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ABSTRACT

A signi cant limitation of traditional template-based tieers is their inability to han-
dle out-of-plane rotation, which can cause total self-osicn of the target. We present
a simple extension to template-based tracking that ovessaims problem. A forward
correlation-based search for computing the transforma(iitisplacement and scale) be-
tween two image frames is augmented with a backward coioetaiased search for group-
ing the pixels with similar image velocities. In effect, tladgter performs motion segmen-
tation on the pixels around the target to automatically tgtlee model as it changes over
time, while avoiding drift. A gradient module assists thgaalthm when the background
contains little texture. Experimental results demonstthe effectiveness of the technique
in both textured and untextured environments, with congdetf-occlusion caused by full

360-degree out-of-plane rotation, along with scale change
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Chapter 1

Introduction

Computer vision is the study and application of techniqueghvienable computer-based
systems tainderstandmage content and better interact with the real world. Qltjeck-
ing, as an important computer vision task, is the proces®adting single or multiple
moving objects in time using a camera. Object Tracking meguihe system to automat-
ically extract useful information about the surroundingnfr the image data in the video
sequence. Research in this area has been conducted forsvptigapses and has led to

several important applications:

2 Security and surveillance — recognizing people, providietter sense of security

using visual information.

2 Medical therapy — improving the quality of life for physictiderapy patients and

disabled people.

2 Retail space instrumentation — analyzing shopping behafioustomers, enhanc-

ing building and environment design.

2 Video abstraction — obtaining automatic annotation of v&legenerating object-

based summaries.

2 Traf c management — analyzing ow to detect accidents.
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2 Video editing — eliminating cumbersome human-operataranttion, designing fu-

turistic video effects.

Template-based tracking using the sum-of-squared diftes® (SSD) is a classic tech-
nique for maintaining the location of a target throughouiraage sequencé&|10, 13, 14].
The idea of template-based tracking is to track a movingailyg de ning a region of
pixels belonging to that object and, using local optimizatmethods, to estimate the trans-
formation parameters of that region between the referenegeé and the new image. The
reference image can be xed as the rst frame or chosen to bethvious frame.

Recently, several adaptive approaches have been propagesbnlet al. §] combine
modules looking at the short-term and long-term historyhefabject's appearance, to take
advantage of the inherent strength of both recent and ofdage frames. The relative
weighting between the modules is accomplished using eapentmaximization. Ho et
al. [8] model the target using a linear subspace created from réoage frames, and the
matching in the most recent image is performed using thetmif.? reconstruction error.
Avidan [2] uses Adaboost to create a strong classi er from severakwksssi ers obtained
over the recent image frames. Collins et &l ddaptively select between different feature
spaces on-line in order to maximize discriminative abidityd minimize the likelihood of
distraction. Yacoob et al.1p] extend polynomial parameterized ow models by adding a
structure-compactness constraint that accounts for immagen that deviates from a planar

structure.

1.1 Tracking Framework

Birch eld [ 4] presents a real-time head tracker that makes use of two lemadinose failure
modes are orthogonal to each other. The tracker works in aheayne module keeps the

tracker on the target when the other fails.
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The rst module is an intensity gradient module that maxiesizhe gradient around the
perimeter of the object (head) being tracked. The head istadds a vertical ellipse with
a xed aspect ratio. The coordinates of the center of thesdliis given byx;y) and the
length of the minor axis i%2 Then the state (location) of the head can be denoted by three
parameters = (X;y; ¥). The tracking task is to nd the best statéor each image frame.
The elliptical model implies the assumption or constraiatt the gradient direction of the
boundary is desired to be perpendicular to the perimeteg.likalihood measure is given

by the normalized matching score as follows:

&z

A= i) oSl ] (1.1)

Ya i=1

wheregsg(i) is the intensity gradient at perimeter pixeit locations, ny(i) is the unit vector
normal to the ellipse at pixé&] andNs, is the number of pixels on the perimeter of an object
with size% The local search is performed within a certain range of tiedipted position.

