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A bstract
Augmented reality (AR) is the concept of adding computer generated objects to the
real world using live video or a head-mounted display system in real-time. One of
the m ain problems in AR systems is the correct alignment of virtual objects and
real objects in order to create a believable mixed-reality environment. Often, this
problem is solved by visually locating a rigid plane in the scene and then aligning
the virtual objects with this plane. This thesis addresses the problem of performing
real-tim e flexible augmentations aligned w ith non-rigid objects such as cloth. The
techniques presented involve tracking a non-rigid object using computer vision to
acquire a mesh representation of its surface. In addition, novel methods to establish
common illumination between the real and virtual environments are presented. Our
experiments confirm th a t non-rigid object tracking combined with the acquisition
of realistic illumination provides an interactive system for flexible augmentations on
non-rigid objects.
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Chapter 1
Introduction
The use of computer graphics in real world applications and everyday life is becoming
more and more apparent. Many industries such as entertainment, medicine, tourism,
military, and education (just to name a few) integrate virtual objects into real envi
ronm ents to help dem onstrate situations th a t may not be possible in reality. These
com puter generated entities are often combined with the real world in a seamless way,
so th a t we as humans find it difficult to perceive what is real and what is virtual. In
the past there were two distinct and very specific environments, reality and virtual
reality. Reality is obviously the physical world th at we live in, and virtual reality
is a world where every p art of the environment is computer generated. In today’s
world this distinction is no longer valid, as there now exists a continuous range of
environments between the real and the virtual [48]. This continuum, as illustrated
in Fig. 1.1, introduces the concept of mixed reality to denote environments th a t are
comprised of both real and virtual parts.

I----------------------------------Mixed R e a lity ---------------------------------1

Real
Environment

Augmented
Reality

Augmented
Virtuality

Virtual
Environment

Figure 1.1: Continuum from real to virtual environments.

1
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The two main fields of mixed reality are augmented reality (AR) and augmented
virtuality (AV). In augmented reality, the main environment is the real world. It is
said to be “augmented” because individual virtual objects are placed into the scene
to provide an enhanced environment. Similarly, the main environment in augmented
virtuality is computer generated, and individual real objects are placed into the scene.
This thesis research is in the field of augmented reality.
The main goal of augmented reality is to interactively insert virtual objects into
a real scene by superimposing them onto a real-time video stream or head-mounted
display (HMD) system. These virtual objects can be simple, such as a 2D textual label
for a real object, or complex, like the 3D model of a building or biological structure.
In all cases, it is essential to correctly align the virtual objects with the real world
in order to establish seamless integration and the perception th a t the virtual objects
actually exist. This so-called registration problem is solved by aligning the virtual
objects with a rigid planar surface in the real world. The surface is typically located in
the video stream using visual targets, and then the pose of the camera is established.
V irtual objects are then rendered in the scene using the camera pose as a virtual
viewpoint. Example AR augmentations are illustrated in Fig. 1.2.
Since augmentations are always aligned with a rigid plane in the real world, inter
action with the virtual objects is somewhat restricted. This thesis concerns itself with
performing flexible augmentations on non-rigid objects, such as a piece of cloth. In
addition, novel techniques to increase the realism of augmentations by incorporating
the real world illumination environment are explored.
The next section describes motivation for this work. Section 1.2 outlines the scope
of this thesis, and Section 1.3 identifies the contributions from this thesis to the AR
research field. Finally, Section 1.4 provides an overview of the thesis chapters.

1.1

M otivation

The ability to insert virtual objects into a real scene is beneficial for many applica
tions. Common uses of augmented reality include: overlaying critical data onto visual
HMDs during military operations; augmented assistance during medical procedures;
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Figure 1.2: Example augmentations in the field of AR. a) A 3D cube is augmented on
a 2D planar pattern; b) The yellow first-down line is augmented on a football field [3];
c) Textual annotations are augmented in a mobile AR system [72].
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annotated textual cues in the tourism industry; interactive 3D model manipulation
for education and research; advertising logos on televised sporting events; historical
reconstruction of demolished sites; visualizing construction results before commenc
ing; interactive games; and many more. However, these applications can make use
of the rigid planar augmentation methods th a t exist today. We are interested in the
problem of non-rigid augmentations th a t can be performed on cloth and other flex
ible objects. The motivation behind this research lies mainly in the entertainment,
museum and fashion industries. The ability to perform realistic augmentations on
cloth provides a system for interactively replacing the texture of clothing. Applica
tions include a virtual fashion show, interactive clothing design, or entertainment for
museums. The general novelty of this research is also a motivating factor.

1.2

Scope

Our hypothesis is th at non-rigid objects can be visually tracked with enough precision
to perform realistic augmentations. The scope of this research is the real-time tracking
of a cloth surface in video. In addition, this thesis includes the acquisition of the real
illumination environment for the purpose of 2D augmentations.

1.3

C ontributions

To our knowledge, this thesis is the first research in augmented reality to include
non-rigid object tracking. The contributions of this thesis are:
• Three different visual tracking methods for acquiring a sparse representation of
a non-rigid object in a real-time video stream,
• Two different visual methods to establish common illumination in an augmented
reality cloth environment for more realistic augmentations,
• System architecture and implementation of the above methods.
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5

Thesis Overview

This thesis is organized as follows. Chapter 2 presents the related work in augmented
reality, non-rigid object tracking and establishing common illumination in mixed real
ity scenes. Chapter 3 describes our three methods for tracking non-rigid objects in a
real-time video stream. Chapter 4 explains how flexible augmentations are performed
on the non-rigid object, including the acquisition and application of the real world
illumination environment. The results of this thesis are outlined in Chapter 5, and
finally conclusions are presented in Chapter 6.
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Chapter 2
R elated Work
This thesis falls into the growing research field of augmented reality. This chapter
starts with an overview of AR systems and the augmentation environment, briefly
mentioning previous work selected from the field. To the best of our knowledge, this
is the first piece of research in augmenting non-rigid objects. Thus, direct related
work is not available. However, this thesis includes research on two separate subtopics: vision-based non-rigid object tracking and establishing common illumination
in mixed-reality scenes. Related work on these topics is also presented in this chapter.

2.1

A ugm ented R eality

Augmented reality is the concept of adding virtual objects to the real world by super
imposing them onto a video stream or HMD in real-time. One of the main problems
in AR systems is the registration problem, th at is, aligning the virtual objects with
the real world in a believable way. This alignment is accomplished by visually track
ing real objects in the scene and computing the pose of the camera, which consists
of its 3D position and orientation. Once the pose of the camera is known (relative
to the tracked objects in the scene), virtual objects are rendered on top of the video
at correct positions by using the camera pose as a virtual viewpoint. This creates
two different categories of scene objects, real ones and virtual ones. The real ob
jects exist in the video image and the virtual objects are created in a 3D rendering
6
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environment. The rendering environment is set up much like a typical 3D graphics
application, w ith the addition of the video frame as the background for the scene.
The rendering environment consists of a viewpoint and view frustum. The viewpoint
faces a 2D rendering plane th a t is at a distance equal to the camera focal length
(converted to three-dimensional units) away from the viewpoint. This is where the
video image is rendered as a texture to form the background. Then virtual objects
are rendered in front of th e background so th a t they appear to blend into the scene.
Fig. 2.1 illustrates the rendering environment. Optionally, virtual objects can be ren
dered behind the video image plane, but then the depth buffer (or Z-buffer) must be
manually controlled so th a t the objects behind the background are still drawn on top
of it. Unlike other graphical applications, here the viewpoint remains fixed (along

View Frustum

Virtual Objects
Viewpoint

Background Image Plane

Figure 2.1: Top view of a typical AR rendering environment.
with the background plane). The scene is controlled by moving the camera and the
real objects, which updates the background image and also the pose (and existence)
of the virtual objects.
The rendering environment for augmented reality is a standard concept th at does
not receive much attention in the research community. Instead, researchers focus
on the registration problem, different object tracking methods, interaction with the
virtual objects, occlusion problems, hardware enhancements, applications of AR and
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social acceptance studies. Azuma et al. [3] present a general overview of research in
the AR field. To provide more background of AR research for this thesis, the most
relevant and related research literature is reviewed below.
One of the most common ways to solve the registration problem is by tracking
specific planar markers th at are placed in the scene. A popular application of marker
tracking for augmented reality is the “MagicBook” , presented by Billinghurst et al. [6].
The MagicBook is a physical book with square markers on the pages, in addition to
regular pictures and text. Users look through an augmented reality display and see
virtual models appearing out of the pages. Since the models are aligned with the
markers, users can see the AR scene from any perspective by moving themselves or
the book. The virtual models are changed by turning pages in the physical book.
In addition to AR, the authors include a virtual reality aspect by allowing users to
“fly into” the virtual scene and become an avatar1. In this mode, the environment
is completely virtual and the user controls the avatar from a first-person perspective.
Another application of marker tracking for AR is the augmented chemistry workbench
of Fjeld and Voegtli [24]. The authors create a tangible user interface (TUI) from
a set of square markers to control an interactive mirror-based chemistry application.
V irtual elements are chosen from a menu and composed into 3D molecular models.
The elements and models are manipulated by hand using a tangible cube covered
in markers. Malik et al. [44] present a fast and accurate vision-based corner tracker
for marker-based AR. The goal of their research is to overcome the computational
costs and lack of robustness in many marker tracking methods. Their tracking system
predicts corner positions in video images and uses local search windows to find the
corners with subpixel accuracy. Results of their system show robustness with respect
to occlusion, scale, orientation and fighting.
A second approach to solve the registration problem for AR is to establish the
alignment of virtual objects in a markerless environment. In this way, the scene is not
modified by the addition of markers, and instead the tracking process determines the
pose of the camera by locating real objects in the scene. Simon et al. [59] describe a
markerless tracking system for environments th a t contain one or more planes. Their
1An image or object representing a user in a multi-user virtual environment.
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system is based on a structure-and-motion estimation algorithm called autom atic
move-matching, which simultaneously estimates the camera motion and the planar
structures in the scene. Their algorithm can “hand off” tracking from one plane to
the next, providing a practical and reliable vision-based tracker. Comport et al. [15]
develop a robust and efficient 3D model-based tracking algorithm. Non-linear pose
com putation is accomplished by means of a virtual visual servoing approach. Real
tim e tracking of different features including lines, circles, cylinders and spheres is
presented using a local moving edges tracker. Virtual objects are placed in the scene
relative to the rigid tracked objects. Their method is robust to occlusion, changes in
illumination and mis-tracking.
Another area of AR research involves methods to interact with the virtual aug
mentations. Although almost all AR systems contain some form of user interaction,
some research focuses entirely on techniques to naturally interact with the augmen
tations. Dorfmuller-Ulhaas and Schmalstieg [21] present a method to track a human
finger using a marked glove, a stereoscopic tracking system and a kinematic 3D model
of a finger. The system allows gestural interaction to grab, translate, rotate and re
lease virtual objects in an AR environment. Their method is cheap, fast, accurate
and robust against occlusions. The authors demonstrate their technique with an aug
mented reality chess game, allowing a user to interact with virtual chess pieces. Malik
et al. [43] present an interaction method based on a planar pattern tracking system
th at is robust under partial occlusions. Their system includes a method to detect
a hand over top of the pattern and use the hand position for interaction with the
augmentation. The hand is also rendered on top of the virtual objects to increase
realism. A nother occlusion-based technique for interacting with augmentations is
presented by Lee et al. [39]. The authors develop an intuitive method to allow one
and two dimensional interaction with an AR user interface. Actions such as pressing
buttons, changing slider values and making menu selections are performed by visually
occluding physical markers.
The final area of AR research th at is discussed here is the field of AR gam
ing. Interactive video games have always been very popular applications of computer
graphics. W ith the current state of augmented reality technology, AR games are now

