowledge from these curves.
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5.3 Comparisons between perspective projection from different mirror
types
Three image sets for comparison between panoramic and perspective projection on
different mirrors are available. The first image was captured by H3G mirror, the second by the
mirror with uniform resolution and the last by mirror with unknown parameters. All images
were acquired by using perspective camera. Firstly, the correct perspective projection will be
demonstrated by using H3G mirror. This perspective view is depicted in the figure [Fig. 39],
where you can compare the difference between correct perspective view and the cut from
panoramic view. The computed rays are projected onto the cylinder in panoramic case or onto
the plane, which is coplanar with mirror axis, in perspective case.

Fig. 39 Comparison between a) part of panoramic view and b) perspective view computed

from geometrical transformation of the h3g mirror
Perspective projection also projects all lines from the scene correctly to the lines in the
projected image. This can be significant property for certain detection algorithms. On the
other hand, the panoramic projection offers to use of the whole 360 degree panoramic image
without any crossovers. The panoramic image is therefore suitable to detect and track human
activity. We need not to maintain the correspondence between several cameras or virtual
views when the whole panoramic view is used.
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Fig. 40 Model of catadioptric system - Rays reflected by the mirror (the ray’s reflection

was simulated for mirror with uniform vertical resolution)
The model of catadioptric system with uniform mirror was developed to show the rays
intersections with the main mirror axis. The comparison of the H3G model [Fig. 36] and the
model of the mirror with uniform resolution [Fig. 40] shows the differences in the rays
intersection with the main mirror axis. As was stated in the chapter 2.11, the view point for
the perspective projection is selected on the main mirror axis. The hyperbolic mirror has
unique view point compared to the mirror with uniform resolution. The distortion which
originates from virtual view point selection for mirror with uniform resolution is depicted in
the figure [Fig. 41]. The relative position is given in the interval 0 – 1. This number presents
the vertical position between minimal and maximal border of the horizontal image border.

Fig. 41 Mirror with uniform resolution a) perspective view with relative focal point

position 0.9 and b) perspective view with relative focal point position 0.5
The suitable position of the virtual view point for the perspective projection is selected
depending on the request of the minimal image distortion. The suitable position of the virtual
viewpoint can be determined also from the lines in the scene. These lines must remain straight
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also in the perspective image. The best approximation for testing images was achieved by
manual setting of the virtual view point position.

Fig. 42 Mirror with uniform resolution – two different relative focal point positions for

perspective projection a) 1 b) 0.9, white lines demonstrate the distortion
Because the mirror with uniform resolution does not satisfy the condition of single view
point, the distortion in the transformed image ensues. We can compare this distortion on the
different image parts with different view point positions. The white lines in the [Fig. 42] are
painted on the perspective image after transformation to show that the virtual point position
affects the distortion on the different image parts.

Fig. 43 Perspective view from omni-directional image captured by mirror with unknown

parameters, position of the virtual viewpoint a) 0.78 b) 0.57 c) 0.73
The figure [Fig. 43] shows the transformed perspective views from omni-directional
image captured by mirror with unknown parameters. This mirror has not the unique
viewpoint, because the perspective projection creates distortion in different image parts. The
variants b) and c) show the distortion in the different image parts. The image b) has bigger
distortion in the lower part and the image c) has bigger distortion in the upper part, which is
given by different view point positions. The other way of creating perspective view from the
mirror with unknown parameters, is the use of the perspective reconstruction described in the
chapter 4.4. The reconstructed image by interpolation between curves is depicted in the [Fig.
32].
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5.4 Stabilization algorithm - one directional edge detection
This paragraph discusses the quality evaluation of method proposed in chapter 4.2. The
main problem of accuracy determination for stabilization algorithm is the ground truth
measurement of the precise mirror size and position in the images. Despite the limited
feasibility, the image sequences with stabile mirror position were used. The system was
installed in the room with varied backgrounds and was placed on the table. The stable
conditions in terms of no-vibrations were established. The short video sequence with moving
object around the whole system was captured. The basic accuracy test shows the dependency
between width of tested area around the probable circle border and standard deviation of
estimated parameters. The edge points are extracted from this transformed area size of which
affects both the accuracy and the resulting speed of the algorithm. The minimal width of the
transformed area, which is optimal for various kinds of images to maintain the best ratio
between accuracy and speed, was established as 100 pixels for DV resolution (see [Fig. 44]).
The image [Fig. 44] shows the dependency graph. The perimeter pixels present the width of
the transformed image, where the edges are detected. Further increase of the transformed
image width does not bring the accuracy increase as you can see in the right hand side graph.
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Fig. 44 Accuracy dependence on the size of the perimeter area (input image 720x576)

The aim of further evaluation was to verify the stability of the parameter detection at
different initial conditions. The test consists of the parameter estimation in one frame for
gradually increasing x-offset from proper center and then the y-offset. The step is one pixel
for both directions. The results showed, that the iteration process in the method and
sufficiently big surrounding (about 200pix for 756x526 image) for the border finding are able
to find mirror border with the same precision for various initial positions. The table [Tab. 3]
shows standard deviations of all detected parameters for different initial positions. The
running of the deviations is constant for all different parameters.
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Standard deviation
Center X

Center Y

Radius

X Offset 0-300

0,045679

0,084231

0,049409

Y Offset 0-250

0,046357

0,079968

0,0519312

Tab. 3 Detection accuracy with different initial conditions

The iteration process in this algorithm ensures the convergence to the properly detected
mirror border. The number of the iterations and the size of detected area around the probable
mirror rim affect the final algorithm speed, accuracy and the ability to detect distant object
from initial parameters. To determine the ideal number of iterations, the test with variable
count of iterations was performed. The final results are depicted in the graph [Fig. 45]. The
minimal count of iterations was established as 5. Further increase of iterations count does not
increase the final accuracy of this algorithm. Less than 5 iterations can affect the incorrect
parameter estimation caused by cluttered background below the mirror.
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Fig. 45 Accuracy dependence on the number of iterations

The further increase in the accuracy, speed and reliability can be achieved by heuristic
parameter setting during the iteration process. The size of the detected area and the edge
detection sensitivity are the possible parameters for tuning during the iteration process.

5.5 Stabilization algorithm - sub-pixel edge detection
The same video sequence as in previous case was used for testing. The sensitivity of
sub-pixel detection is higher than for the previous modified canny detection method. This
property is demonstrated in the figure [Fig. 46]. Peaks in the graphs demonstrate the gradients
of the step edges. Especially, the case b) contains 4 strong gradient responses. Therefore, it is
difficult to find the proper edge, which belongs to the mirror margin. One solution is to use
only outer detected edges on condition of the uniform background. However, this condition is
not true in each case, because various recorded video sequences with cluttered background
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exist. The second solution is to use this method only for quality detection improvement with
small detected area.

a)

a)

b)
b)
Fig. 46 Edge response

The testing procedure performed in the second part of the proposed method is the same
as in chapter 5.4. This algorithm does not use the iteration principle but it is dependent on the
number of tested parts around the probable mirror border; please see chapter 5.5. This
dependency shows the graph on the picture [Fig. 47]. The interesting artifact is visible on the
running curve of the Center X in the graph. The periodic wave is caused by the half frame
interlacing. The position of detected points on the circle border are regularly placed, which
caused the dependence of the number of these detected points and their positions on the half
frames.
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Fig. 47 Accuracy dependence on the number of tests around the tested area

The practical tests on real images with wider surroundings for edge finding showed
many false margin detections. The probability of the false margin detection depends on the
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proximity of disturbing edges. The suitable width of the surroundings for edge finding is
about 4 pixels, which arises from the accuracy of the method used for the first estimation.

Fig. 48 True/False mirror margin detection

The sub-pixel edge responses are in some cases stronger on the mirror image than on
the mirror rim (visible in the graph [Fig. 46 b)]), because the background below the mirror
and shadows have in some places the same color nuance as the mirror border. However, this
method brings noticeable improvement of the detection accuracy which is more than twice
bigger than by the method with modified Canny edge detector.

5.6 Problems occurred in detection process
The present digital cameras provide only an interlaced mode of the recording. This
means, that two half frames are captured with 1/50sec delay and then are connected together.
This forms the video frame in the full resolution. Movement of the video system or of the
captured objects in the scene makes intensity displacement between half frames. This problem
can affect the inaccuracy of detected mirror parameters. Two solutions exist. The first one is
to use some de-interlace algorithm to suppress or blur the distortion caused by the interlaced
capturing. Another way is to use only odd or even lines from the frame (only a half frame) for
parameter computation and for the transformation then.

Fig. 49 Interlace problem – the full resolution image of the mirror border
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The second solution can increase the error caused by the half resolution. Therefore, the
tests were performed to compare the accuracy between parameters estimation from full DV
resolution and half frames. The graphs in figure [Fig. 50] show that the accuracy for detected
center X is about twice smaller for half frames. The other parameters are not so much
affected. This is caused by smaller resolution only in the vertical direction, which affects the
detection accuracy in the horizontal direction.
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Fig. 50 Accuracy comparison in the image with half/full number of lines

The effect of frame interleaving is increasing with bigger movement in the captured
scene. However, the accuracy measurement of the moving mirror image is a problem, because
it is difficult to establish the ground truth. That is why, the tests were performed on the stable
video sequence, where the position is the same over the whole tested frames and only the
divergences are measured only. The tests with moving mirror image, caused by the system
vibrations, were not carried because of technical feasibility of the ground truth measurement.