A constant velocity prediction3] is employed to compute the predicted posit{of; y°)

using the positions found in the previous two frames:

X =2X 10 X 2
y?=2yt°i1i Y 2
%):3/%3.1: (1.2)

The second module i is a color histogram module. A module histogram is rst
constructed off-line. At run time, the histogram intersac{12] is computed between the
model histogranM and the image histograimat each search location. Then the likelihood

function is given by: 5
ity min(Is(i); M(i))
r N .
i=1 Is(i)

A(9) = (1.3)
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wherels(i) andM(i) are the numbers of pixels in tlign bin of the histograms, ard is the
number of bins.

In order to combine the above two modules, the likelihoois/erted to a percentage
score by subtracting the minimum and dividing by range. Fangple, the score for the

gradient module is:

_ Ay(9) i mingasAy(S)
A9 = maxs2sAy(S) i Mins2sAy(s) -

Then the sum of the normalized scores of all modules givesithdikelihood. The the

state (location) of the head is thus determined by:
s" = argmaxf Ay(s) + Au(s)g (1.5)

whereA,, is the score for the color histogram module.

The robust head tracker described above presents us angac&mework in which
multiple modules are employed to overcome the limitatioramy single module. If we
select the modules in such a way that their assumptions #regaunal to each other, one
module can keep the tracker on the target when the othersiaite they have orthogonal
failure modules.

The base of the tracking algorithm in this thesis is a tensplatsed tracking method.
We explore an adaptive approach to template-based trackorgler to overcome the limi-
tations of the traditional formulations. We augment thedtadforward correlation based
search for the best transformation vector between the smphd the current image, with
a backwardcorrelation search to determine the location of the tereplathe reference
image. In other words, the forward search computes theftianation from the reference
image to the current image assuming that the template isdbypositioned in the refer-
ence image. The backward search then questions that assomptling the best location
in the reference image given the computed transformatitwe. backward search is essen-

tially a motion segmentation module that determines whigklp in the reference image
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are likely to belong to the target being tracked. The intigrggiadient module is performed
to assist the algorithm when the background contains testéeure.

A signi cant limitation of traditional template-based tieers is their inability to han-
dle out-of-plane rotation. Such dif cult changes in the appance of the target have led
many researchers to explore spatially-invariant feataues as color histograms as an al-
ternative to templates. However, histograms lack the ajiaformation and the speci city
that is available with more detailed models such as temgplaf@is thesis focuses on the
improvement of template-based approaches. We consideghasn-based approaches as
complimentary methods that can be incorporated into ouking framework in the future

research.

1.2 Outline of the Thesis

In this thesis, we aim to improve the performance of tradaidemplate-based tracking.
Chapter 2 reviews the traditional template-based trackgmyighm. We examine the issues
in choosing template and motion model. We also discuss threlation coef cient and its

advantages in cross correlation. In Chapter 3, we rst imgetithe standard template-
based tracking algorithm which we refer to as forward catreh search. The drift problem
is then discussed and the cause of such problem is studiedclward correlation mod-

ule is proposed to overcome this limitation of the standard/érd correlation. Chapter 4
further analyzes the limitation of the backward correlat@md introduce the intensity gra-
dient module to assist the tracking algorithm under untextenvironment. Experimental

results are shown in Chapter 5 and conclusions are drawn int&&ap



Chapter 2

Template-Based Tracking

The goal of template-based tracking is to maintain a modéhetarget in terms of a 2D
template of image intensities and compute the target locati a new image frame by
comparing the new data with that of the template. The dataiswally compared using a
low-order parametric motion model such as translation oreafand the optimal location
is computed using either discrete correlation search orlinear function optimization.
Template-based matching algorithm is usually simple ctiffe and computationally ef -

cient.

2.1 Template Selection

A critical question in template-based tracking is how tesethe template. One approach
is to use the appearance of the target in the rstimage framth,the template remaining
constant throughout the sequence. The advantage of thisagtpis that the tracker always
uses data which is known to be trustworthy. However, the Heak is that the algorithm
does not adapt to changes in the appearance of the targdtroeerThe target is likely to
be lost when it rotates out of plane or undergoes non-rigidsiormations. An alternative
approach is to use the appearance of the target in the peewntage frame, so that the

tracker always adapts to changes in appearance. The dmiadeaof this approach is that
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the tracker tends to drift away from the original target aire, since there is no guarantee
that the newly computed location of the target is withouoerr

This reference framalilemma is not limited to template-based tracking: His&wgr
trackers are also faced with the choice of which image to sseraference, with many of

them selecting the rst framef] 6].