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 2. RELATED WORK

10

being proposed, expanding the gaming community into the real world. Jebara et
al. [38] present a wearable augmented reality system to enhance the game of billiards.
A vision-based algorithm uses probabilistic color models and symmetry operations
to locate a billiard table, pockets and balls. Virtual assistance is then provided to
aid a player in planning and aiming. Each possible shot is determined and ranked
in order of usefulness, and trajectories are rendered onto a player’s HMD in real
time. Thomas et al. [63] develop a mobile indoor/outdoor augmented reality version
of an existing first person video game. Their system, called “ARQuake” , includes
a six degree-of-freedom tracking system based on GPS, a digital compass, and vi
sual marker-based tracking. Woodward et al. [71] present an augmented table tennis
game. Their system contains natural interaction with real rackets and a virtual ball
and table. The pose of the racket is computed by visually detecting markers placed
on the racket surface. The game is played over a network, where the video of each
player is stream ed in real-time to the opponent player and displayed at the other end
of the table. Multicast implementation allows an audience on the network to view
the game in a virtual environment.

2.2

N on-R igid O bject Tracking

In order to render augmentations on a flexible object, a virtual representation of the
object must be acquired from the video image. Non-rigid object tracking is a difficult
problem due to the flexibility of the object and its ability to self-occlude. Computer
vision researchers have developed non-rigid object tracking algorithms for video se
quences using different techniques. Combinations of single versus multiple viewpoints,
cluttered versus non-cluttered backgrounds, and 2D contour retrieval versus 3D model
recovery have all been attem pted [64, 36, 57, 35, 46, 50, 9, 65, 62, 11, 12, 23, 37, 10,
56, 14, 52, 29, 30, 31, 32]. Previous work is divided into three categories, ranging
from the least related to the most related to this thesis.
The first category is general non-rigid object tracking in an offline mode for
the purpose of scene capturing, with no attem pt to track cloth. Tiwari and Bhattacharya [64] recover 3D motion of a non-rigid object from a sequence of stereo images.
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Assuming feature correspondence over multiple frames, they reduce the problem of
S-dimensional motion recovery to the solution of a set of homogeneous polynomial
equations. Huttenlocher et al. [36] describe a model-based m ethod for tracking nonrigid objects in a complex scene. In this method, 2D models are extracted from the
video sequence to decompose the 3D solid object into two components: motion and
shape change. Motion and shape change are treated differently under the assumption
th at the shape of an object will change slowly from one frame to the next, however
there is no restriction on the amount of motion between frames. Similarly, Qiuqi
and Haiying [57] develop a system th a t also decomposes a non-rigid object into 2D
shape change and motion components, under the same assumption. Their method is
based on Hausdorff distances to extract tem plates of the object from one frame to
the next. Experiments are conducted on hum an contour tracking. Heisele et al. [35]
develop an algorithm for tracking non-rigid objects in a pre-recorded video sequence
based on color. Object parts are determined in an initial clustering step, and then the
clusters are iteratively adapted in each frame from the previous one, using a parallel
k-means clustering algorithm. Only the cluster centroids are tracked, simplifying the
correspondence problem and providing more robust tracking. Marcenaro et al. [46]
present an autom atic algorithm to build a statistical model of the shape of a non-rigid
object using a multiple camera environment. The goal of their m ethod is to learn
the flexible model from a training sequence using a Principal Component Analysis
(PCA) algorithm. Snakes and dynamic contours are then used to describe the shape
of the object. O berti and Regazzoni [50] dem onstrate a low computational algorithm
for tracking non-rigid objects in cluttered scenes. In this method, the 2D shape of
the object is modeled using corners. A learning algorithm is applied to a short video
sequence of the object without background clutter in order to extract the model, and
then more objects are merged into the scene. Bregler et al. [9] develop a model-free
approach th a t can recover non-rigid shape models from a single-view video sequence.
The 3D shape in each frame is a linear combination of a set of basis shapes. Torresani
et al. [65] also consider th at a non-rigid object can be approximated using a linear
combination of 3D basis shapes. In their work, the authors track deforming objects
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in a monocular video sequence using the rank constraint to achieve optical flow es
timation. The resulting flow m atrix is then factored in an iterative manner to get
the 3D pose of the object. The bound on the rank is exploited to handle occlusions.
Tan and Ishikawa [62] recover 3D shape of non-rigid objects using a stereo approach.
Static landmarks are used to calculate the orientation of the two cameras using a
factorization technique, and then a set of linear equations are solved to obtain the
3D shape of non-rigid objects. Erdem et al. [11] develop a framework for non-rigid
object tracking using performance evaluation measures as feedback. Their system
can track the contour of a 2D object by dividing it into sub-contours, and then us
ing the performance measures in a feedback loop to track the sub-contours of each
frame. Simple objects can be tracked in real-time, however complex non-rigid objects
require processing in an offline mode. Tracking results are accurate under significant
occlusion and background clutter. Cen and Qi [12] propose a framework of geometric
active contours to track non-rigid objects with a cluttered background. This m ethod
consists of motion detection and tracking stages, and results show the tracking of
two hands undergoing an intersection movement. Feng and Zhao [23] present a tech
nique for detecting and segmenting non-rigid objects in a video sequence using mean
shift analysis to convert raw video d ata to corresponding 2D/3D region feature space.
Objects are detected in successive frames using local motion estimation. Tracking is
robust under partial occlusions and background clutter, and the result is a segmen
tation of the image indicating the object of interest. Jaffre and Crouzil [37] develop
a m ethod of non-rigid object localization in an image using object colors. A binary
image is created and clusters are found using a mean shift procedure. Results show
detection of soccer players in sport images.
The second category of previous work is more related to this thesis. This category
contains work involving the capture of non-rigid cloth from a video sequence, however
still in an offline method and for the purpose of scene capturing.

Carceroni and

Kutulakos [10] present a multiple view system th a t performs reconstructions based on
surf els (surface elements [54]) to recover 3D shape, reflectance, and non-rigid motion
of a dynamic 3D scene. Their algorithm called “Surfel Sampling” is used in complex
scenes containing cloth, skin and shiny objects, and is able to explain pixel variations
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in terms of their shape, reflectance, motion, illumination and visibility. Pritchard
and Heidrich [56] use computer vision techniques to identify a printed pattern on
cloth. They recover non-rigid geometry using stereo vision and then apply the Scale
Invariant Feature Transform (SIFT) [41] to identify the pattern.
The last category of previous work is most related to this thesis. This is the cate
gory of real-time non-rigid object tracking. Comaniciu et al. [14] develop a real-time
tracking system for non-rigid objects using mean shift. W ith a single camera, the
most probable target position in each frame is computed using mean shift iterations.
The system is capable of handling partial occlusions, clutter, and target scale vari
ations in real-time. Examples show tracking of football players during a game and
people at a subway station. However the system finds only the image region contain
ing the object and does not attem pt to re-build the 3D object structure. Okada and
Hebert [52] also develop a method to track 3D non-rigid objects in real-time. This
m ethod processes 3D range data using a fast Iterative Closest Point (ICP) algorithm
and a modified Robust Point Matching (RPM) algorithm to recover the motion of
points on a 3D surface. They assume th a t the object is globally rigid and only parts
of it are subjected to non-rigid deformations. Our tracking method is most similar
to the flexible geometry tracking method of Guskov et al. [29, 30, 31, 32]. In their
work, a grid of solid quads is placed on a flexible surface, and then the structure is
captured by tracking the quads using spatial prediction and coherence in real-time.
Originally, their algorithm processed black quads and was restricted by requiring user
interaction to initiate the process. Further research led to improvements using col
ored quads and autom atic feature correspondence, initialization and simplified 3D
reconstruction. Quads are tracked individually to allow for occlusions. Results show
efficient tracking of spheres, gloves and t-shirts.
Unlike our research, the motivation behind all of the above non-rigid object track
ing methods is shape or contour reconstruction. Our goal is to track a 3D flexible
piece of cloth for the purpose of real-time realistic augmentations.
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Com m on Illum ination