5.7 Other detection methods
Some of the mostly used detection methods for detecting geometrical primitives were
employed to compare the detection accuracy and speed with previous proposed methods. The
first of them is modified Hough transformation. The full circle determination method needs
three-dimensional space to store possible circle votes. The further steps can use only twodimensional space to estimate circle center position, because the circle radius is not changing
during the image capturing. A lot of modification and improvements exist regarding to a
standard version. One of them is described in the section 2.15. Purpose of these modifications
is to increase accuracy and speed. Even if we use only two-dimensional space and the
direction of the edges for decreasing number of possible centers, the time needed to estimate
center parameters is topmost regarding the rest of tested methods. The accuracy is dependent
on the size of parameter space. The further accuracy increasing can be done by averaging of
ambient values or by using the method in section 2.15. The result in the table [Tab. 4] was
obtained by using the parameter space with accuracy about 0.2pix for center x and y without
any additional improvement method. Although this method is very robust and sensitive for
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detection of partially visible objects or detection in images with strong noise, its speed does
not satisfy the speed requirement for our purpose.

Speed

Hough Transform, only
center coordinates

RANSAC
(500 cycles count)

Modified Canny +
ILRM

4.4 sec

1.3 sec

0.03 sec

Tab. 4 Speed comparison (Centrino 1.4GHz)

The second method, which was tested for comparison purposes, was the RANSAC
algorithm modified for circle detection. The algorithm was implemented on the base of the
theory described in the chapter 2.16. The final result is used from the best hypothesis without
re-computation. The re-computation can increase the accuracy, but the initial extracted set of
points remains the same. The tests shows, that the RANSAC needs a large amount of the
cycles for hypothesis testing, which deteriorates the algorithm speed. All points from the test
set also affect the hypothesis evaluation. This can cause the improper selection of the correct
hypothesis, when the count of cycles is insufficient.

Fig. 51 RANSAC detection method, green – point set, red – detected circle

The images in picture [Fig. 51] show the set of points for detection (green pixels) and
the best evaluated hypothesis (red circle). The first image shows the correctly estimated circle,
but the second circle in the second image is detected roughly because of the high amount of
points near the mirror rim. These points negatively affect the proper hypothesis selection,
because they affect the cost function result.
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Fig. 52 Accuracy dependence on the cycles count of the hypothesis testing

The resulting graph [Fig. 52] shows that the minimal count of cycles for hypothesis
testing is about 200. When the number of cycles is small, the probability of false detected
border is higher. The average accuracy for cycles count greater than 500 does not bring high
accuracy improvement. It can be increased by additive point re-computation. The additive
method was not tested, because the method does not appear suitable for the mirror border
detection regarding its time complexity.
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6 Application of proposed methods
Visual cues, such as gesturing, looking at each other or monitoring each others facial
expressions, play an important role in meetings. Such information can be used for indexing of
multimedia meeting recordings. These situations are strongly focused nowadays. The
omnidirectional system usage in such situations brings many advantages as portability, easy
installation, large field of view, low cost etc. That is why we choose such scenarios for testing
the omnidirectional system. Information about differences between omni-directional and
classical images both for human presentation and tracking purposes is needed. We try to
compare two different tracking methods on the various video sequences. The results of the
tracking methods can help to demonstrate the benefits or drawbacks of the omni-directional
system. The evaluation scheme was developed to bring us the aspects which affects the vision
algorithms for detection and tracking of human bodies.

6.1 Data collection
The meeting room with suitable technical equipment was used to record several videos
by using both omni-directional vision system and classical digital video cameras. The
recorded meetings are annotated by semi-automated software. This software was developed
for annotation purposes and browsing of the results from tracked sequences. The description
of this tool and executable version are available on the webpage
http://www.fit.vutbr.cz/research/grants/ami/editor.html.

Fig. 53 Setup for participant activity recordings

The common setup is with four participants. They are sitting around the table as is
depicted on the figure [Fig. 53]. The omni-directional camera system is placed in the middle
of the table. The classical DV cameras were placed on the opposite sides behind the
participants. The filed of view of these cameras was adjusted to capture participants with part
of the table. Each camera captures two participants, who are visible even when they stand.
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The further possibility of the setup change is in the mirror combination for omnidirectional system. The system setup, which was used in our case, contains four combinations
between the hyperbolic H3G mirror, mirror with uniform resolution and position of the mirror
below/above the camera. The captured events contain natural meeting with several gestures,
etc. The captured video sequences are summarized in the following table with durations:

Video name

Time

Description

SET1.a

6:40

SET1.b

6:40

Two sides cameras – progressive scan, 720x576pixels
Mirror with uniform resolution, camera above the mirror

SET1.c

6:40

SET2.a

3:20

SET2.b

3:20

SET3.a

6:00

SET3.b

6:00

SET3.c

6:00

SET3.d

6:00

SET4.a-d

4 x 3:20

Two sides cameras – progressive scan, 720x576pixels
H3G mirror, camera below the mirror
Two sides cameras – progressive scan, 720x576pixels
Mirror with uniform resolution, camera above the mirror

Mirror with uniform resolution, camera above the mirror

Tab. 5 Description of the video types in the data set

The data sets 1 – 3 contain pre-processed omni-directional videos with two side cameras
and take 50 minutes and 40 seconds. The data set 4 contains only pre-processed omnidirectional videos. These sequences are totally long 13 minutes and 20 seconds. The total
length of all videos for evaluation is 64 minutes. The annotations were made for both omnidirectional video and side cameras. Although creation of annotated data is time consuming
process, it can boost future algorithm testing and even development and testing of other
algorithms working with the same data. In the presented case, bounding rectangle coordinates
are used especially for head annotation purposes. The bounding rectangles define the position
of the body parts in the image. To achieve detailed information about participant positions and
movement, the annotation in each frame for each person was performed.

6.2 Evaluation procedure
To objectively compare the tracking and detection methods on several video sources,
we must first define a common evaluation procedure and agree upon a common data set. To
this end, an evaluation procedure and set of performance measures as defined in [46][48] were
adopted, and collected meeting video data.
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Measures and Procedure
In [46], the task of evaluating tracker performance was broken into evaluating two
tasks: predicting the correct number and placement of objects in the scene (referred to as
configuration), and checking the consistency with which each tracking result (or estimate, E)
assigns identities to a ground truth object (GT) over its lifetime (referred to as identification).
Several metrics are defined below to evaluate these tasks. Each of these measures depends on
information derived from the fundamental coverage test.

Coverage Test
The coverage test determines if a GT is being tracked by an E; e.g. if the E is tracking
the GT, it reports the quality of the tracking result. For a given tracking estimate Ei and
ground truth GTj , the coverage test measures the overlap between the two areas using the Fmeasure Fi,j
Fi , j =

2α i , j β i , j

α i, j + β i, j

α ij =

Ei ∩ GT j
GT j

β ij =

Ei ∩ GT j
Ei

(1)

where recall ( α ) and precision ( β ), are well-known information retrieval measures.

Fig. 54 The four types of configuration errors (FN - False negative, FP – False positive,

MT – Multiple trackers, MO – Multiple objects)
If the overlap passes a fixed coverage threshold (Fi,j ≥ tc, tc = 0.33), then it is determined
that Ei is tracking GTj .

Configuration
In this context, configuration means the number, the location, and the size of all objects
in a frame of the scenario. The result of a tracking approach is considered to be correctly
configured if and only if exactly one Ei is tracking each GTj. To identify all types of errors
that may occur, four configuration measures are defined:
•

FN - False negative. A GT is not tracked by an E.

•

FP - False positive. An E exists and is not tracking a GT.

•

MT - Multiple trackers. More than one E is tracking a single GT. Each excess E is
counted as an MT error.

•

MO - Multiple objects. An E is tracking multiple GTs. An MO error is assigned for
each excess GT.

- 72 -

Omni-directional image processing for human detection and tracking
An example of each error type is depicted in Fig. 54, where the GTs are marked with
green colored boxes, the Es with red. To assess the overall configuration, one can measure the
difference between the number of GTs and the number of Es.
•

CD - Configuration distance. For a given frame, the difference between the number
t
t
of Es ( N Et ) and GTs ( N GT
) normalized by the number of GTs ( N GT
). Specifically,

CD =

t
N Et − N GT
t
max N GT
,1

(

)

(2)

Identification
In the field of tracking, identification implies the persistent tracking of an GT by a
particular E over time. Though several methods to associate identities exist, we adopted an
approach based on a "majority rule" [46]. A GTj is said to be identified by the Ei that passes
the coverage test for the majority of its lifetime, and similarly Ei is said to identify the GTj
that passes the coverage test for the majority of its lifetime (this implies that associations
between GTs and Es will not necessarily match).
In this approach there arise two types of identification failures. The first type (FIT)
occurs when Ei suddenly stops tracking GTj and another Ek continues tracking this ground
truth. The second error type (FIO) results from swapping the ground truth paths, i.e. Ei
initially tracks GTj and subsequently changes to track GTk.
•

FIT - Falsely identified tracker. Occurs when an Ek that passed the coverage test for
GT j is not the identifying tracker, Ei.