2.2 Cross Correlation

Cross correlation is an algorithm for the location of cormeging image patches based
on the similarity of gray levels. A reference point is giverthe reference image, and its
coordinates are searched for in the current image. For tirgope, the reference image
is moved in the search image, and the position of maximumlasiityi of gray levels is
searched for. At each position of the reference image in daeck image, a similarity
value is calculated.

The use of cross-correlation for template matching is nateist by the SSD distance

measure (i.e., squared Euclidean distance),

RExey) = [6y)i f(x+¢ xy+e y (2.1)
X,y

wheref is the search image ands the reference imag&. x and¢ y are the displacement
between the reference image and the search image xahdy directions, respectively.
The sum is taken over all the pixels of the region of interest.

From equationZ.1), We can expand?; as:

R Ex0Y) = 206y i A0CIK+E xy+Ey)+ P+ xy+ey)]  (22)
X,y
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In equation 2.2), the termF> t2(x;y) is constant. If the terrrﬁ) f2x+ ¢ xy+¢y)is

approximately constant, then the remaining term

S(¢x;Cy) = X tx;Yf(x+¢ x;y+¢y) (2.3)
Xy

is a measure of the similarity between the template and thelsémage.

However, there are several disadvantages if we use equati®rfor template match-
ing.

2 Equation 2.3) is drawn under the assumption that the image energy is gippately
constant. If the energ?/ f2(x;y) varies with position, matching using equatiéh3)
can fail. For example, the correlation between the temglatethe exactly matching
region in the image may be less than the correlation betwestetmplate and a bright

spot.

2 The range of(¢ x; ¢ y) is dependent on the size of the template window. This will

cause inconvenience when used for tracking object witresd@nge.

2 Equation 2.3) is not invariant to changes in image amplitude such as dwocgused

by changing lighting conditions across the video sequence.

To overcome these dif culties and disadvantages, dbeelation coef cientis intro-

duced by normalizing the image and template to unit length:

P Iy i F(x+¢ xy+¢y)i 1]

(exey)= ap wyltO&Y) i 1[]2‘" wylf(X+ ¢ X y+¢y) | f]z

P

(2.4)

wheret is the mean gray level of the template ané the mean of the image regidn

compared with the template.



2.3 Motion Model

There are a number of ways of de ning the relationship betwa®e reference system and
another. The choice of the most appropriate motion transdtion model is in uenced by

such factors as:
2 Whether the model is to be applied to a small area, or over a lagjon.
2 Whether the target has signi cant distortion.

2 The accuracy required.

2 Whether the transformation parameters are available, ot lbeudetermined.

An af ne transformation is an important class of linear 2-Bognetric transformations
which maps variables into new variables by applying a lirmanbination of translation,
rotation, scaling, and/or shearing operations. An af rensifformation transforms straight
lines to straight lines and parallel lines remain paralBénerally the size, shape, position,
and orientation of lines will change. The scale factor dejseon the orientation of the line
but not on its position within the coordinate system. Heruelengths of all lines in a
certain direction are multiplied by the same scalar. Theeg@raf ne transformation can
be commonly written in homogeneous coordinates as shovawbel

3 2 3

2
82 f-na§ " 1+8 (2.5)
Y2 Y1

where(x; Y1) is the position of an image pixel in the input image &rgdy,) is the position
of corresponding pixel in the output image.

Pure translation can be carried out by de ning:

2

a=§t %le=§"1 2.6
0 1 b,
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Considering positive angles as clockwise rotations, puiaiom can be de ned as:

2 3 2 3
Azgc.osu ismuz;B:gOz 2.7)
sinu  cosu 0
Pure scaling is: 2 3 2 3
a=§™ % 1e-§"1 (2.8)
0 ®» 0

Since an af ne transformation is equivalent to the compasféelcts of translation, ro-
tation, scaling and/or shearing, we can combine the abewssfiormations to achieve an
resultant transformation. Note that the order in which taesformations occur is signi -
cant since a translation followed by a rotation is not nemmélysequivalent to the converse.