Establishing common illumination between the real and virtual environments is a
problem th a t is generally divided into four categories. Shadows must be cast from
real objects onto real objects, from virtual objects onto virtual objects, from virtual
objects onto real objects, and from real objects onto virtual objects [33]. Shadows
from real objects cast onto other real objects come for free, provided th a t the natural
scene lighting is not modified virtually. Shadows from virtual objects cast onto other
virtual objects can be dealt with using standard graphical techniques for real-time
shading. However, the latter two cases are the ones th at are necessary in order to
achieve a high degree of realism in a mixed reality environment. A substantial amount
of research has been performed by Drettakis et al. [22] and Loscos et al. [40] in the
field of common illumination for AR systems and interactive virtual relighting of real
scenes. Drettakis et al. [22] and Loscos et al. [40] virtually modify the lighting and
geometry of a static scene by constructing a model from multiple photographs and
then using a hierarchical radiosity algorithm with shaft d ata structures for illumina
tion. Debevec [19] develops an algorithm to add virtual objects to a real photograph
using a high dynamic range light-based model with a mirrored sphere light probe to
illuminate the new objects. V irtual objects are rendered using global illumination
and then composited onto the photograph using differential rendering. Stauder [61]
estimates the intensity and direction of a distant point light and th e ambient light in
a video frame by examining the two succeeding images. Scene objects are modeled
using ellipsoid-like 3D models, and the illumination param eters are estim ated from
the shape, motion and displacement of the models in the image sequence. Gibson and
M urta [27] propose another solution to adding dynamic virtual objects to a static real
scene in which the distant real world illumination is captured by an omni-directional
image and then basis radiance maps are pre-computed. V irtual objects are added to
the scene and illuminated using sphere mapping, which yields much faster frame-rates
than global illumination algorithms. Gibson et al. [26] improve upon previous results
by removing the assumption th a t light sources are distant. In the new system, hierar
chical shaft d ata structures are used to subdivide light transport paths and determine
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sources of light occluded by synthetic objects. Naemura et al. [49] introduce the con
cepts of a “V irtual Light” and a “Virtual Shadow” for mixed reality environments. In
this context, a virtual light is a hand-held flashlight-like device that casts shadows of
real objects onto virtual objects, virtual objects onto real objects and virtual objects
onto other virtual objects. A recent work on establishing common illumination for
mixed reality scenes is performed by Haller a t al. [33]. In this research, the authors
modify a real-time shadow volume algorithm th a t is typically used for computer gen
erated scenes to work in mixed reality applications. Real objects are represented by
virtual “phantom ” objects, and they require markers to determine their position and
orientation in the scene. Real-time results of shadow casting from all four shading
categories mentioned above are demonstrated realistically.
Our goal is to perform augmentations on cloth, so common illumination can be
achieved by solving only one of the four shading problems mentioned above, th a t
of casting shadows from real objects onto the virtual augmentation. Therefore, we
present two approaches to establish common illumination th a t are less complex than
previous methods. Our m ethods require only the grayscale image of the input from
the camera and they take into account multiple real light sources. We require no
pre-processing or 3D model building, and create no shadow volumes or virtual lights.
Despite their simplicity, our methods display augmentations with realistic lighting in
a real-time interactive application.
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Chapter 3
R eal-T im e Flexible O bject
Tracking
The first step in order to perform real-time graphical augmentations on any object is
to determine where the object lies in the physical world. Our problem is to locate and
track a flexible piece of cloth in a video image using a single camera and vision-based
tracking techniques. As mentioned previously, cloth tracking is a difficult problem.
However, a dense and accurate representation of the cloth is not necessary in order to
render augmentations on the object. We dem onstrate th a t believable 2D augmenta
tions can be rendered onto a flexible piece of cloth using only a sparse representation
of the object. This representation will be in the form of a virtual triangulated mesh.
The problem is now reduced to th a t of locating and tracking a sufficient number
of mesh points on the surface of a piece of cloth in order to interpolate a realistic
augmentation.
Tracking a set of surface points on a flexible piece of cloth can be accomplished
using target-based techniques. Targets (sometimes called “markers”) are typically
two-dimensional patterns th a t are placed at known locations in the scene. The targets
are often self-identifiable so th a t when a target is found, the system will not only know
the location of the target but also which target it is. In practice, an individual target
can be located and identified in an input image using existing methods. Our approach
is to use a set of these targets on the surface of the cloth, locate them simultaneously
16
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and use this to acquire a sparse mesh representation of the cloth from the input
image. By using visual targets, the successful tracking of a non-rigid object can
be achieved using only vision-based techniques as required. Throughout this thesis,
an open source computer vision library called OpenCV [8] is used for basic image
processing tasks.
The ultim ate goal of this thesis is to perform real-time augmentations on a piece
of cloth. However, transitioning from tracking a rigid plane in space to tracking a
flexible piece of cloth is a large step. For this reason, the tracking methods presented
here are first dem onstrated on a sheet of paper, which does not exhibit the same
degree of flexibility as cloth. In addition, since our tracking methods are targetbased, it is much easier to place targets on a sheet of paper and be able to modify the
targets simply by printing a new sheet. Placing targets on cloth is more difficult and
therefore this step is only performed once the tracking methods are established using
the paper version. Throughout this thesis, cloth and paper are used interchangeably
as the non-rigid object to be tracked.
Three different target tracking systems are developed to solve the real-time flexible
object tracking problem. The first is a colored-circle system th at is designed to track
a small number of differently-colored circles on the surface of a non-rigid object. This
system is designed as a proof-of-concept exercise in order to determine the feasibility
of the theory of tracking targets on a flexible object for augmented reality. W ith
successful results of the colored-circle system, the next two tracking systems are
developed with the goal of performing real-time augmentations. The second tracking
m ethod is a square target system th a t locates a set of unique square targets on the
cloth, and the third m ethod is a coded-ring system th a t tracks an even larger set of
targets th at represent unique binary-encoded rings. These two systems have their
advantages and disadvantages, as outlined in this thesis.

3.1

Colored-Circle System

The first system, developed to acquire information about the surface of a non-rigid
object in a real-time video stream, is a colored-circle tracking system. This is an
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experimental system intended to determine the possibility of simultaneously tracking
multiple points on the surface of a sheet of flexible paper, for the purpose of building
a virtual representation of the object. This system attem pts to track a small number
of large, uniquely-colored circle targets placed on the paper. The tracking process
uses the shape, color and intensity of the targets.

3.1.1

Setup and Initialization

In the spectrum of visible light, any group of three independent wavelengths th a t
can be mixed to produce all colors are called primary colors. The main primary
colors are red, green and blue. These three colors are easy to distinguish and isolate
in an input image, since color images have a separate channel for each of the red,
green and blue components of each pixel. Another set of primar}' colors are cyan,
magenta and yellow. Cyan is the combination of green and blue light, magenta is the
combination of red and blue light, and yellow is the combination of red and green
light (see Fig. 3.1).
nuow

BLUE

Figure 3.1: Prim ary colors. RGB and CMY both combine to make white light in an
additive system.
These six primary colors are good candidates for target colors, since they are far
apart from each other in the spectrum of visible light. During initial research for this
tracking method, a series of other target colors were attem pted, however tracking the
targets became too difficult due to the similarity of the colors. The prim ary colors
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axe easier to uniquely identify in an input image, so six large circles are placed on
a sheet of flexible paper, one of each color. By the same token, black and white
are also good colors to use for identifying targets, however the background paper is
chosen to be white, and in general there are too many natural small black objects
in an indoor scene to effectively use th at color for simple circular targets. W ith the
white background, the targets are darkened (without changing the primary color)
to increase contrast and simplify location. Unfortunately, the yellow target is too
difficult to locate on the bright background, so it is removed from the system and the
five remaining targets are spaced out accordingly. Fig. 3.2 shows the resulting sheet
of paper with the five targets to be tracked.

Figure 3.2: Dark colored-circles to be tracked on paper. Clockwise from top left:
blue, cyan, magenta, green, red (in center).

3.1.2

Circle Tracking

The tracking process for the colored-circle system starts by creating a grayscale ver
sion of the color input image from the video stream. This may seem strange, since
the system is based on the requirement of color to determine the identity of the ta r
gets. However, since the target colors are much darker than the white background,
we first use the grayscale image to determine the location of possible targets. Once
the locations are found, we then return to the color image to identify the targets.
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The grayscale image is processed by comparing each pixel (in the range of 0-255) to a
global threshold value, in order to highlight the contrast between the targets and the
background. If a pixel is darker than the threshold then it is set to white, otherwise
it is set to black. T he threshold value is chosen to be lighter than all of the target
circles, yet darker th an the background sheet, even in the presence of shadows. This
creates a binary image, consisting of only white and black pixels. The next step is
to find all connected regions of white pixels (sometimes called blobs). The projection
of a circle in 3D space onto an image plane in 2D space is an ellipse. Therefore, the
blobs are processed individually to look for elliptical shapes. Blobs th a t are too small,
do not have enough vertices (when approximated as a polygon), or are not convex
enough to be ellipses are discarded. The remaining blobs are selected as potential
targets and are passed on for further processing. Fig. 3.3 illustrates these first steps
in the circle tracking process.
Now th a t we have determ ined possible target locations we can return to the color
input image. For each blob representing a potential target, the pixel center is com
puted. Then the average red, green and blue values are calculated at this location.
This is accomplished by summing the values for each channel in an eleven pixel by
eleven pixel window centered at the pixel center of the blob. The last step is to deter
mine a one-to-one mapping of the tracked colors to the known target colors. For each
of the known target colors, the best matching potential target color is chosen. The
matching is accomplished using color ratios. For instance, to find the blue target, the
potential target with th e best ratio of average blue to average red and average blue to
average green is chosen. The reason is th at the blue target will display a much higher
blue value than red or green values. The other targets are chosen in a similar way,
as illustrated in Table 3.1. The average red, green and blue values are R, G and B,
respectively, and are clamped to the range of 1-255 (a value of zero is approximated
to avoid dividing by zero).
To test the colored-circle tracking system, the located targets are statically con
nected w ith a small graph w ith a known topology. Graphical lines are drawn on
the input image to indicate the graph and dem onstrate the tracking result. Fig. 3.4
illustrates th e final steps in tracking the colored-circle targets.
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(d)

Figure 3.3: Initial steps in the colored-circle tracking process, a) Input image; b)
Grayscale version of input; c) Binary threshold of grayscale image; d) Connected
regions th at pass as potential targets.