•

FIO - Falsely identified object. Occurs when a GTk which passed the coverage test
for Ei is not the identifying object, GTj. Additionally, two purity measures are
introduced to evaluate the degree of consistency to associations between Es and
GTs.

•

OP - Object purity. If GTj is identified by Ei, then OP is the ratio of frames in which
GTj and Ei passed the coverage test (ni,j) to the overall number of frames GTj exists
(nj).

•

TP - Tracker purity. If Ei identifies GTj , then TP is the ratio of frames in which GTj
and Ei passed the coverage test (nj,i) to the overall number of frames Ei .
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Procedure
To evaluate the ability of each tracking model to correctly predict the configuration and
identification over diverse data sets, the above measures are normalized by the instantaneous
number of ground truth objects and the total number of frames, T as shown.
•

for each frame
• Perform the coverage test over all pairs of Es and GTs.
• Compute configuration errors (FN,FP,MT,MO) and F-measure.

•

Associate E and GT pairs for identification.

•

for each frame
• Compute identification errors (FIT,FIO).

•

Compute and normalize TP, OP, CD, configuration and identification errors.

FPt
FN t
1 T
1 T
FP = ∑
, FN = ∑
t
t
T t =1 max( N GT ,1)
T t =1 max( N GT
,1)
T
T
MTt
MOt
1
1
MT = ∑
, MO = ∑
t
t
T t =1 max( N GT ,1)
T t =1 max( N GT
,1)
T
T
FITt
FIOt
1
1
FIT = ∑
, FIO = ∑
t
t
T t =1 max( N GT ,1)
T t =1 max( N GT
,1)
1 N GT ni , j
1 N E ni , j
1 T
=
OP =
TP
CD
=
∑
∑
∑ CD
N GT j =1 n j
N E j =1 n j
T t =1

6.3

Detection and tracking methods

The aim of this part of work is intended to incorporate various methods into single
tracking system of human body parts and to evaluate different method of combinations. Two
approaches were tested to detect heads/faces and track them. The first approach is based on
the pure skin color segmentation, face detection and tracking using the movement prediction.
The second approach is using the head detection based on the skin color and background
subtraction. KLT tracker then provides the tracking.
Skin color detection was used as the basic method for image segmentation. The
appearance of the skin-tone color depends on the lighting conditions. Hence normalized rgcolor space is used, which is good solution for the problem of varying brightness. Normalized
rg-color are computed from RGB values. The r and g components create 2D color space with
normal probability distribution. Various face color pixels are picked manually and color
class Ω k is computed later. A color class Ω k is determined by its mean vector µ k and the
covariance matrix K k of its distribution.

- 74 -

Omni-directional image processing for human detection and tracking
We need to compute probability of each pixel in image by this equation:
p(c | Ω k ) =

 1

T
exp − (c − µ k ) K k−1 (c − µ k )
2π det K k
 2


1

(1)

The Gaussian color model was trained to achieve better results which are needed for
image segmentation. Skin colored blobs are obtained by connected component analysis and
morphological operations. The face detection is then applied only on the detected skin colored
areas for increasing the speed of the whole algorithm. The detected skin colored objects,
which are recognized as faces are then tracked by using movement prediction [62]. We are
keeping the information about objects for whole sequence of frames. The aim is to attach to
an object in frame t its correspondent object in the frame t+1. The object tracking is based on
the object correspondence determination. The information used for this purpose is only
movement. We are limited to prediction of the next object position from its previous motion.
The motion equations based on basic physics are used for estimating of a new position from
previous object movement. Prediction of object position is therefore based only on the
positions in past frames. Thus we can define a boundary in which the searched object will
occur. The boundary we use is circular and is defined by specified radius. The problem can
arise when some of tracked objects disappear – the predicted area is empty or appear in new
position – the object is not in any predicted area. The first situation means the tracker
termination and the second situation presents the new object in the scene so the new tracker is
initialized. If more than one object is in the predicted area, then the nearest is the
corresponding one. This kind of object correspondence keeps the consistence between
detected objects in all frames. The face detection algorithm is then applied only on the
detected skin colored areas, which dramatically increase the speed of the whole algorithm.
The corresponding object sequence, which contains some specified number of objects with
detected faces, is labeled as object sequence representing a head. The criterion is presented by
minimal percentual number of detected faces in the sequence which in our case is 10%.
The face detection algorithm is based on the well known AdaBoost [43] learning
algorithm. Viola and Jones have used the AdaBoost to find a small set of rectangular features
suitable for the classification of face and non-face images. The face classifier is constructed as
a linear combination of several weak classifiers (e.g. a simple perceptron) built on features
issued from the AdaBoost algorithm. In our case, the simple rectangle image/facial features
are replaced by more complex Gabor wavelets [45] and a modified confidence-rated
AdaBoost algorithm [44] is used for learning. Each weak classifier is composed of the Gabor
wavelet and a decision tree whose output determines "confidence" that the input image is a
face. The training algorithm considers fact that there is much more non-face regions then face
regions in an image. Therefore, during the classification, the non-face regions are recognized
and rejected faster. Face detector is trained on normalized face images (24x24 pixels). The
input image is sub-sampled and rotated first. Then, the face detection is performed, scanning
sub-sampled images by the normalized window. After processing the input image, all possible
occurrences of faces are grouped by the help of a clustering algorithm. This helps to stabilize
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position of detected faces over a video sequence and it also improves overall detection rate.
Such algorithm is able to detect faces rotated along the eye-view axis and partially rotated
along the vertical/horizontal axis. For the first training, the CBCL database from MIT was
used. This data set contains about 1500 face and 14000 non-face images. Afterwards,
hundreds of false positive and false negative samples, obtained from the testing data, were
added to the training set.

Fig. 55 Skin color detection a) original image b) skin detection by 2-dimensional Gaussian

model in rg-color space.
The second tracking method is based on the public domain KLT feature tracker, which
uses an image pyramid in combination with Newton-Raphson style minimization to
efficiently find a most likely position of features in a new image. We embedded both flocking
behavior and color cue as suggested in [47] into the tracking system. We used RG color
model as color cue that could be either predefined or trained when tracker is placed on an
object. We use this model in order to discard all features whose color does not match expected
object color. This color cue in combination with the flock compactness criterion almost
eliminates feature drift to background and non-stationary objects in the scene. Tracker is also
resistant to partial occlusions. For the head detection, we use the presumption that faces
correspond to compact ellipse-like shapes with distinctive axis aspect ratio in the mask. The
skin color analysis, background subtraction and connected component analysis are used to
extract suitable object for head detection. The method based on progressive background
model improvement was used. Model improvement is done by accumulation of RGB pixel
values of current frame in model buffer. Updated are only those pixels evaluated as
background. The spatial component analysis by statistical moment calculation is used to
distinguish between the heads and other skin colored human parts. Note that results are used
for tracker initialization, not tracking itself, though it may be suitable even to do the tracking.
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Fig. 56 The trackers design a) Tracker with face detection system – consist of several

weak classifiers (WC) working with Gabor wavelets and decision trees, b) Head tracking
system using KLT tracker
The first method is based purely on the skin color detection and therefore is gives us
good results only at certain lighting conditions. However, its main purpose is to preprocess
the image for application of the face detection algorithm. The size of training data set used for
our face detector showed to be enough but better deal such as Adaboost overfitting property is
required. This property can negatively affect the final results. The negative aspect of our face
detector is strong computation dependency on the Gabor wavelet feature evaluation and
therefore it cannot be used in real-time applications. The speed of this algorithm on Athlon 64
3500+ computer is about 0.2 frames per second.
The tracker containing KLT method is not so predisposed to lighting conditions because
it uses in addition the background subtraction for the image segmentation in addition. On the
other hand, the FP(false positive) rate is quite high – around 30 % because hands are often
misinterpreted as heads. The FP rate could be reduced using additional topological knowledge
about the scene and temporal correspondence, or by using a face detector. The KLT tracking
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algorithm with the head detection achieves approximately 17 frames per second on Athlon 64
3500+ processor, when it tracks two persons in standard DV sequence.

6.4 Evaluation results
The evaluation was performed with three tasks in mind: spatial fitting, configuration,
and identification. The data set presented in the chapter 6.1 was used for testing. The captured
images from video sequences reflect the environment, where the individual meetings were
recorded. This chapter contains several sections with captured images from input videos,
tables with results for “Face detection” algorithm, KLT algorithm described earlier, and
behavior description of various video sources. The results are compared with the type of the
video source. The first type of video-sequences called as perspective camera is captured by
two classical cameras and the second one called as panoramic is captured by omni-directional
system.