A transformation in which the scale factor is the same in akdions is called a
similarity transformation A similarity transformation preserves shape, so angleaato
change, but the lengths of lines and the position of pointg change.

Assuming that the object is rigid and compact, a similarngnsformation is a reason-
able approximation of the motion model. We can further agstirat the object of interest
undergoes motion between two consecutive image framedsiveg¢ll-approximated by
translation and scaling. In practice, this approximatiarks well even for objects under-
going more complex motion, such as rotation, as long as #madtrrate of the camera is

high compared with the object's motion.



Chapter 3

Forward-Backward Correlation

In this chapter, we rst implement the standard templatseobtracker which we refer to
as forward correlation module. The drift problem is thercdssed and the cause of such
problem is studied. A backward correlation module is theneproposed to overcome this

limitation of the standard forward correlation.

3.1 Forward Correlation

In forward correlation search, the traditional templateaheng technique is used to nd
the approximate location of the target in the current imayfe.choose the appearance of
the target in the previous image frame to be the templatdhaathe tracker can adapt to
changes in appearance.

Let-( t) denote the estimated target region at any timgvery pointx = (x;y) in the
target region( t) can be obtained from a corresponding poiht (x%y9) in the template

- o via a coordinate transformation: - o 7! -( t) as follows:

x=" (x5 d(1) (3.1)
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whered(t) denotes the transformation that speci es the location efdhject in the cur-
rent image frame. Assuming the object is rigid and compastmalarity transformd =
(dy; dy; ®) yields a reasonable approximation, whedg dy) is the displacement in the
andy directions, respectively, ar@is the scaling. In this case the transformation can be

rewritten as 3 2 3 2

2 3
BXF-ef 180 L 32)
y y’ dy
LetI(x;t) denote the intensity of pixed at timet. LetW (tj 1) denote the set of pixels
(i.e., the template) corresponding to the object in theiptesvimagd (x; tj 1), attimetj 1.
Then the location of the object in the current fralfre t), can be found by locally searching

for the transformation vectat that minimizes a sum-of-squared difference (SSD) error:

d” = argmin X [(x;ti 1) 1( (x; d);1)]? (3.3)

2D xow (tj 1)

whereD is the set of transformation vectors being considered. ddustion is the standard
formulation for basic template-based tracking that werref@asforward correlation.

To overcome the dif culties caused by such as changes ahilhation and size of the
template, we can put equatiof.8) into correlation coef cient framework described in

equation 2.4). The correlation coef cient is:

P oww ol 06t 17 Yo 0 o6 d)it) i 1]

o(d) = & .
X2W (tj 1)[|(X;ti 1)i ]ft; 12 xow (ti 1)['(' (x; d);t) }t]z

(3.4)

wheret,, ; is the mean gray value of the template apis the mean part of the current
image compared with the template. We can see from equaitidhthat the correlation
coef cient ¢(d) is a function of the transformation vectdr By moving the template in
the search region in the current image, equatibd) (actually generates a likelihood map
of the location of the target. The likelihood map gives thelabilities of the target to be

at a particular position. The size of the likelihood map isedmined by the size of the
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local search window. The location of the target in the curnerage frame is therefore the

location with the largest likelihood in the likelihood map:
d” = arg max c(d) (3.5)
d2o

In forward correlation, the above exhaustive local seasgherformed by varying the
position of the target as long as the scale. In implementatay the sake of computational
ef ciency, we vary the scale b§ 10 percent for every position within the search window.
Once the best transformation vecttitris found, the template is shifted by it to yield the
object's location at time: W (t) = ' (W(tj 1); d(t)). ThenW(t) is the template to be

used in framé+1. The template is thus updated each frame during the tragkoedure.