Color
Red
Green
Blue
Cyan
Magenta

M atching Function
R
G
G
R
B
R
B
R
R
G

i R
B
, G
B
, B
' G
, G
R
, B
' G

Table 3.1: Matching colors in the colored-circle target system.
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(C)

Figure 3.4: Final steps in the colored-circle tracking process, a) Potential target blobs
resulting from initial steps; b) Blob centers are computed on color image; c) Static
graph connecting the targets to demonstrate results.
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Discussion

The purpose of the colored-circle tracking method is to dem onstrate the ability to
sparsely track a non-rigid object by visually locating known points on its surface using
unique targets. Fig. 3.5 shows the successful results of this m ethod while moving and
deforming the non-rigid sheet of paper.

Figure 3.5: Results of colored-circle method under movement and deformation of the
object.
The results of this tracking method indicate strong potential for vision-based
tracking of non-rigid objects in the field of augmented reality. Unfortunately, it is
not feasible to perform augmentations using this particular tracking m ethod as only
a small number of points are located on the surface of the object, resulting in a
representation th at is too sparse. Repeated patterns of the colored-circles could be
used to obtain a more dense representation of the object, however this creates a
dependency among target locations, removing the benefit of unique self-identifying
targets. As well, it is too difficult to add more targets of different colors, since the
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colors become too close to each other and tracking failures start to occur. For this
reason, the colored-circle m ethod is used only as a proof-of-concept method, and new
non-rigid object tracking methods are explored.

3.2

Square Target System

The second system th a t is developed to track cloth in real-time is based on a set
of self-identifiable square targets. This is a common approach for AR application
developers. In fact, this approach is so common th a t an open-source library called
ARToolKit [1] has been made available to provide tracking methods for these specific
targets.

3.2.1

ARToolKit

ARToolKit is a software library th a t is used for building augmented reality appli
cations. As mentioned previously, one of the main difficulties in augmented reality
applications is th e problem of computing the camera pose (ie: the user’s viewpoint
in the scene). ARToolKit solves this problem using computer vision algorithms to
locate unique square targets in a real-time video stream. The algorithm to locate
and identify the targets is described later. The square markers are comprised of a
thick black border and a unique interior pattern. The border is used for locating the
targets and the interior pattern is used for identification. Fig. 3.6 illustrates three
typical ARToolKit markers. Notice th a t it is necessary for the interior pattern to be
unique and deterministically identifiable in all four orientations of the marker.
The use of these self-identifying markers is common in AR applications, however
it is not so common to require the correct identification of a large set of markers
in one video frame simultaneously. The example ARToolKit markers in Fig. 3.6 are
suitable when there are only a small number of markers to be detected. However,
generating many patterns of this type can lead to false-positives and mis-identification
in the tracking process. To establish more robust identification, we use markers with
interior patterns constructed from orthogonal Discrete Cosine Transform (DCT) basis
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Figure 3.6: Typical ARToolKit markers.
images similar to Owen et al. [53]. The DCT patterns appear as repeated sinusoidal
grayscale images with different horizontal and vertical wavelengths. A background
gradient is also inserted to remove orientation ambiguity. This method allows us to
generate tens of markers th at can all be uniquely identified in a video image. Three
examples of these markers are shown in Fig. 3.7.

Figure 3.7: Example DCT markers.
To the hum an eye some of these patterns may look quite similar, however a quick
com putation of the pixel difference between two markers will highlight their individual
uniqueness, due to the different sine wavelengths as illustrated in Fig. 3.8.

3.2.2

Setup and Initialization

In order to acquire a sparse mesh representation of the cloth we place sixteen targets
on its surface, arranged in a 4 x 4 grid. To choose the sixteen DCT patterns th a t are
most easily identifiable simultaneously, we attem pted to track a uniform distribution
of DCT patterns in one video frame (forty-seven targets to be exact) and then we
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Figure 3.8: Pixel difference between DCT markers to illustrate uniqueness, a), b)
Similar-looking DCT markers; c) Pixel difference between the markers (scaled by two
for better illustration).
chose the sixteen patterns with the best tracking confidence values, as defined by
ARToolKit. Fig. 3.9 shows the best sixteen markers arranged on paper.

Figure 3.9: Square markers to track.
The application is then initialized by storing a 32 x 32 pixel sample of each interior
p attern in the form of a vector, to be used when identifying possible targets later.
The physical size of the targets is determined by attem pting to track multiple
markers of different dimensions at a specific distance of one m eter from the camera.
Under a series of target movements and orientations, the smallest target size th at is
accurately tracked in all cases is selected. The target squares are chosen with a side
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length of one and a half inches.

3.2.3

Locating and Identifying Targets

In the square target system, cloth tracking starts by locating all of the potential
markers in the scene, based on their black square borders. The grayscale image of
the input from the video stream is binarized by adaptively thresholding on pixel
intensity values1, and then connected regions of pixels are segmented into blobs.
An adaptive thresholding method is chosen over a fixed threshold to provide more
robust tracking in the presence of shadows and extreme illumination conditions. The
segmentation is accomplished by examining the neighbourhood around each non-zero
pixel and establishing a list of connected components. For each blob, the contour of
the external boundary is extracted, and then a filter is applied to remove regions th at
do not have four-sided external boundaries. The result of this first processing stage is
a set of possible marker locations. Fig. 3.10 illustrates these steps to locate potential
markers in a scene.
Now each potential marker is examined individually. Markers are identified based
on their unique interior pattern. The first step is to remove the perspective distortion
of the pattern by applying a transform ation to a 32 x 32 sample grid of the region.
Specifically, the transformation is a one-to-one mapping called a homography2, which
is defined by a 3 x 3 m atrix [34]. The homography is computed by mapping the
four corners of the marker in screen coordinates to the four corners in normalized
pattern-space. Normalized pattern-space is the coordinate space where the lower left
corner of the marker has a value of (0,0) and the upper right corner has a value
of (1,1). Standard mathematical techniques are used to compute the homography.
Once computed, each pixel on the screen maps to exactly one point in pattern-space
and vice-versa, providing an orthogonal view of the potential marker pattern. Each
pattern is then compared to a set of stored images of the known patterns to be
detected. The patterns are compared to all four possible orientations, and a confidence
value for each comparison is computed as the normalized dot product between the 32 x
xThe adaptive thresholding method is described in Appendix B.
2See Appendix A for more information on homographic transformations.
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Figure 3.10: Establishing possible marker locations, a) Grayscale image of the input;
b) Binarized image; c) Connected components (shaded differently for visualization);
d) Region contours; e)Four-sided regions.
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32 vector and the stored image. If any comparison generates a confidence value greater
than a fixed ARToolKit threshold then it is claimed to be a match and the four corners
of the marker in screen coordinates are returned. Since the cloth contains sixteen
unique markers, the tracking procedure can find up to sixty-four pixel locations th at
map to known points on the surface of the cloth. These points are then used to render
the augmentation, as described in Chapter 4.

3.2.4

Discussion

The square target tracking m ethod is a fast approach th a t yields a reasonable number
of identified points on the surface of the non-rigid object. There are, however, some
disadvantages to this method. The first is th at each target is responsible for four of
the tracked surface points. This means th at if a single target is occluded or otherwise
not found in the video image, then four points will be missing from the final mesh,
resulting in a large hole. Furthermore, since the tracking process requires th a t the
targets are four-sided polygons, deforming or rippling the cloth can cause a tracking
failure, even if th e failing target is still in plain view.

Though this problem can

be minimized with smaller target sizes, the overall robustness would decrease from
natural tracking failure due to an insufficient number of pixels comprising the interior
patterns, and therefore using smaller targets would not be worthwhile. Despite the
disadvantages, this tracking m ethod shows impressive results for the first monocular
non-rigid object tracker for the purpose of augmented reality.

3.3

C oded-R ing System

The coded-ring system is developed in order to overcome the shortcomings of the
square target system and provide a more robust non-rigid object tracker. The theory
behind this system is th a t a large number of very small targets can be accurately
tracked, each yielding one point on the surface of the cloth. In order to robustly
distinguish between many such targets simultaneously, a coded-ring marker system
is adapted from the field of photogrammetry.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 3. REAL-TIM E FLEXIBLE OBJECT TRACKING

3.3.1

30

Photogrammetry Targets

Photogram m etry is the technique of measuring objects from photographs [2, 60].
Typically, photogrammetry applications use the 2D image of a 3D scene to recon
struct an accurate 3D model of the original scene. A popular photogrammetry tool is
PhotoM odeler Pro [55]. This application provides offline tracking of specific codedring targets in a series of images. The targets are generated by the tool, and then
manually placed in the scene. The targets are self-identifiable, so locating the same
target in multiple images allows the com putation of the 3D location of th a t target.
Reconstruction of the scene is accomplished by finding the 3D coordinates of all of
the targets. The Photomodeler Pro technique to locate and identify the targets in a
2D image is a robust offline algorithm. We develop a slightly less reliable online algo
rithm for locating and identifying the coded-ring targets in a real-time video stream,
allowing us to accurately track the surface of the cloth.
The coded-ring targets consist of an inner black circle surrounded by a white ring
in the middle and a sequence of white and black ring segments on the outer border
(see Fig. 3.11). The outer ring segments can be thought of as a 10-bit digital barcode
wrapped around into a ring, where a 0 produces a white segment and a 1 produces
a black segment. This ring is used to uniquely identify each target, independent of
scale or orientation.