Fig. 57 SET1 – omni directional video, left camera, right camera

The first data set was captured with mirror below the camera. The two side cameras
observe each two participants from the front. The lighting conditions were affected only by
fluorescent lamps. The environment contains background with a lot of nearly skin colored
parts, which are mostly visible only in the panoramic images.
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Sequence
left.a
left.b
left.c
right.a
right.b
right.c
transform.a
transform.b
transform.c

FN
0,0003
0,0001
0,0002
0,0252
0,0131
0,0032
0,5074
0,4878
0,5014

FP
0,0002
0,0000
0,0450
0,0288
0,0306
0,0035
0,0153
0,0039
0,0032

MT
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0002
0,0000

MO
0,0001
0,0000
0,0000
0,0000
0,0000
0,0001
0,0000
0,0001
0,0000

CD
0,0002
0,0001
0,0451
0,0047
0,0246
0,0010
0,4922
0,4838
0,4982

FIT
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000

FIO
0,0000
0,0000
0,2586
0,3211
0,3610
0,3085
0,1219
0,0002
0,1079

TP
0,9999
1,0000
0,9617
0,7667
0,8814
0,9486
0,9775
0,9551
0,9971

OP
0,9997
0,9999
0,7412
0,6537
0,6259
0,6883
0,4942
0,6829
0,5209

TP
1,0000
1,0000
1,0000
0,6833
0,8693
0,8151
0,7282
0,8540
0,9891

OP
0,9990
0,9984
0,9996
0,6652
0,5206
0,7079
0,7927
0,8607
0,6640

Tab. 6 SET1 - Face Detection results

Sequence
left.a
left.b
left.c
right.a
right.b
right.c
transform.a
transform.b
transform.c

FN
0,0010
0,0016
0,0004
0,1849
0,1393
0,1008
0,0892
0,0621
0,1111

FP
0,0473
0,0000
0,0105
0,2909
0,2845
0,3200
0,6469
0,6277
0,6952

MT
0,0000
0,0000
0,0000
0,1130
0,1356
0,0693
0,0008
0,0002
0,0000

MO
CD
FIT
0,0001 0,0481 0,0000
0,0000 0,0016 0,0000
0,0000 0,0110 0,0000
0,0000 0,4033 0,0000
0,0000 0,3736 0,0000
0,0001 0,3723 0,0000
0,0000 0,5613 0,0000
0,0000 0,5667 0,0000
0,0000 0,5922 0,0000
Tab. 7 SET1 – KLT results

FIO
0,0000
0,0000
0,0000
0,2652
0,4757
0,2606
0,1190
0,0775
0,2249

The sequences from the left camera have the best results, because the color balance in
the images does not affect so much the skin color detection. The right person on the right
camera hand side has nearly skin colored clothing, which increases FP error mainly for KLT
tracker. The captured omni-directional sequence has worst color properties than images from
perspective cameras. The quality of tracking is also affected by objects, which are visible in
the omni-directional image and not visible in the partial views from perspective cameras. This
becomes evident in the high FP error rate for omni-directional video. The FN error rate is also
high for face detection algorithm mainly because of the small resolution of the detected faces.
The significant high FIO error rate is evident for right camera sequences, which is again
affected by skin color detection failure. Generally, the omnidirectional sequence offers worse
results because of the smaller resolution of the captured persons, lighting conditions and
cluttered background.
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Fig. 58 SET2 - omnidirectional video, left camera, right camera

The hyperbolic mirror mounted above the camera captured the second data set. Again
the participants were captured by two opposite perspective cameras. The hyperbolic mirror
had the pad because of the direct lighting from the ceiling light sources. The vertical
resolution in panoramic image is decreasing faster than in previous panoramic image. The
highest resolution is in the upper part of the image.
Sequence
left.a
left.b
right.a
right.b
transform.a
transform.b

FN
0,0004
0,0002
0,0053
0,0124
0,0105
0,0130

FP
0,0000
0,0000
0,0039
0,0123
0,1651
0,1172

MT
MO
CD
FIT
FIO
0,0000 0,0000 0,0004 0,0000 0,0000
0,0000 0,0000 0,0002 0,0000 0,0000
0,0000 0,0000 0,0014 0,0000 0,0108
0,0000 0,0000 0,0001 0,0000 0,2756
0,0000 0,0000 0,1556 0,0000 0,2013
0,0001 0,0000 0,1048 0,0000 0,2778
Tab. 8 SET2 - Face detection results

Sequence
left.a
left.b
right.a
right.b
transform.a
transform.b

FN
0,0114
0,0319
0,0656
0,0260
0,0277
0,5193

FP
0,0100
0,0488
0,4687
0,3798
0,3967
0,2715

MT
0,0000
0,0000
0,0028
0,0014
0,0001
0,0000

MO
CD
FIT
0,0000 0,0210 0,0000
0,0000 0,0788 0,0000
0,0000 0,4209 0,0000
0,0000 0,3566 0,0000
0,0000 0,3750 0,0000
0,0000 0,6454 0,0000
Tab. 9 SET2 - KLT results

FIO
0,0000
0,0813
0,0028
0,2873
0,1159
0,0642

TP
1,0000
1,0000
0,7937
0,9796
0,7812
0,7725

OP
0,9996
0,9998
0,9839
0,7120
0,7882
0,7093

TP
1,0000
0,9649
0,5067
0,7106
0,8238
0,8648

OP
0,9886
0,8868
0,9344
0,6881
0,8565
0,4165

As in the previous case, the results for the right camera are worst than for the left
camera because of the nearly skin colored clothing. The left camera sequences show nearly
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ideal results for all measured criteria when the face detection algorithm was used. The
panoramic sequences has higher FN & FP error rate but it is caused by smaller resolution and
worse lightning conditions for face detection in panoramic image. The KLT tracker has
generally worst results for both sequence types. Whereas the panoramic sequences contain
whole captured scene with four participants the quality of tracking is comparable with
tracking on sequences from standard perspective cameras.

Fig. 59 SET3- omnidirectional video, left camera, right camera

The last data set, which was captured by perspective cameras, was recorded on the
different place to achieve various background conditions. The perspective cameras were
facing front of participant couple. The field of view is larger and cameras are capturing even
the other participants from behind. This setup was chosen because of the miscellaneous
environment, where the meetings take place. Such situations and mobility requirements do not
enable the best camera positioning in each time.
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Sequence
left.a
left.b
left.c
left.d
right.a
right.b
right.c
right.d
transform.a
transform.b
transform.c
transform.d

FN
0,0227
0,1435
0,1785
0,2195
0,8779
0,8522
0,9185
0,7460
0,3752
0,3490
0,4946
0,3281

FP
0,9724
0,3915
0,3458
0,5052
0,1571
0,1645
0,1399
0,0961
0,1635
0,1941
0,1980
0,2246

MT
MO
CD
FIT
FIO
0,0010 0,0005 0,9506 0,7282 0,0000
0,0000 0,0001 0,2661 0,0000 0,4007
0,0000 0,0000 0,1685 0,0028 0,4299
0,0000 0,0000 0,2871 0,0000 0,4226
0,0001 0,0003 0,7211 0,0068 0,0444
0,0000 0,0006 0,6883 0,0282 0,1076
0,0000 0,0000 0,7786 0,0000 0,0000
0,0000 0,0001 0,6501 0,0000 0,0000
0,0000 0,0000 0,2145 0,0000 0,3462
0,0000 0,0000 0,2161 0,0000 0,3860
0,0001 0,0010 0,3215 0,0000 0,3297
0,0000 0,0000 0,2118 0,0000 0,4086
Tab. 10 SET3 – Face detection results

Sequence
left.a
left.b
left.c
left.d
right.a
right.b
right.c
right.d
transform.a
transform.b
transform.c
transform.d

FN
0,9906
0,3743
0,4430
0,4240
0,0781
0,1532
0,1127
0,0517
0,0108
0,0105
0,0072
0,0089

FP
0,0024
0,1598
0,2349
0,1921
0,5670
0,5107
0,5125
0,4893
0,0784
0,0744
0,0652
0,0657

MT
0,0000
0,0000
0,0000
0,0000
0,0930
0,0781
0,0591
0,0134
0,0005
0,0002
0,0012
0,0004

MO
CD
FIT
0,0000 0,9882 0,0000
0,0001 0,2376 0,0000
0,0000 0,2251 0,0000
0,0000 0,2494 0,0000
0,0000 0,5874 0,0149
0,0000 0,4379 0,0001
0,0000 0,4769 0,0612
0,0000 0,4524 0,0000
0,0000 0,0799 0,0000
0,0000 0,0758 0,0000
0,0024 0,0705 0,0000
0,0000 0,0680 0,0000
Tab. 11 SET3 – KLT results