3.2 Drift Problem

In forward correlation search described in Secti®ri), the traditional template matching
technique is used for tracking. The template for the rstgadérame in the video sequence
is manually selected, then the template is updated eactefogrthe forward correlation al-
gorithm. For each image frame, a likelihood map is generated the correlation between
the template and the local search region in the current imageeach location within the
search region, the likelihood map gives a probability of dbgect to be at such location.
The location of the object in the current frame is then deteech by the location with the
highest value in the likelihood map. Since there is no guasathat the newly computed
location of the object is without error, it is highly likelpat the template may contain false
information about the true appearance of the target, he.tdmplate may include some of
the background pixels. The forward correlation algorithmesinot check the reliability of
the template, so the error is likely to accumulate over time.
Experiments show that forward correlation search is gdigezhcient when dealing

with pure translation. The tracker can also handle scalagdhalong with the motion.
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A
(a) (b)

Figure 3.1: Drift problem. (a): previous frame. (b): cutrérame. Templates are marked
with solid rectangles. Region A is occluded in the curreninigadue to rotation. Region
C is occluded in the previous frame and comes to the foregramithe current frame.
Forward correlation matches region B between two templateows to yield a low SSD
error.

B B

However, the tracker will drift away from the object when tigect is rotating out of plane
because of self-occlusion. Out-of-plane rotation is adesy behavior in object tracking,
especially in head tracking. A person turning around is algo@mple.

The cause of such drift problem is also shown in Fig@&)( The object performs out-
of-plane rotation between these two consecutive framesoR&gof the object is occluded
in the current image due to the rotation; region C, which idumted in the previous frame,
comes to the foreground in the current image. We can seehbatsult of out-of-plane
rotation is the change of the appearance of the object. Sehat the template is correctly
overlaid on the object in the previous frame. The forwarddeaaximizes the correlation
between the template window in the two images. So the low@Bt&ror is obtained when
region B is placed in the same location in the new templatel@wncompared to the old
template.

To summarize, the forward correlation approximates thatia with translation par-
allel to the image plane, and it creates small errors in eacge. Such errors may accu-

mulate to cause the tracker to lose the target completady sédveral frames.
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3.3 Backward Correlation

3.3.1 Motivation

The previous section addresses the limitation of the faiwarrelation algorithm. The drift
problem is a major reason that the traditional templateth&scking method is not reliable
when dealing with long video sequences consisting of carafgd motion such as out-of-
plane rotation. When the tracker drifts away from the tarthet ,template contains part of
the target and part of the background. The forward coraatigorithm performs local
search on the current image frame using the template obt&iom the previous image
frame. Such local searatmly nds the location that maximizes the correlation between
the template window and the target window. The resultargtion computed is likely also
drifted away from the true location since the template ussslfiis not fully correct. The
forward correlation algorithm always assumes that the tateps correctly positioned in
the reference frame and the algorithm itself does not cheekeliability of the template.
So here we need a mechanism to question this assumption &edpreper adjustment to

the template whenever the tracker drifts.

3.3.2 Overview of Motion Segmentation

To overcome the drift problem, we need to check the correstoéthe template for each
image frame. In other words, we need to determine which pixethe reference image are
likely to belong to the target being tracked. We can condicieras a motion segmentation
problem. The main goal of image segmentation is to dividensagie into parts that have
a strong correlation with objects or areas of the real woddicted in the image. Image
segmentation can be divided into three groups: threshypléidge-based segmentation and
region-based segmentation. Segmentation of video segs@n@ more complicated task
since videos are image sequences of frames, and time hagd&dreinto consideration.

In other words, motion segmentation needs to deal with ahanthe scene due to motion
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over time. Therefore, the criterion of common motion is aéajrsigni cance in motion
segmentation.

The main goal of motion segmentation is to group homogenenage regions based
on similar motion. Motion segmentation is a very importait in motion analysis and is
of fundamental importance in detection, tracking, robatig@tion, etc. As in many other
areas of computer vision, there is no foolproof techniqugeareral algorithm in motion

segmentation. Motion segmentation is dif cult for sevenrghsons:

2 Each image in the video sequence is a projection of the 3-Domatapped onto a 2-
D image plane.This makes the motion parameter solving prohinder-constrained
and thus additional constraints need to be applied to theomof the image regions

of interest.