(a)

(b)

(c)

Figure 3.11: Coded ring markers. Outer ring is a 10-bit binary code wrapped around
a black circle and inner white ring.
Photomodeler Pro can generate targets with 8-, 10-, 12- and 14-bit sequences.
The easiest to identify are the 8-bit codes since the target segments are largest,
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however only twenty-five unique targets are generated. W ith more bits, more unique
targets are generated, however the outer ring segments become smaller and harder to
locate in the image. The 10-bit coded-rings are selected since forty-five unique targets
are generated, providing a sufficient number of identifiable points with an adequate
minimum outer ring size.

3.3.2

Setup and Initialization

Of the forty-five generated targets, forty-two are selected to form a 6 x 7 grid of
targets with known topology on the surface of the cloth. To choose the three unused
targets, a test application is developed to determine the false-positive rate for each
target. A false-positive occurs when the tracking system returns positive identification
of a target th a t is not actually present at th a t location. The three targets with the
highest false-positive rates are removed. This provides the most robust set of fortytwo targets, which demonstrate better results than removing three targets at random.
The false-positive rate is calculated over a series of video frames where no coded-rings
are present. The number of positive tracking instances for each target (using our
tracking algorithm described below) is recorded as the false-positive rate. Fig. 3.12
shows the best forty-two targets, arranged in the 6 x 7 grid, ready for tracking.

Figure 3.12: Grid of coded rings with known topology used to track the cloth (shown
on paper).
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It should be noted th a t an additional initialization step is to compute the ten
binary strings th at represent each target, one for each orientation. Actually there is
only one identifying string for each target, and the other nine strings are generated by
shifting the identifying string one bit each time. The integer values of the ten binary
strings are stored in a look-up table, all pointing to the ID of the representative target.

3.3.3

Locating Coded-Rings

Tracking the coded ring markers starts by adaptively thresholding the grayscale image
of the input to create a binary image3. As with the previous method, an adaptive
thresholding technique is used to provide robust tracking in the presence of shadows
and extreme illumination conditions. Contours of the connected regions in the binary
image are found and a contour size filter is applied to remove unwanted noise. At
this point we must determine which contours belong to the same marker, and then
which specific contour represents the center circle of the marker. Simply processing
the contours individually is not sufficient, so we perform a clustering step to group
together contours belonging to the same marker. The clustering algorithm proceeds
by calculating the pixel center of each contour to produce a set of 2D points on
the image plane. Then the Delaunay triangulation [20] of the points is computed.
The Delaunay triangulation is used since this triangulation seems to capture spatial
relations within a point set [51]. We attem pt to extract the clusters from the Delaunay
Triangulation by using an approach similar to Kruskal’s algorithm for computing the
Minimum Spanning Tree of a graph [16]. Initially, each point is considered to be a
single cluster. The edges of the triangulation are then processed from shortest to
longest. W hen processing an edge, the two clusters th at contain the end points of the
edge are combined into a single cluster. This cluster merging is performed using a
standard Union-Find d ata structure [69]. The Delaunay edges are processed until an
application-specific term ination condition is met, which indicates th at the points are
correctly clustered. For the case of our coded rings, the algorithm terminates when
the number of clusters is at most half of the number of original points, and the length
3The adaptive thresholding method is described in Appendix B.
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of the current Delaunay edge is more than 2% longer than the previously processed
edge. At this point, each cluster represents exactly one coded ring target. Now for
each cluster we compute its pixel center and then find the closest point in the cluster
where the corresponding contour sufficiently resembles an ellipse. This contour is
chosen as the center circle of the target. Fig. 3.13 illustrates these steps to find the
target centers in a region of an input image.

(d)

(e)

(f)

Figure 3.13: Finding the circular target centers (magnified region of an input image),
a) Input; b) Contours are found; c) Center of each contour computed; d) Delaunay
triangulation; e) Result of clustering (each cluster shown with a minimum enclosing
circle of the cluster points); f) Target centers are found.
Let us briefly consider the processing time of the clustering algorithm, since clus
tering must be performed for each frame of the real-time video sequence. If there are N
contours found in the image then N points are triangulated using a memory-efficient
version of Fortune’s 0 ( N log N ) sweepline algorithm for Voronoi diagrams [25, 7].
This produces O( N) edges, and for each edge we perform cluster merging, which op
erates in 0(log N ) time per merge. The total running time of the clustering step is
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therefore 0 ( N log N) . Although there axe more theoretically efficient m ethods to per
form the merge operation, we use the simple merging algorithm outlined in Weiss [69]
since computing the Delaunay triangulation already has an 0,(N log N ) lower bound
in the algebraic decision tree model of computation and the more complex merging
algorithms tend to perform poorly on smaller inputs.

3.3.4

Identifying Coded-Rings

Now th a t the target locations have been found we can uniquely identify each target
using the coded outer ring. To do this, we start by enlarging the elliptical projection
of the target center circle by a constant factor to obtain an ellipse th at represents
the outer border of the target. Then we compute a homography4 from th a t ellipse
to a circle in order to remove the perspective distortion. The un-warped target is
then sampled at multiple locations to determine the binary string representation
of the outer ring segments. We sample at three different radius values (77%, 85%
and 92% of the circle radius) and five orientations per radius, for a total of fifteen
samples (one hundred and fifty sample points). Fig. 3.14 illustrates the application
of the homography and the fifteen samples for one target. Each sample is a 10-bit
binary string generated from the pixel values a t the sampled radius starting from
th e specific orientation. The binary strings are used in the look-up table mentioned
earlier to retrieve the corresponding target ID. As indicated, each ID produces ten
entries in the table, one for each possible orientation. If the number of samples th at
agree on the same target ID is above an agreement threshold value then the target
is labeled with th a t ID. If multiple targets are found to have the same ID, then the
one w ith the most samples th a t agree on the ID is chosen. If the agreement threshold
is not reached then th e cluster is considered to be noise and is subsequently ignored.
The result of the coded ring tracking method is a set of pixel locations, indicating
th e target centers of the uniquely identified targets. These points are then used to
render the augmentation, as described in Chapter 4.
4See Appendix A for more information on homographic transformations.
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(b)

Figure 3.14: Removing perspective distortion and sampling to uniquely identify a
target, a) Elliptical border of the target in question is shown in red; b) Homography
is applied and the now circular target is sampled at the one hundred and fifty locations
shown to produce fifteen 10-bit samples.

3.3.5

Discussion

The coded-ring system is the most robust of the three techniques to track a non-rigid
piece of cloth in a real-time video stream. The main reason for this robustness is the
fact that the targets are smaller than the square targets (approximately 33% smaller)
and therefore are less susceptible to deformation when waving or rippling the cloth.
Also, with a smaller size we can place more of the targets on the cloth and establish
a one-to-one mapping of targets to surface points. This means th at if the system fails
to track one target then only one surface point is lost.
Unfortunately the disadvantage of the coded-ring system is the increase in the
required amount of processing. This technique is noticeably slower than the square
target system, so the typical trade-off between speed and accuracy is evident.
Real-time non-rigid object tracking is a very young field of research. This the
sis provides im portant first results of different tracking methods for cloth, with the
understanding th at the optimal algorithms have yet to be discovered.
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Chapter 4
Augm entation with Realistic
Illum ination
The main motivation of this thesis research is to be able to perform realistic virtual
augmentations on a real piece of cloth, while interacting with the cloth in real-time.
Chapter 3 describes the algorithms developed for tracking the cloth in a video-stream.
These algorithms result in a set of pixel locations representing known surface points
on the cloth. This chapter describes the techniques to perform augmentations on
the cloth using those surface pixels. Although there are three tracking algorithms
described in Chapter 3, the first technique is simply a proof-of-concept exercise, so
augmentations are only being performed for the square target method and the codedring method. There are two distinct aspects of performing illumination-correct flexible
augmentations. The first problem is to perform basic flexible augmentations while
ignoring illumination, and then the second aspect is to increase the realism of the
augmentation by incorporating the real world illumination environment.

4.1

B asic Flexible A ugm entations

Flexible augmentations on non-rigid objects are presented here in the form of virtual
2D textures th a t appear to lie on the surface of the cloth or paper. In order for
the augmentations to appear real they must adhere to the object during interaction,
36
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which includes rippling and stretching the cloth under any arbitrary orientation. It
is for this reason th at the non-rigid object tracking methods require unique targets
in a known topology, and produce a set of known locations on the cloth surface.
These locations are used to build a virtual mesh representation of the cloth for the
augmentation. Augmentations are performed slightly differently for each of the two
tracking methods, however in both cases the rendering environment is set up as
described in Section 2.1. Recall th at in AR applications, there are two categories of
objects: real ones and virtual ones. The real objects exist only in the video image
and the virtual objects are individual entities, typically in a 3D scene. Even though
we are only rendering 2D augmentations, the scene is still three-dimensional. The
virtual mesh triangles are rendered onto the same plane as the background image.
The specific method of rendering augmentations on the tracked non-rigid object is
now discussed for each of the two tracking systems.

4.1.1

Square Target System

In the square target system, each target yields four points on the cloth surface, and
therefore four vertices in the virtual mesh. The mesh is built statically by connecting
the corner points of the grid of targets in a triangulation. Fig. 4.1 illustrates the
static triangulation of the target corners.

Figure 4.1: Static triangulation used in square target system.
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The topology of the virtual mesh is defined in advance, so rendering the mesh is
a simple m atter of iterating through the triangles. For each triangle, we check to see
if the required targets are found (the targets whose corner points are vertices of the
triangle), and if so then the triangle is rendered at the pixel location of the corner
points. If any one of the required targets is not found, then the triangle is skipped
and a hole appears in the mesh.
The last step in rendering a basic augmentation is to add a texture to the mesh.
A texture image is defined, and then the triangles are rendered with static texture
coordinates, determined by the position of the corresponding target corner points
with respect to the overall target grid. Fig. 4.2 shows a basic augmentation using the
square target tracking method.

Figure 4.2: Basic augm entation using the square target tracking method.