FIO
0,0000
0,0519
0,0000
0,0000
0,3153
0,4168
0,3316
0,2358
0,1331
0,1167
0,0741
0,2540

TP
0,1287
0,9758
0,9133
0,7637
0,3158
0,6182
2,2012
3,3244
0,9565
0,9617
0,9709
0,9272

OP
0,9783
0,4563
0,3922
0,3579
0,0777
0,0401
0,0000
0,0000
0,2786
0,2651
0,1752
0,2633

TP
1,0000
0,9965
1,0000
0,9979
0,7923
0,9118
0,6946
0,8223
0,7096
0,8929
0,9582
0,8592

OP
0,0125
0,5740
0,7432
0,5760
0,6997
0,5081
0,6147
0,7259
0,8566
0,8729
0,9194
0,7376

The situations, where the participants are captured back to the camera, negatively affect
the quality of tracking methods. Both the KLT and face detection methods have very big FN
error rate in the case of perspective video sequences. The very high FP error rate is caused by
cluttered background, which increases the possibility of object misinterpretation. Higher FIT
error occurs only in two perspective sequences and frequent tracker terminating by bad image
segmentation causes it. The low OP at the panoramic sequences in [Tab. 10] is caused by
frequent tracker termination. The TP is still high in this case, which means that the trackers
correctly follow given objects. The omni-directional system achieves much better results in all
of the measured aspects. The aim of this test was to show that inappropriately positioned
perspective cameras could lead to very bad results of tracking and detection methods. The
omnidirectional system overrides the classical approach by reason of only direct participant
capturing in this case.
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Fig. 60 SET4 – omnidirectional video

The following video sequences were tested without comparison of the perspective
cameras. The SET4 was captured with mirror below the camera; the used mirror has uniform
vertical resolution. The lighting conditions were quite uniform and the color balance of the
video sequence is better when compared with the previous panoramic videos. The lighting in
the room is mostly provided by fluorescent lamps with and partly by outer light.
Sequence
transform.a
transform.b
transform.c
transform.d
transform.e

FN
0,0063
0,0324
0,0523
0,0035
0,0160

FP
0,6291
0,2641
0,3170
0,0080
0,4813

MT
MO
CD
FIT
FIO
0,0000 0,0001 0,6230 0,0000 0,1826
0,0000 0,0000 0,2321 0,0000 0,2127
0,0000 0,0001 0,2651 0,0000 0,4775
0,0000 0,0000 0,0080 0,0000 0,0000
0,0000 0,0001 0,4656 0,0000 0,2867
Tab. 12 SET4 – Face detection results

Sequence
transform.a
transform.b
transform.c
transform.d
transform.e

FN
0,0009
0,0150
0,0072
0,0053
0,0040

FP
0,1718
0,1555
0,2151
0,0000
0,1142

MT
0,0008
0,0000
0,0034
0,0000
0,0016

MO
CD
FIT
0,0001 0,1727 0,0000
0,0000 0,1429 0,0000
0,0001 0,2158 0,0000
0,0000 0,0053 0,0000
0,0001 0,1155 0,0000
Tab. 13 SET4 – KLT results

FIO
0,0355
0,1147
0,0866
0,0000
0,1298

TP
0,7681
0,8767
0,7897
0,9982
0,7777

OP
0,8111
0,7549
0,4702
0,9965
0,6973

TP
0,8340
0,8102
0,8387
1,0000
0,8144

OP
0,9643
0,8704
0,9096
0,9947
0,8678

Panoramic sequences in this data set have better lighting conditions than in previous
cases. The position of participants is also closer to the system, which increases the resolution
of detected body parts. The FN error rate is pretty small, which shows that the good lightning
conditions and participant placing near the camera system results in the form of high quality
detection. The FP error rate is higher at face detection method because of the false face
detection on participant’s hands. The TP and OP criterions show quite high results, which
could be attributed to the coherence of the trackers.

Fig. 61 SET5 – omnidirectional video

The second individual omni-directional video was captured by the same mirror placed
above the camera. This setup restricts the overhead environment and enables better hand
tracking. The further advantage is in higher resolution in the upper part, where the
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participant’s heads are. The environment and lighting conditions are the same as in the SET2;
only the mirror type is replaced.
Sequence
transform.a
transform.b
transform.c
transform.d

FN
0,3231
0,3482
0,5047
0,3304

FP
0,0830
0,0551
0,1222
0,0308

MT
MO
CD
FIT
FIO
0,0000 0,0004 0,2439 0,0000 0,3274
0,0000 0,0000 0,2966 0,0000 0,2007
0,0000 0,0002 0,3827 0,0000 0,3177
0,0000 0,0000 0,2996 0,0000 0,3042
Tab. 14 SET5 – Face detection results

Sequence
transform.a
transform.b
transform.c
transform.d

FN
0,0127
0,0302
0,0322
0,0361

FP
0,4762
0,4454
0,5158
0,7058

MT
0,0015
0,0011
0,0003
0,0003

MO
CD
FIT
0,0004 0,4662 0,0000
0,0000 0,4208 0,0000
0,0002 0,4877 0,0000
0,0000 0,6708 0,0000
Tab. 15 SET5 – KLT results

FIO
0,1376
0,1540
0,0024
0,1457

TP
0,9264
0,9267
0,9626
0,9355

OP
0,4657
0,4511
0,3553
0,4871

TP
0,5663
0,7871
0,6369
0,7158

OP
0,8514
0,8168
0,9657
0,8184

The “Face detection” algorithm has higher FN error rate, which is caused by weak hit
rate of the face detection. This affects also the low FP error rate. The high TP criterion and
low OP criterion also relates to low face detection hit rate. This algorithm is not affected so
much by the type of the input video sequence, because all evaluation parameters do not vary
independently from each other. The second tracking method also embodies good results for
FN error rate. The higher FP error rate is caused by misinterpretation of hands with heads.

Stabilization influence
The stabilization algorithm was developed with aim to remove the distortion originated
in system vibrations. The main purpose was to present undistorted and not twinkling images
from omni-directional system to an observer. Another important property of this algorithm is
the possibility of positively affecting the tracking and detection methods, which are applied
on such image sequences. The same tests as these were performed in the previous chapter
were applied on the non-stabilized sequences (images transformed without the stabilization
algorithm). The idea was to show the necessity of stabilization algorithm both for human
presentation, and to increase fruitfulness of tracking and detection methods. Two data sets
were used for this purpose – SET2 and SET5; both with mirror above the camera, but H3G
mirror is the first and mirror with uniform resolution is the second. The following tables
contain the results for stabilized sequences represented in white rows and results for
sequences, which were not stabilized – grey rows.
Sequence
transform.a
transform.b
transform.a
transform.b

FN
FP
MT
MO
CD
FIT
FIO
TP
OP
0,0105 0,1651 0,0000 0,0000 0,1556 0,0000 0,2013 0,7812 0,7882
0,0130 0,1172 0,0001 0,0000 0,1048 0,0000 0,2778 0,7725 0,7093
0,0126 0,0845 0,0000 0,0000 0,0727 0,0000 0,1999 0,7368 0,7875
0,0129 0,0485 0,0002 0,0000 0,0401 0,0000 0,5027 0,8743 0,4847
Tab. 16 SET2 - Face detection results(white – stabilized, grey – not stabilized)
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Sequence
transform.a
transform.b
transform.c
transform.d
transform.a
transform.b
transform.c
transform.d

FN
FP
MT
MO
CD
FIT
FIO
TP
OP
0,3231 0,0830 0,0000 0,0004 0,2439 0,0000 0,3274 0,9264 0,4657
0,3482 0,0551 0,0000 0,0000 0,2966 0,0000 0,2007 0,9267 0,4511
0,5047 0,1222 0,0000 0,0002 0,3827 0,0000 0,3177 0,9626 0,3553
0,3304 0,0308 0,0000 0,0000 0,2996 0,0000 0,3042 0,9355 0,4871
0,3404 0,0540 0,0000 0,0004 0,2885 0,0000 0,1863 0,9878 0,6308
0,4633 0,0729 0,0000 0,0000 0,3904 0,0000 0,2771 0,9958 0,3462
0,5055 0,1399 0,0000 0,0002 0,3658 0,0000 0,3661 0,9633 0,2568
0,3515 0,0282 0,0000 0,0000 0,3233 0,0000 0,3761 0,9223 0,3632
Tab. 17 SET5 – Face detection results(white – stabilized, gray – not stabilized)

The first two tables present the „Face detection“ method. The differences are too small
to generalize some conclusions. The face detection is done for each frame so it is not so much
affected by movement. The correspondence determination was also able to balance the small
changes in object positions in order to correctly determine the correspondences between the
objects.
Sequence
transform.a
transform.b
transform.a
transform.b

FN
FP
MT
MO
CD
FIT
FIO
TP
OP
0,0277 0,3967 0,0001 0,0000 0,3750 0,0000 0,1159 0,8238 0,8565
0,5193 0,2715 0,0000 0,0000 0,6454 0,0000 0,0642 0,8648 0,4165
0,0410 0,6245 0,0003 0,0000 0,5893 0,0000 0,2171 0,7943 0,7422
0,0712 0,8738 0,0005 0,0000 0,8040 0,0000 0,3369 0,8905 0,5924
Tab. 18 SET2 - KLT results(white – stabilized, gray – not stabilized)

Sequence
transform.a
transform.b
transform.c
transform.d
transform.a
transform.b
transform.c
transform.d

FN
FP
MT
MO
CD
FIT
FIO
TP
OP
0,3231 0,0830 0,0000 0,0004 0,2439 0,0000 0,3274 0,9264 0,4657
0,3482 0,0551 0,0000 0,0000 0,2966 0,0000 0,2007 0,9267 0,4511
0,5047 0,1222 0,0000 0,0002 0,3827 0,0000 0,3177 0,9626 0,3553
0,3304 0,0308 0,0000 0,0000 0,2996 0,0000 0,3042 0,9355 0,4871
0,0117 0,5894 0,0013 0,0004 0,5792 0,0000 0,0367 0,7365 0,9527
0,0276 0,5396 0,0002 0,0000 0,5140 0,0000 0,2354 0,6838 0,7372
0,0444 0,4976 0,0005 0,0002 0,4589 0,0000 0,1980 0,6981 0,7581
0,0291 0,6503 0,0000 0,0000 0,6218 0,0000 0,2219 0,8735 0,7490
Tab. 19 SET5 – KLT results(white – stabilized, gray – not stabilized)

The second tracking algorithm suffers by the vibrations much more than previous
detection algorithm. The number of detected objects is higher than when the stabilized
sequence is used. The reason is the movement of the whole image, which affects the
background subtraction algorithm and therefore the image segmentation. This problem
decreases the FN error rate, but dramatically increases the FP error rate, which results in a lot
of false detections. The CD criterion is also affected by tracking problems.

Summary
The performed tests showed that artifacts originated by the vibrations can decrease the
ability of tracking and detection algorithms. Not all methods are predisposed to image jitter,
and the complex system can be negatively affected. Good example is the technological demo
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developed for AMI project purposes (see appendix B.1). The KLT algorithm was used by
reason of high speed there. When the image stabilization is not used, the falsely identified
objects are detected, which can not be removed by additional post processing. Also the
vibrations unpleasantly disturb the human observer.
In addition the performed tests point to some advantages of omni-directional system for
human capturing. Inappropriately positioned classical cameras can lead to worse tracking and
detection results than these obtained from omni-directional system. The advantage of such
system resides in direct to the camera positioning of all people sitting around. The further
important advantage is in creating one whole panoramic image that enables better
correspondence determination between objects than from images captured by several cameras.
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7 Conclusions
This work deals with the set of methods for omni-directional image preprocessing, and
it was developed for human activity detection, tracking, and human presentation purposes.
New methods have been successfully developed and the goals set for this thesis have been
achieved.
The capturing of omni-directional images is affected by lighting conditions, resolution
of the camera sensor, mirror profile, vibrations, etc. This work contributed to overcome some
of these problems. The proposed methods are mostly focused to afford transformed images
without any significant distortion. One of the most significant sources of these distortions is
caused by the vibrations. The proposed stabilization algorithm works with sub-pixel accuracy
and high speed for the parameter estimation, which are necessary for correct image
transformation used in real-time applications. The verification of proposed methods was not
done only experimentally by using evaluation of tracking methods on preprocessed omnidirectional images but also used in applications. Behavior of the tracking methods was
evaluated on various kinds of captured data. The acquired data set contains several video
sources from both: perspective cameras and omni-directional system. These tests show that
the panoramic images acquired from catadioptric systems can be used for human activity
monitoring with nearly the same effectiveness as from perspective cameras. However, the
conditions of good lightning, high resolution and distortion elimination must be satisfied.

Original contributions of this work
The main goal of this work was to develop suitable set of methods intended to minimize
the distortion in the transformed images so as to be applicable for human presentation and
tracking purposes.
To achieve this goal the following steps were achieved:
•

The catadioptric image formation was studied and possibilities of image
transformation into the panoramic or perspective view were described. Modification
of the existing methods for perspective transformation from non-central
omnidirectional system was suggested.

•

The stabilization algorithm was developed to achieve sub-pixel accuracy while
keeping the high processing speed. The proposed methods contain two parts: the first
is able to detect initial position of the mirror border and the second method serves
for parameter improvement via using sub-pixel detection. This processing stage is
the necessary step in catadioptric image formation when vibrations are present.

The evaluation scheme was established and the data set containing both perspective and
omnidirectional video sequences were acquired to practically show the drawbacks and/or
benefits. This scheme was used for evaluation of two tracking methods on different video
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sources. So-called mobile meeting room was developed for a practical evaluation of proposed
approaches. This system containing designed methods was demonstrated in the several
foreign events as CeBit 2006 in Hannover, Wainhouse Research Forum in Berlin, MLMI
Conference in Washington and other.
Results of this research were presented at several foreign conferences in Washington
[49](cooperation with IDIAP Switzerland and TUM Germany) [51], Spain [52], France [53],
Greece [55], United Kingdom [56](cooperation with TUM Germany), Switzerland [58] [59]
[60] and several events in Czech Republic [54] [57] [61](author won the Best PhD Paper
Award)[62].

Future work
The most significant advantage of catadioptric systems is in a large field of view
without any moving parts. Several computer applications benefits from this advantage and
therefore it would be desirable to focus the research into this area. A lot of problems relevant
to the omnidirectional vision still exist. These problems foreshadow the way of the
continuation the future work. One of them is the lighting that affects the system from different
sides. The lighting claims to influence analysis of the different conditions and the methods of
modifications that are predisposed to lighting conditions have been suggested. One of the
interesting areas is the skin color analysis for human body parts detection. This feature is
affected by different lighting conditions from different lightning sources, which affect the
omni-directional system much more than classical cameras with narrow field of view.
The variety of mirror profiles offers the new area of the system designs with specific
requirements on the field of view and quality of the image parts. These properties require
modifications of existing methods for image processing in order to achieve suitable results.
Mirrors with non-central viewpoint are used because of their specific properties. On the other
hand, since they have non-central viewpoint, specific demands to design methods for correct
image formation or 3D point determination would be required. These methods for
perspective/panoramic image formation can be evaluated by the same manner as proposed in
the chapter 6. The further research area associated with proper 3D point determination could
be aimed at automatic camera orientation in the chosen environment by using omnidirectional systems. Yet another interesting area contains anti-aliasing methods, which should
be developed to correct image formation, because the pixels which are transformed from the
camera image does not correspond exactly “one to one” to the pixels of the projected image.

- 88 -

Omni-directional image processing for human detection and tracking

Literature
[1]

[2]

[3]

[4]

[5]

[6]
[7]
[8]

[9]

[10]

[11]
[12]
[13]

[14]

[15]

Jones, M., Rehg, J.: Statistical Color Models with Application to Skin
Detection, Cambridge Research Laboratory, Computer Vision and Pattern
Recognition (CVPR99), Ft.Collins, CO, 274-280, June, 1999.
Kruppa, H., Bauer, M., Schiele, B., Skin Patch Detection in Real-World
Images, Perceptual Computing and Computer Vision Group, ETH Zurich,
Schwitzerland, 2002.
Martinkauppi, J., Soriano, M., Laaksonen, M., Behavior of skin color under
varying illumination seen by different cameras at different color spaces,
Proc. SPIE Vol. 4301 Machine Vision in Industrial Inspection IX, January 1926, San Jose California.
Stoerring, M., Granum, E., Constraining a statistical skin colour model to
adapt to illumination changes, In 7th German Workshop on Colour Image
Processing, pages 47-58, Erlangen-Nuernberg, Germany, October 4-5,
2001.
Vezhnevets, V.: Method for Localization of Human Faces in Color-Based
Face Detectors and Trackers, Department of Computational Mathematics &
Cybernetics, Moscow State University, Vorobjovy Gory, Russia, 2001.
Geusebroek, J., Smeulders, A., Color constancy from physical principles,
Pattern Recognition Letters 24, p. 1653–1662, year 2003.
Yang, G., Huang, T.: Human face detection in complex background, Pattern
recognition, 27(1):53-63, 1994.
Yang, Y., Waibel, A., A real-time face tracker, Proceedings of the 3rd IEEE
Workshop on Applications of Computer Vision (WACV '96), ISBN 0-81867620-5, 1996.
Terrillon, J., Akamatsu, S., Comparative Performance of Different
Chrominance Spaces for Color Segmentation and Detection of Human
Faces in Complex Scene Images, Vision Interface '99, Trois-Rivières,
Canada, 19-21 May.
Augusteijn, M., Skujca, T.: Identification human faces through texture-based
feature recognition and neural network technology. In Proceedings of IEEE
Conference on Neural Networks, pages 392-398, 1993.
Yow, K., Cipolla, R.: Feature-based human face detection, Image an Vision
Computing, 15(9):713-735, 1997.
Craw, I., Ellis, H., Lishman, J.: Automatic extraction of face features. Pattern
Recognition Letters, 5:183-187, 1987.
Schneiderman, H., Kanade, T.: A statistical method for 3D object detection
applied to faces and cars, In Proceedings IEEE Conference on Computer
Vision and Pattern Recognition, 2000.
Svoboda, T.: Central Panoramic Cameras Design, Geometry, Egomotion,
Center for Machine Perception, Faculty of Electrical Engineering, Czech
Technical University, September 30, 1999.
Paletta, L., Frintrop, S., Hertzberg, J., Robust localization using context in
omnidirectional imaging, In: 2001 IEEE Intl. Conf. on Robotics and
Automation (ICRA 2001) (May 21-26, 2001, Seoul, Korea), pp. 2072-2077.