4.1.2

Coded-Ring System

In the coded-ring system, each target maps to exactly one point on the surface of
the cloth, and therefore one vertex in the virtual mesh. This means th at if a single
target is not found by the tracking process, then only one mesh vertex is missing
(as opposed to four vertices in the square target method). Overall this means th at
fewer vertices are missing in the virtual mesh, or at least th at the missing vertices are
generally more spread out in this system, and not always adjacent to each other as is
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the case in the square target system. For this reason, we are able to dynamically build
the mesh from the vertices th a t are found and interpolate over the vertices th a t are
missing each frame. Interpolation is not a viable option for the square target system
because too much information is lost when four or more adjacent vertices are m issing
in the mesh. In the coded-ring system, interpolation is accomplished by dynamically
computing the Delaunay triangulation of the pixel surface points th at are found in
the tracking process. Fig. 4.3 shows the dynamic triangulation of the located targets
to form the augmentation mesh, when all the targets are located (a), and when some
of the targets are occluded by a cable (b).

(a)

(b)

Figure 4.3: Dynamic triangulation used in coded-ring system, a) When all targets
are found; b) W hen some targets are not found (occluded by a cable).
The drawback to using the Delaunay triangulation algorithm to generate the aug
m entation mesh is th a t the algorithm outputs a mesh with a convex hull [18]. This is
a problem along the border of the mesh when the cloth or paper forms a non-convex
shape, as in Fig. 4.4. To solve this problem, a validity test is performed on each
triangle before rendering. The test removes triangles formed by three vertices th at
lie on the same border edge.
As with the square target method, each coded-ring target is assigned static tex
ture coordinates relative to the position of the target in the grid. This is possible
because each target represents a specific point on the cloth surface and hence the
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Figure 4.4: Drawback of using the Delaunay triangulation algorithm.
same augmented texture location no-matter where it is found in the image or what
other targets are found in th at vicinity. Fig. 4.5 shows a basic augm entation using
the coded-ring tracking method.

Figure 4.5: Basic augmentation using the coded-ring tracking method.

4.2

R ealistic Illum ination

We have now accomplished basic augmentations on a flexible object. However, the
augmentations do not look very realistic in all illumination environments. For in
stance, consider Fig. 4.6. It is clear th a t the paper containing the augmentation is
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brighter on the right side of the image and darker (due to shadows) on the left side.
This is not reflected in the virtual part of the scene, and therefore the inconsistency
results in an unrealistic augmentation. To solve this problem, common illumination

Figure 4.6: Lack of realism without proper illumination.
between the real and virtual parts of the scene must be established. The addition of
realistic lighting to AR scenes increases perception of spatial relations between real
and virtual objects [42]. As discussed in Section 2.3, common illumination for the
case of this thesis is achieved by solving the problem of casting shadows of real objects
onto the virtual object. The benefit of this approach is th a t the virtual object is a
2D mesh rendered directly onto the real object, so the white sheet of paper or cloth
displays the exact shadows th a t are to be rendered onto the augmentation.
Two different methods of establishing common illumination are developed. In both
methods, the illumination environment is acquired directly from the input image from
the single camera. The first m ethod is a very simple approach th at approximates soft
shadows which are viewed on the non-rigid object and incorporates them into the
augmentation. The second method renders the exact hard and soft shadows with the
augm entation at an additional cost of complexity and computation.
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Approximate Soft Shadow Method

The approximate soft shadow method of incorporating realistic lighting is developed
with the square target tracking system in mind. However, this method can be ap
plied to the coded-ring tracking system with a little modification. The m ain idea
behind this m ethod is to sample the illumination condition at multiple points on the
surface of the cloth and then interpolate the lighting across the augmentation. This
is accomplished by acquiring an illumination intensity (a value between 0 and 255)
at each vertex of the mesh, since those surface points are already known. Gouraud
shading [28] is then used to blend the illumination smoothly over the mesh triangles.
This m ethod does not capture hard shadows correctly, however even rendering with
an approximation of the soft shadows greatly increases the realism of the augmen
tation. In order to calculate a light intensity for each mesh vertex we use the fact
th a t the cloth is white, and th a t it is already exhibiting the exact shadows we wish to
approximate. Each vertex of the mesh corresponds to a marker corner on the cloth
surface. Once a marker is found, we compute vectors from the center of the square
marker to each corner location and then extend the vectors by a small constant value.
This results in a surface position ju st outside the target corner, over a white area of
the cloth. We then read the grayscale value of the input image at the computed
locations and assign those values to the light intensities of the corresponding mesh
vertices. Fig. 4.7 illustrates the locations on the input image from where the light
intensity values are read for a specific marker. The actual intensity values are also
displayed for visualization.

Figure 4.7: Sampling the grayscale input image for illumination.
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The intensity values are used as a grayscale color for each vertex and blending
w ith the textured triangles is accomplished w ith Gouraud shading. The 2D textured
mesh is finally rendered with this approximate illumination, resulting in a realistic
augm entation on a non-rigid object. Fig. 4.8 illustrates an example of the approximate
soft shadow method for establishing common illumination when augmenting a nonrigid object.

Figure 4.8: Approximate soft shadow m ethod for common illumination.

4.2.2

Exact Hard and Soft Shadow Method

The second m ethod th at is developed to capture the real light environment and estab
lish common illumination is an attem pt to produce even more realistic augmentations.
This is accomplished by rendering the exact hard and soft shadows th a t should appear
on the virtual mesh. This m ethod is developed for the coded-ring tracking system. In
the previous method, the illumination on the cloth is sampled at each marker corner
point and then interpolated over the augmented mesh. For this reason, hard shadow
lines are not preserved. Our second m ethod resolves this problem by capturing the
exact shadows th at are cast onto the cloth. The shadows are acquired directly from
the input image. As with our previous method, we make use of th e fact th a t the
cloth is white in color, and th a t the shadows th at are cast onto the cloth are the
exact shadows th a t we wish to apply to the augmentation.

We render the cloth
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augm entation in two passes. The first pass renders the textured mesh without illu
mination. T he second pass re-draws the mesh using a grayscale illumination texture
w ith standard OpenGL blending to multiply the source pixels with the destination
pixels and produce an illumination-correct textured mesh. The illumination texture
is created dynamically each frame. The idea is th a t the illumination texture is exactly
the grayscale image of the input without the coded ring targets. This is because the
projection of the white cloth on the image plane is displaying the shadows th a t we
wish to apply to the augmentation. However, we do not wish to add the black coded
rings to the augmentation. We use image inpainting to remove the coded rings from
the intensity image and replace the black areas with the surrounding illumination
environment. Image inpainting is an ancient technique to make undetectable mod
ifications to images [58]. The inpainting process is often used to remove unwanted
objects from a scene, or to restore damaged paintings and photographs. Automatic
digital inpainting methods have recently been developed to fill in a user-defined mask
area using information from surrounding pixels [47, 5, 4]. However these inpaint
ing techniques typically require many iterations and are executed offline for a single
image. We implement a simple and fast image inpainting algorithm. Although our
m ethod is less accurate th an traditional ones, our algorithm can be used on video
frames as they are processed in real-time. The mask area for our inpainting m ethod
is defined by the contours of the coded rings, located in the target finding step. The
contours are dilated by a 3 x 3 mask in order to slightly enlarge the individual mask
areas, which accounts for small pixel errors in the target finding. The source image
for our inpainting method is the grayscale image of the input. Inpainting proceeds
by computing the bounding rectangle of each mask region. Rectangles are then in
dividually scanned in a decreasing clockwise spiral, starting from the leftmost pixel
in the top row. For each black pixel in the rectangle, the corresponding pixel value
in the source image is set as the average of the surrounding eight pixel values whose
corresponding mask pixels are white. After processing a black pixel in the mask image
the pixel is set to white. This is a brute-force inpainting algorithm, so some artifacts
do occur in the resulting image. However, since most of the source image consists
of blurry shadows, the artifacts are less noticeable and results are adequate for our
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application. Fig. 4.9 demonstrates the results of our image inpainting method. The
inpainted image is used as the illumination texture during the second pass of the
augmentation rendering. The projected screen coordinates for each mesh vertex are
used as the texture coordinates for this illumination text me.

(c)
Figure 4.9: Simple image inpainting, a) Source image; b) Dilated mask image; c)
Result of inpainting algorithm.
Fig. 4.10 illustrates an example of the exact hard and soft shadow m ethod for
establishing common illumination when augmenting a non-rigid object. In this ex
ample, the exact shadow of a hand is correctly rendered onto the augmentation.
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Figure 4.10: Exact hard and soft shadow method for common illumination.

4.3

Discussion

The approximate soft shadow m ethod for augmenting cloth with realistic lighting is a
very simple and fast solution. There is no pre-processing required or computationally
expensive techniques involved, since the illumination is acquired simply by sampling
the input image. However, the simplicity comes at the cost of accuracy. Specifically,
hard shadow lines are not m aintained in the rendered augmentation. On the other
hand, the exact hard and soft shadow m ethod does capture all types of shadows and
renders them on the augmentation w ith almost no loss in accuracy (the image inpaint
ing m ethod is the only lossy step). However, a more complex and computationally
expensive technique is required to create the exact shadow texture and rendering re
quires two passes instead of ju st one. Still, the second method yields more realistic
augmentations and future research should focus on improving the efficiency of this
method.
Although the approximate soft shadow method is developed for the square target
tracking system, this technique can be modified slightly and used with the coded ring
system as well, if desired. The one step in the process as described th a t is dependent
on the square targets is when vectors are computed from the center of the targets to
the corners, and then extended to indicate a location very near each mesh vertex th at
is over a white part of the cloth. This is required to sample the illumination for each
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vertex. In the coded ring system, each target corresponds to one mesh vertex, so a
technique would be required to sample th e illumination on a white part of the cloth
near th e center of each target. Although the target centers are black in the coded-ring
system, the middle ring of each target is white, and therefore the light intensity can
be sampled uniformly w ithin th at ring and the approximate soft shadow m ethod can
be used to establish common illumination using the coded-ring tracking system as
well. In the reverse case, the exact hard and soft shadow m ethod is not as feasible
when considering the square target system. The actual implementation would work
w ithout modification, however the image inpainting algorithm is well suited for the
coded-ring system because the individual ring segments are small and easy to remove
from the shadow texture image with few artifacts. On the other hand, the square
targets are much larger and are not segmented into smaller regions, so the inpainting
algorithm would attem pt to fill large square regions in the shadow texture image,
resulting in many artifacts and loss of accuracy.
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Chapter 5
R esults
This chapter outlines the results of this thesis. The first section describes the techni
cal environment th a t is used for testing, including the running time of the methods
presented. The remainder of this chapter contains images captured from the interac
tive application th at accompanies this thesis. As mentioned earlier, the tracking and
augmentations are performed on both paper and cloth objects. Results are shown for
b oth objects individually, as the cloth can sag, stretch and wrinkle in a different way
th an the paper.