- 89 -

Omni-directional image processing for human detection and tracking

[16] Jones, M., Rehg, J.: Statistical Color Models with Application to Skin
Detection, Cambridge Research Laboratory, Computer Vision and Pattern
Recognition (CVPR99), Ft.Collins, CO, 274-280, June, 1999.
[17] Gaspar, J., Decco, C., Okamoto, J., Santos-Victor, J., Constant Resolution
Omnidirectional Cameras, Proceedings of the Third Workshop on
Omnidirectional Vision (OMNIVIS’02), 2002.
[18] Eiserloh, P.: An Introduction to Kalman Filters and Applications, Assault and
Special Projects Naval Air Warfare Center, China Lake, 2002.
[19] Nayar, S., Baker, S., A Theory of Catadioptric Image Formation, Department
of Computer Science, Columbia university, Technical Report CUCS-015-97.
[20] Swaminathan, R., Grossberg, M., Nayar, S., Non-Single Viewpoint
Catadioptric Cameras: Geometry and Analysis, Department of Computer
Science, Columbia University, New York, technical report, 2001.
[21] Svoboda, T., Pajdla, T., Hlavac, V., Epipolar Geometry of Panoramic
Cameras, In fifth European Conference on Computer Vision, Freiburg,
Germany, pages 218 – 232, June 1998.
[22] Pajdla, T., Roth, H., Panoramic imaging with SVAVISCA camera –
simulations and reality, research report of the project OMNIVIEWS No.
1999-29017, October, 2000.
[23] Micusik, B., Pajdla, T., Autocalibration & 3D Reconstruction with Non-central
Catadioptric Cameras, IEEE Computer Society Conference on Computer
Vision and Pattern Recognition (CVPR'04), Volume 1, pp. 58-65, 2004.
[24] Decco, C., Santos-Victor, J., Gaspar, J., Winters, N., Mirror Design:
Principles and Tools, Omniviews Review Meeting, Instituto Superior Tecnico,
Lisbon, Portugal, September 2001.
[25] Ishiguro, H., Development of Low-Cost Compact Omnidirectional Vision
Sensors and their Applications, Department of Electrical & Computer
Engineering, University of California, San Diego, 1998.
[26] Derrien, S., Konolige, K., Approximating a single viewpoint in panoramic
imaging devices. In Proc. of the IEEE Workshop on Omnidirectional Vision,
pages 85–90, 2000.
[27] Gachter, S., Motion Detection as Application for the Omnidirectional
Camera, Department of Cybernetics, Faculty Electrical Engineering Czech
Technical University, Prague, 2001.
[28] Gachter, S., Pajdla, T., Micusik, B., Mirror Design for an Omnidirectional
Camera with Space Variant Imager, Center for Machine Perception, Czech
Technical University in Prague.
[29] Spanel, M., Zemcik, P., Face Representation and Tracking Using Gabor
Wavelet Networks, In: Proceedings of the Central European Seminar on
Computer Graphics, Budmerice, SK, 2003, p. 163-169.
[30] Rad, A., Faez, K., Qaragozlou, N., Fast Circle Detection Using Gradient Pair
Vectors, Proc. VIIth Digital Image Computing: Techniques and Applications,
10-12 Dec. 2003, Sydney.
[31] Steger, C., Evaluation of subpixel line and edge detection precision and
accuracy, International Archives of Photogrammetry and Remote Sensing
(1998) Volume XXXII, Part 3/1, 256-264.
[32] Vondel, B., Subpixel edge detection, HOBU-fund research project 030106,
DE NAYER Instituut Onderzoeksgroep Digitale Technieken, October 2004.

- 90 -

Omni-directional image processing for human detection and tracking

[33] Moler, C., Numerical Computing with MATLAB, Society for Industrial and
Applied Mathematics, 2004.
[34] J. Canny, “A Computational Approach to Edge Detect”, IEEE, Trans. on
Pattern Analysis and Machine Intelligence, Vol.PAMI-8, No.6, 1986, 679698.
[35] Zelniker, E., Vaughan, I., Clarkson, L., Maximum-Likelihood CircleParameter Estimation via Convolution, Proceedings of the VIIth Biennial
Australian Pattern Recognition Society Conference - Digital Image
Computing: Techniques and Applications, December, 2003 1, pages 509518, Sydney, Australia.
[36] Atherton, T., Kerbyson, D., Size invariant circle detection, In. Image and
Vision Computing, Volume 17, Number 1, pp. 795-803, January 1999.
[37] Davis, E., Machine Vision: Theory, Algorithms, Practicalities, Elsevier, ISBN
0-12-206093-8, 2005.
[38] Bunschoten, R., Mapping and Localization from a Panoramic Vision Sensor,
Febodruk B.V., Enschede, The Netherlands, ISBN 90-9017279-3, November
2003.
[39] Benosman, R., Kang, S., Panoramic Vision: Sensors, Theory, and
Applications, Springer, ISBN 0-387-95111-3, 2001.
[40] R.Y. et al Tsai, A versatile camera calibration technique for high-accuracy
3D machine vision metrology using off-the-shelf tv cameras and lenses.
IEEE Trans. on Robotics and Automation, 3(4):323{344, August 1987.
[41] Kwon, Y., Camera Calibration, The basic theory behind camera calibration,
http://www.kwon3d.com/theory/calib.html.
[42] Barreto, j., Araujo, h., Geometric properties of central catadioptric line
images, in European Conference on Computer Vision, Copenhagen, May
2002.
[43] Freund, Y., Schapire, R. E., A Short Introduction to Boosting. Journal of
Japanese Society for Artificial Intelligence, 14(5):771-780, September, 1999.
[44] Schapire, R. E., Singer, Y., Improved Boosting Algorithms Using
Confidence-rated Pre-dictions. Machine Learning, 37(3):297-336, 1999.
[45] Kruger V., Gabor Wavelet Networks for Object Representation. Dissertation
thessis, Technischen Fakultat, Christian-Albrechts-Universitat zu Kiel, 2000.
[46] Smith, K., Ba, S., Odobez, J., Gatica-Perez, D., Evaluating Multi-Object
Tracking, CVPR Workshop on Empirical Evaluation Methods in Computer
Vision (EEMCV), San Diego, CA, June 2005.
[47] Kölsch, M.,Turk, M., Fast 2D Hand Tracking With Flocks and Multi Cue
Integration, Department of Computer Science, University of California, 2005.

Author’s publications
2006
[48] Polok, L., Potucek, I., Sumec, S., Zemcik, P., Acceleration of image
processing algorithms for meeting system, The Sixth IASTED International
Conference on Visualisation, Imaging, and Image processing, Spain, August
28-30, 2006.
[49] Smith, K., Schreiber, S., Potucek, I., Beran, V., Rigoll, G., Gatica-Perez, D.,
Multi-Person Tracking in Meetings: A Comparative Study, 3rd Joint

- 91 -

Omni-directional image processing for human detection and tracking

Workshop on Multimodal Interaction and Related Machine Learning
Algorithms, Washington, USA, May 2006.
[50] Smith, K., Schreiber, S., Potucek, I., Beran, V., Rigoll, G., Gatica-Perez, D.,
2D Multi-Person Tracking: A Comparative Study in AMI Meetings, CLEAR
Evaluation Campaign and Workshop, Southampton, GB, May 2006.
[51] Zemčík, P., Herout, A., Beran, V., Sumec, S., Potúček, I., Real-time Visual
Processing Using “Views”, 3rd Joint Workshop on Multimodal Interaction and
Related Machine Learning Algorithms, Washington, USA, May 2006.
2005
[52] Potúček, I., Automatic Image Stabilization for Omni-Directional Systems, In:
Proceedings of the Fifth IASTED International Conference on
VISUALIZATION, IMAGING,AND IMAGE PROCESSING, Benidorm, ES,
ACTA Press, 2005, p. 338-342.
[53] Potúček, I., Sumec, S., Zemčík, P., AUTOMATIC MOBILE MEETING
ROOM, In: Proceedings of 3IA'2005 International Conference in Computer
Graphics and Artificial Intelligence, Limoges, FR, 2005, p. 171-177, ISBN 2914256-07-8.
[54] Potúček, I., Kadlec, J., Sumec, S., Zemčík, P., Evaluation of Tracking and
Recognition Methods, In: Proceeding of the 11th Conference and
Competition STUDENT EEICT 2005, Brno, CZ, 2005, p. 617-622, ISBN 80214-2890-2 .
2004
[55] Potúček, I., Sumec, S., Španěl, M., Participant activity detection by hands
and face movement tracking in the meeting room, In: 2004 Computer
Graphics International (CGI 2004), Los Alamitos, US, IEEE CS, 2004, p.
632-635, ISBN 0-7695-2717-1.
[56] Potúček, I., Rigoll, G., Wallhoff, F., Zobl, M., Dynamic Tracking in Meeting
Room Scenarios Using Omnidirectional View, In: 17th International
Conference on Pattern Recognition (ICPR 2004), Cambridge, GB, IEEE CS,
2004, p. 933-936, ISBN 0-7695-2128-2.
[57] Beran, V., Potúček, I., Real-time reconstruction of incomplete human model
using computer vision, In: Proceeding of the 10th Conference and
Competition STUDENT EEICT 2004, Volume 2, Brno, CZ, 2004, p. 298-302,
ISBN 80-214-2635-7.
[58] Potúček, I., Jenderka, P., Sumec, S., Meeting recordings at Brno University
of Technology, In: AMI/PASCAL/IM2/M4 workshop, Martigny, CH, 2004, p.
3.
[59] Potúček, I., Španěl, M., Face Detection in Meeting Room Using Omnidirectional View, In: AMI/PASCAL/IM2/M4 workshop, Martigny, CH, IDIAP,
2004.
[60] Zemčík, P., Sumec, S., Potúček, I., Španěl, M., Herout, A., Pečiva, J.,
Summary of Image/Video Processing for AMI Project in Brno, In: Poster at
MLMI'04 workshop, Martigny, CH, IDIAP, 2004.

- 92 -

Omni-directional image processing for human detection and tracking

2003
[61] Potúček, I., Person Tracking Using Omnidirectional View, In: Proceedings of
the 9th conference STUDENT EEICT 2003, Brno, CZ, VUT in Brno, 2003, p.
603-607, ISBN 80-214-2379, ISSN 0572-3043.
[62] Potúček, I., Tracking movement objects in sequence pictures, In:
ElectronicsLetters.com , 2003, nr. 2, Brno, CZ, p. 10, ISSN 1213-161X.

- 93 -

Omni-directional image processing for human detection and tracking

Appendix A
A.1

Terms definition

Astigmatism - is when an optical system has different foci for rays that propagate in
two perpendicular planes. If an optical system with astigmatism is used to form an image of a
cross, the vertical and horizontal lines will be in sharp focus at two different distances.
Catadioptric system – the term is used for sensors consisting of cameras and mirrors.
Field of view (FOW) - also called angle of view, is the amount of scene visible through
the camera system. It is mostly expressed as an angle in degrees, measured horizontally.
Focal length - the distance between the optical center of a lens/mirror and the principal
convergent focus point.
Focal point – the point on the optical axis at which light converges to a point after
being refracted or reflected.
Panoramic resolution - the angular pixel density expressed in units of pixels per
degree as determined by the focal length.
Parallax - is the change of angular position of two stationary points relative to each
other as seen by an observer, due to the motion of an observer. Simply put, it is the apparent
shift of an object against a background due to a change in observer position.
Principal axis - a line that passes through the center of curvature of a lens so that light
is neither reflected nor refracted
Principal point - one of the two points in an optical system where the axis is cut by the
two principal planes. Lines drawn from these to corresponding points on the object and the
image will be parallel.
Telecentric lens - is a special lens assembly that is usually employed for machine
vision systems in order to achieve dimensional and geometric invariance of images within a
range of different distances from the lens and across the whole field of view. A telecentric
lens is defined by the property that the chief rays for each object point are all parallel to the
lens axis in the space before or after the lens.

A.2

Omni-directional system setup

The camera system was installed on the table to capture people sitting around. Such
setup was used for detection and tracking people activity and movement. This kind of
scenario is mostly used in meetings, where is necessary to capture all participants and their
activities. The further mostly used cue of such system is monitoring the space around the
mobile robot. The first case was used to acquire a set of recordings with people activity.

- 94 -

Omni-directional image processing for human detection and tracking

A.3

Captured omni-directional images

The algorithms were proposed for the following kind of the source data. The variety of
backgrounds is given by different time and place of capturing these data.

Fig. 62 Images from omni-directional system with various background(720x576)

Fig. 63 Images captured with mirror above/below the camera
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Fig. 64 Images from omni-directional system captured with HD camera (1440x1080)
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Appendix B
B.1

Real-time application with omni-directional system

A demonstration application device for so-called mobile meeting room was developed
for an evaluation of proposed approaches. The device processes a high resolution video
stream acquired through an omnidirectional system. The particular frames are transformed
with unwrapping algorithm into the panoramic view and the human detection and tracking
algorithms are applied onto this picture for highlighting of the meeting participants.
Additionally, speech processing is used for identification of active speaker and keyword
detection. The application have to work in real-time, so efficient implementation is the key
issue.
Video
stream

Frame queue

Video
stabilization

Detection
&
tracking

Frame repository
Audio
stream

Presentation

Video
&
audio
grabber

Picture
unwrapping

Audio queue

TCP/IP server

Speaker
identification

Keyword spotting

Fig. 65 Internal structure

The computational load of algorithms for image processing in higher resolution is
exceeding the possibilities of today’s processors. The Pentium 4 processor running on 3 GHz
has theoretical power of 6 GFLOPS and its memory transfers have 5.96 GB/sec in peak. The
very strong processing unit in computers, which is often overlooked, is 3D accelerator.
Today’s common graphical cards such as GeForce 6800 Ultra has observed (measured by
long shader, consisting of nothing but multiply instructions) power of 40 GFLOPS, with its
memory bandwidth of 35.2 GB/sec in peak. Note: GF6800U is not one of top of the line
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cards, we have 7xxx series today. Graphics hardware computational power is evolving faster
than by processors.
The structure of the implemented application is presented in Fig. 65. Source video and
audio streams are acquired through a grabber based on Microsoft DirectShow technology.
Input signals from camera and microphones are processed through a graph containing some
filters for demultiplexing of MPEG2 streams that is provided by camera, decompression of
video frames, and grabbers for audio/video frames. In addition, audio streams are passed
through delay filters to players. Implemented graph is presented below.

Fig. 66 DirectShow graph

Grabbed video frames are together with timestamps stored into the frame queue.
Following blocks can work on their sets of data from the certain time point. The main effort
was to work all blocks in parallel, so the multi-core CPU can be efficiently used. The queue is
also necessary for synchronization of audio/video streams during presentation of the results.
At first, a stabilization of the given frame is evaluated, in fact the centre of omnidirectional
mirror is found. Furthermore, a picture unwrapping algorithm is applied and the panoramic
view is stored into the queue. Finally, meeting participants are detected and tracked using
procedure given in [2]. The results of this detection are also stored into the queue with current
timestamp. In addition, speech processing part evaluates active speaker and checks some
keywords. These two blocks are running on a secondary computer connected via TCP/IP
server, because as experiments had shown the image processing utilizes whole CPU on main
computer. Distribution of video processing across several computers is unacceptable because
data flow of transferred frames would be too big. However, a multiprocessor computer can be
used as well.
Processing of high resolution data is quite demanding; the data rate of source video
stream in 1440×1080 pixels is approximately 148 MB/s (4 byte per pixel). The memory
transfers of source frames have to be minimized, because every memory transfer of the
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picture consumes some time. Therefore, source frames are stored only once in the frame
queue and the references are used instead of copying of the data. Also, if the panoramic view
is generated, it is stored into the queue, and the references to parts of this picture are used in
“Detection & tracking” block and “Presentation” block. In addition, the memory allocation of
such big images is also problematic. Therefore, the own memory manager was implemented.
Pictures, which have been already presented, are not freed but stored into the “Frame
repository” and grabber then uses these frames instead of new allocated frames.
The application is being executed on a computer with AMD Athlon 64 X2 Dual 4400+
CPU with 2 GB of RAM. NVIDIA GeForce 6600 graphic card is used for unwrapping of
omnidirectional pictures, HDV Sony camera HDR-FX1E acquires picture from hyperbolic
mirror, and professional sound card RME Fireface 800 records four sound channels for
speech processing. Together with the source video stream in HDV resolution is in the
application displayed (see Fig. 67) whole unwrapped picture in 1024×324 resolution and four
views in resolution 204×324 pixels, one for each meeting’s participant. The application is
able to process up to 25 frames per second at this configuration. The same computation, but
only on the CPU, has about 1.6 frames per second. The significant slack is caused by
discarding of the computation in the graphics card thereby the whole computation must be
done on the CPU.

Fig. 67 Application interface

Set of tests were performed to show the computational power of 3D accelerators (see
paper [48] for details). In the beginning we feared too long time spent on image transfers from
and to graphics card, but the asynchronous transfers turned out to be effective enough. Along
with the transformation, shaders can recalculate some data for image recognition stage (skin
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color tracking). The results we get allow us to perform better texture filtering (like cubic
spline filter which we are currently implementing) since we could not afford on CPU.

Transformation

Additional image processing
None

Grayscale

Skin detection

Simple

4.3ms

4.4ms

9.2ms

Geometric

5.8ms

5.9ms

8.9ms

Tessellation 128×128

2.0ms

2.0ms

5.3ms

Tessellation 128×128,
Perspective correction

1.6ms

1.7ms

5.1ms

_

Tab. 20 Speed tests for various image transformations with additional post processing

The developed real-time system is able to process omni-directional video from HD
camcorder with resolution 1440×1080 pixels. The main remaining tasks are: the omnidirectional image transformation into the panoramic or perspective view, parameter
estimation for this transformation, and pre-processing of the transformed image for tracking
purposes as skin color detection etc. The output of this work served among others as
technological demo at CeBit 2006 in Hannover or at Wainhouse Research 2006 in Berlin.
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