5.1

Technical Environm ent

The non-rigid object tracking and flexible augmentation systems are tested on a
Pentium 4 processor running at 3.4GHz. The system contains 1GB of RAM, and
is running Microsoft Windows XP. The capturing device is a Point Grey Dragonfly
fire-wire camera, which captures color images at a resolution of 640 x 480 pixels.
The three tracking methods are measured individually over a sequence of five
hundred frames each. Fig. 5.1 shows a graph of the frame rates of each method. The
colored-circle tracking system runs at an average frame rate of 30.7 frames per second.
The square target tracking system with the approximate soft shadow illumination
m ethod runs a t an average frame rate of 14.4 frames per second. The coded-ring
tracking system with the exact hard and soft shadow illumination method runs at an
48
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average frame rate of 5.9 frames per second.
Frame Rate Comparison
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Figure 5.1: Graph of the frame rates of each method over five hundred frames.
Unfortunately, the coded-ring system with the exact shadows does not meet the
standard frame rate of ten frames per second in order to qualify as officially real-time,
however at nearly six frames per second the system is still quite interactive and results
are impressive.
In order to determine the areas th a t use the most amount of processing time
in the coded-ring method, the system is profiled using the standard Visual C-l—fr
profiling tool. The profile of interest is the function timing profile, which indicates
the amount of processing time used in each function, along with the number of times
each function is called in a given time period. Table 5.1 shows the profiling results for
the twelve most expensive functions (in terms of processing time) for the coded-ring
system during a 12.6 second execution of the program. Note th a t all functions with
the “cv” prefix are part of the Intel Open Computer Vision library.
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50

%

Hit

Function

count

tim e (ms)

3450

27.5

3450

27.5

20493758

cvGetReal2D

1933

15.4

1933

15.4

7667870

adaptiveThresholdTest

1639

13.0

3912

31.1

918045

inpaintOnePixel

1607

12.8

6149

49.0

17

findCodedRings

776

6.2

1124

9.0

2446007

705

5.6

5637

44.9

3360

348

2.8

348

2.8

2446007

forward Jiomography

338

2.7

338

2.7

1833296

cvSetReal2D

309

2.5

309

2.5

1392746

cvSetReallD

239

1.9

239

1.9

34

cvResize

220

1.8

220

1.8

34

cvCvt Color

121

1.0

121

1.0

17

createlntegrallmage

boundedForwardHomography
inpaintOneRegion

Table 5.1: Coded-ring system function profile.
Table 5.1 provides quite a bit of insight regarding the efficiency of the coded-ring
system. First and foremost is th a t nearly 30% of the processing time is spent in
the function cvGetReal2D. This is a function to access the pixel value of an image
given a two-dimensional index. This profile indicates th at the function contains extra
processing, likely to ensure the validity of the indices passed in. A significant im
provement to the system can be made by replacing this function with code to access
the image data directly from memory. Similarly, cvSetReal2D and cvSetReallD can
be replaced with direct memory manipulation routines. Table 5.1 also indicates, as
expected, that adaptive thresholding, inpainting, homography computation and cre
ation of integral images take up most of the processing time of the system. Further
optimizing of these functions would yield the most benefits in terms of increasing
the frame rate of the application. As a final step in this thesis, the optimizations
mentioned here are implemented in the system and the resulting average frame rate
of the coded-ring method is 10.2 frames per second. This is a 73% increase in speed.
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Square Target System

Results of the square target tracking system with the approximate soft shadow illu
m ination m ethod are now illustrated for the paper and the cloth versions.

5.2.1

Paper Results

Flexible augm entations w ith approximate soft shadows are shown on the paper version
in Fig. 5.2. Notice th a t self-shadows cast on the paper are rendered in a believable
way with the augmentation.

Figure 5.2: Flexible augmentations using the square target method with approximate
soft shadows on paper, rendering self-shadows.
Further results of this common illumination method are shown in Fig. 5.3, where
the soft shadow of a hand is approximated on the augmentation.
The final test of the approximate soft shadow method is to create an extreme
illumination condition by dimming the ambient light and shining a flashlight on the
paper. Results show impressive tracking of the targets under the radical conditions
and believable shading of the augmentation, as seen in Fig. 5.4.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 5. RESULTS

52

Figure 5.3: Approximating the soft shadow of a real object (a hand) on the augmen
tation.

(a)

(b)

Figure 5.4: Extreme illumination conditions created by a flashlight and low ambient
light.
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Cloth Results

The results of the square target tracking system on the cloth object are not as good as
the paper version. Specifically, tracking fails for more targets in each frame, resulting
in holes in the augmentation. This is because the cloth is more flexible and the targets
are more easily occluded or deformed by rippling the cloth. Some accuracy of the
actual targets is also lost in the m ethod to transfer the targets onto the surface of the
object. The square targets are printed on special paper th a t is ironed onto the cloth.
This creates targets with less contrast th an the paper version, and some damage
where the targets do not stick perfectly to the fabric. However, for the frames th a t
do not contain a tracking failure, the results show realistic flexible augmentations on
a non-rigid piece of cloth. Fig. 5.5 shows the augmentation on the cloth while it is
sagging (Fig. 5.5(a)) and stretching (Fig. 5.5(b)).

(a)

(b)

Figure 5.5: Square target tracking m ethod on cloth, a) Sagging cloth; b) Stretching
cloth.

5.3

C oded-R ing System

Results of the coded-ring tracking system with the exact hard and soft shadow illu
mination m ethod are now illustrated for the paper and cloth versions.
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Paper Results

Flexible augmentation results using the coded-ring tracking system are illustrated
in Fig. 5.6. These results also demonstrate the acquisition and application of the
exact hard and soft shadows th a t are present in the scene. Fig. 5.6(a) shows an
augmentation of the non-rigid object displaying self-shadowing. Fig. 5.6(b) illustrates
th at the tracking procedure is robust under self-occlusion.

(a)

(b)

Figure 5.6: Flexible augmentations using the coded-ring system and the exact shad
ows method on paper, a) Self-shadowing; b) Self-occlusion.
The ability to handle self-occlusions is an im portant factor when tracking a nonrigid object such as cloth. The coded-ring tracking system does not fail under the
occlusion because each target is mapped to one virtual mesh vertex and the mesh is
generated dynamically over all of the targets found. Unfortunately, the augmentation
itself does not appear self-occluded, as all parts of the virtual texture remain visible.
This is evident at the center vertical section of the augmentation th a t should be
occluded, however the virtual texture is only compressed instead.
The exact shadow m ethod of establishing common illumination is further illus
trated in Fig. 5.7. Fig. 5.7(a) shows that the shadow of a hand is rendered with the
augmentation exactly as it should appear, with the shadow of each individual finger
separated. Fig. 5.7(b) demonstrates extreme illumination conditions th at are created
by dimming the ambient light and shining a flashlight onto the paper. As with the
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previous method, the results axe impressive, showing the correct contrast between
light and dark areas in the augmentation. Again, there axe no tracking failures from
the poor illumination, due to the adaptive thresholding step in the tracking process.
Fig. 5.7(c) shows the exact shadow of a coffee mug on the augmentation, also created
with a flashlight.

5.3.2

Cloth Results

The results of the coded-ring tracking system and the exact illumination method
on cloth surpass the results of the previous method on cloth.

Most notably, the

dynamic triangulation of the located targets to create the virtual mesh plays an
im portant role. This step produces complete augmentations without holes, even if
some of the targets axe not located, making an observer oblivious to the fact th at
some inner targets may be lost each frame. The only visual artifacts th a t axe seen
in the augmentation occur when border targets are not located, and furthermore
these artifacts axe negligible unless the lost target is in a corner of the grid. The
second factor th a t propels the results of this method past the previous m ethod is the
rendering of the exact illumination on the cloth. The cloth object undergoes a lot
of rippling and wrinkling during interaction, and each ripple and wrinkle produces a
shadow on the cloth surface. Rendering these shadows along with the augmentation
produces very impressive results, as illustrated in Fig. 5.8.
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Figure 5.7: Exact hard and soft shadow method, a) Shadow of a hand showing each
finger individually; b) Extreme illumination conditions; c) Exact shadow of a coffee
mug.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 5. RESULTS

57

Figure 5.8: Results of the coded-ring system and the exact shadow method on flexible
cloth, a) Rippled cloth; b) Wrinkled cloth.
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Chapter 6
Conclusions
Augmented reality is an environment where computer generated objects are inserted
into the real world. This is accomplished with a real-time video stream or HMD
system. AR applications enhance many industries by creating interactive scenes th a t
would not be possible without the addition of virtual entities. Medicine, military,
education, tourism and entertainment are just a few industries th a t benefit from AR
research.
One of the main difficulties in augmented reality systems is the problem of reg
istering the virtual parts of the scene with the real world. Typically, this problem
is solved by visually tracking physical objects in the scene in order to compute the
position and orientation of the camera. This camera pose is then used as a virtual
viewpoint to render computer generated objects at desired locations. Object tracking
is often accomplished by manually placing rigid planar markers in the scene, which
facilitates the com putation of the camera pose and provides a three dimensional plane
for aligning the virtual objects. Even the markerless tracking methods typically have
the restriction th a t only rigid objects can be located, and they align augmentations
to an implicit plane in the scene. Rendering virtual objects th a t are aligned to rigid
objects can be restrictive if an application has a requirement for flexible manipula
tion. This thesis addresses the problem of rendering two dimensional augmentations
on a non-rigid object for interactive augmented reality. We present two complete
solutions, based on visually tracking a set of small targets th a t are placed on the
58
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surface of the object. The target tracking methods are used to acquire a sparse rep
resentation of the object from the video image in each frame. The representation
takes the form of a virtual mesh, which is rendered with a texture on top of the nonrigid object to provide interactive flexible manipulation. The square target solution
makes use of a popular tracking m ethod in the AR community and produces realistic
flexible augmentations at interactive frame rates. The coded-ring solution includes a
new tracking method to locate circular photogrammetry targets, and produces even
more realistic augmentations. The coded-ring method is more robust under flexible
movements of the non-rigid object, however it requires more processing tim e than
the square target method. In addition to the non-rigid object tracking methods, this
thesis includes two novel techniques to establish common illumination between the
real and virtual scene objects. Common illumination is very im portant in increasing
the realism of an augmentation. This is even more evident in the case of augmenting
non-rigid objects, as flexible objects tend to cast dynamic self-shadows in addition to
the shadows of other real objects. In this case, common illumination is established by
rendering these shadows with the augmented mesh. The illumination methods pre
sented are vision-based, requiring only the grayscale image of the camera frame. The
methods exploit the fact th at the non-rigid object is white in color and it therefore
exhibits the exact shadows th at should be included with the augmentation. Our first
solution is demonstrated with the square target tracking system. We approximate
the soft shadows in the scene by sampling the non-rigid object at a fixed number of
locations and interpolate the illumination over the virtual mesh. Our second solution
is dem onstrated with the coded-ring tracking system. We acquire the exact hard and
soft shadows th a t are displayed on the non-rigid object in the form of a shadow map,
and then blend the illumination with the mesh texture. The results of this thesis are
illustrated by rendering real-time augmentations on flexible paper and cloth in an
interactive application.
The ability to render realistic augmentations on cloth leads to some interesting
interactive applications. The texture of clothing can be virtually modified in a mirrorbased system, allowing users to select different outfits in a virtual fashion show.
A person would then be “trying on” multiple articles without ever changing their
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physical clothing. A related application would be to interactively demonstrate and
select t-shirt logos, prior to printing or ironing the logo onto a shirt. Museums can
provide interactive AR cloth displays. Curtain colors and patterns can be virtually
matched to surrounding designs in home decor. Medical augmentations of internal
structures can be performed directly onto a human body. These applications are just
some of the examples of how this thesis research can benefit multiple industries.
The future work for this research consists mainly of increasing the speed and
robustness of the coded-ring tracking method. Alternatively, new tracking systems
can be explored. Perhaps a markerless tracking method th a t locates a textured cloth
surface using feature points would be applicable, if enough feature points could be de
termined in real-time. Another area of future research is dealing with self-occlusions.
The coded-ring system successfully tracks a non-rigid object in the presence of self
occlusions, however the augmentation is not rendered to correctly display the occlu
sion. This feature would be beneficial to increase the realism of the augmentation. In
addition, a future study should be performed to determine issues of social acceptance
of augmentations on clothing and other non-rigid objects.
In summary, this research demonstrates impressive results of performing flexible
augmentations on non-rigid objects while incorporating the real world illumination
environment. To our knowledge, this is the first research in this particular area of
augmented reality.
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A ppendix A
H om ographic Transformations
This thesis uses the m athem atical concept of a homography. Homographic transfor
m ations are often used in augmented reality systems when tracking four-sided planar
targets.
Consider the AR environment illustrated in Fig. A .I. The target to be tracked
lies on a 2D plane in space, and similarly the image plane of the camera is a 2D plane
in space. In order to identify a target in an image, we must sample the target at
specific locations (in target space), however we have only the image and the tracked
pixel locations of the corners of the target. We wish to define a transform ation th at
allows us to compute the pixel location on the image plane for any given location on
the target plane. Assume th at the target lies on the plane Z = 0 in target space,
centered at the origin. The projection of the target onto the image plane can be
represented using a standard perspective projection m atrix [66], taking into account
the param eters of the camera:

Xi
=

%3

P ll

P l2

P l3

P l4

P21

P22

P23

P 24

P31

P 32

P 33

P 34

where Pij are the elements of the perspective projection matrix, and (x , y, 0) is a point
on the target. Simplifying, we get:
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Figure A .l: A R environment using planar patterns.
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where H is the homography [34]. If we now consider the image plane coordinates
(x', y'), we have:
X

’ x1 '
v'

= AH

y

1

1

where A is a scale factor. This allows us to compute the image plane pixel location
for any point on the target plane, if we know the homography H . We now focus on
computing the homography.
The equation to compute (x y 1) can be rewritten as:
,

— h\\X + h u y + h\3
"

I1 3 1 X +

f i 32y +

/1 3 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

APPENDIX A. HOMOGRAPHIC TRANSFORMATIONS

t _ h,2lX

+

72

h 22U ~ l ~ ^23
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where h y define the elements of H. This leads to two linear equations:

x'(h six + hz2V + ^ 33) = h u x + h ^ y + his
y '( h 3i x

+

h& y

+

h 33) = h 2\X

+

h 22y

+

h 23-

Now, if we know four non-collinear point correspondences from target space (x', y')
to image space (x, y) then we can solve for all the elements of the homography.
Fortunately, for square target tracking we do have the pixel locations of the four
corners of the target, and hence the homography can be computed.
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A ppendix B
A daptive Thresholding
One of the first steps in two of the tracking methods described in this thesis is to
binarize an input image by thresholding the corresponding grayscale image. This can
be accomplished by choosing a global threshold value, T , and then setting all pixels in
the intensity image th a t are greater than T to 1 and all pixels th at are less than T to 0.
This is known as global thresholding. However, global thresholding can be problematic
in many computer vision applications, especially under variable or extreme lighting
conditions. For example, consider Fig. B .l. The input image (Fig. B .l(a)) shows a
particular illumination condition where part of the cloth to be tracked is brightly lit
and another part is dimly lit. Using global thresholding, the darker markers can be
segmented correctly with a threshold value of Tx = 54, however the brighter markers
are lost completely (Fig. B.l(b)). Similarly, the brighter markers can be correctly
segmented using a threshold value of T2 = 134, however the darker markers are then
lost (Fig. B .l(c)). This illustrates the need for a technique with better performance
than global thresholding. The answer is adaptive thresholding.
Adaptive thresholding is similar to global thresholding except th a t the threshold
value changes dynamically over the image. This m ethod can accommodate variable
lighting conditions such as strong illumination gradients or shadows. A number of
different techniques exist to perform adaptive thresholding [13, 45, 70, 73]. In our
system, we extend the method of Wellner [70]. In Wellner’s algorithm, a moving
average of the last s pixels is calculated while traversing the image. If the value of

73
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Figure B .l: Global thresholding, a) Input image; b) Threshold for dimly lit markers
(7i = 54); c) Threshold for brightly lit markers (T2 = 134).
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the current pixel is t percent lower than the average then it is set to black, otherwise
it is set to white. The advantage of this m ethod is th at only a single pass through the
image is required. Wellner uses l/8 th of the image width for the value of s and 15 for
the value of t. However, this technique yields different results depending on whether
the image is scanned from left to right, from right to left or alternating from the left
and from the right, often resulting in unwanted artifacts. Taking the previous line of
approximate averages into account when processing each scan line will help remove the
artifacts w ithout requiring additional passes through the image. However the process
becomes more complex and different outcomes will still be seen depending on whether
the image is scanned from the top to the bottom or vice versa. We extend this solution
to a very simple approach th at produces the same output independently of how the
image is processed, and we sacrifice only one additional pass through the image.
Instead of computing a running average of the last s pixels seen, we pre-compute the
average of an s x s window of pixels around each pixel, which is equivalent to blurring
the input image. This average computation is accomplished in linear time by using
the integral image of the input [17, 67, 68]. The integral image technique can be used
whenever we have a function from pixels to real numbers f ( x , y ) (for instance, pixel
intensity), and we wish to compute the sum of this function over some rectangular
region of the image. W ithout an integral image, this is accomplished in linear tim e per
rectangle by calculating the value of the function for each pixel individually. However,
if we need to compute the sum over multiple different rectangular windows, we can
use an integral image and achieve a constant number of operations per rectangle with
only a linear amount of pre-processing to compute the integral image. To compute
the integral image, we store at each location, I ( x, y) , the sum of all f ( x , y ) terms
to the left and above the pixel (x,y). Fig. B.2(a) illustrates the computation of the
integral image. The integral image is computed in linear time using the following
equation for each pixel, taking into account the image border cases;
I (x, y) = / ( x, y) + I ( x - 1, y) + I(x, y - 1) - I ( x - 1, y - 1).
Once we have the integral image, the sum of the function for any arbitrary rect
angle (a?i, 2/1) to (m2, 2/2 ) is computed in constant time using the following equation,
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Figure B.2: Integral image, a) Computation; b) Usage to calculate sums,
again taking into account the image border cases;
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Fig. B.2(b) illustrates th a t the above equation to compute th e sum of / ( x , y) over
the rectangle D is equivalent to computing the sums over the rectangles (A +B + C + D )(A +B )-(A +C )+A .
During the adaptive thresholding algorithm, the first pass through the input image
calculates the integral image. During the second pass, the s x s average around each
pixel is calculated in constant time using the integral image. If the value of the
current pixel is t percent less than this average it is set to black, otherwise it is set
to white. This results in a two-pass adaptive thresholding algorithm th a t is simple
and independent of the scanning order. Fig. B.3 illustrates the result of our adaptive
thresholding m ethod on the input image from Fig. B .l.
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Figure B.3: Adaptive thresholding result for input image of Fig. B .l.
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