2 The occlusion and disocclusion make it dif cult to accutatassociate moving ob-
jects. This may occur if an object moves to the backgroundgatsloccluded by the

foreground object for a while and then reappears to the foregl again.

2 |Image noise may add to the ambiguity of motion segmentafiagood example for
this is that image noise can result in changes of the pixehsity in the subsequent

frame even if there is no motion between two frames.

The different techniques of motion segmentation can bedddiinto two categories:
videos with static camera and videos with moving camera. aticstamera allows us to
partition the images into foreground and background. Defféial motion analysis methods
can be applied under such situation. Suppose that an imagestatic scene is available
and only stationary objects are present in the scene. If wethis image for reference,
the difference image suppresses all motionless areas gnah@tion in the scene can be
detected as areas corresponding to the actual positiohe ofidving objects in the scene.
Then motion analysis is based on a sequence of differenagesndt is obvious that this

technique will fail for videos taken by moving cameras, hesssthe complete image may be
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changing. Since a static camera can be regarded as a spsgabfca moving camera, the
techniques for videos taken by moving camera are of morergeaed practical meaning,
especially for the task of object tracking.

Generally speaking, motion segmentation can be consi@sadwo-step procedure:
1. Determine the motion vectors associated with each pixdaadure point.
2. Group pixels or feature points that perform common motion

Using sparse feature points has the advantage of reducmgutong time and computa-
tional complexity, compared to using dense motion eld t@ out motion vectors associ-
ated with each pixel. Therefore, detecting and trackingéhfeature points is the basis for
motion segmentation task.

Shi and TomasiJ0] described an algorithm for detecting and tracking feapomts,
which has been implemented in the Kanade-Lucas-Tomasi idature tracker]]. The

dissimilarity of feature windows in two images is given by:

z27
2 = W[I (X) i J(x+ d)]?dx (3.6)

The idea of feature tracking here is to minimize the dissnity shown in equation3(6).
[10] proposed the criterion to select good features. Considemage sequencHX;t)
wherex = [x;y]" are the coordinate of an image pixel. During tracking, itdstamed that

intensities of the points in images remain unchanged:
[(x;t) = I( (x; d);t+¢C 1) (3.7)

where' refers to the motion eld. If the image pixels are assumedddranslating then the
motion eld is speci ed by' = x+ d whered is the linear displacement vector. The aim

here is to computd such that it minimizes the Sum of Squared Distances (SSD)dtated
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in equation B.6).The resultant system is
Zd=e (3.8)

whereZ = 5, g00g()Tdx, = " W19 i Ik andg(x) = [ : ET'.
Equation B.8) is solved iteratively for each pair of consecutive imaggfer the fea-

tures are detected and tracked, the features with similiomare grouped together.

3.3.3 Backward Correlation

KLT feature tracker gives us a framework to detect and traekures which can be used
in motion segmentation. However, we need to notice that Kdatdre tracker has its lim-
itation if applied in our object tracking scenario. KLT faet tracker assumeasutual
correspondendé 1], i.e. rigid objects exhibit stable pattern points and eagimt of an ob-
ject corresponds to exactly one point in the next image imieece and vice versa. Hence
it assumes that there is no occlusion of the feature windothemext image frame. Any
occlusion will result in the loss of that feature. The drifbplem we are trying to handle
is largely caused by out-of-plane rotation, and such ratatnay cause total self-occlusion
of the target.

Recall equation3.6):

zz
2 = W[I (X) i J(x+ d)]?dx (3.9)

For agoodfeature [LO], the errorz minimizes if we nd the proper displacement vector
d for that feature. In Forward Correlation search, we alwagsia® that the template is

correctly positioned in the reference image. Recall equdB8®):

d® = arg min X Nty 1) 1 (x; d);D)? (3.10)
2D Xow (tj 1)
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All the pixels in the templat&V(t j 1) are assumed to correspond to the object being
tracked in framej 1. When the tracker drifts away from the object of interest témeplate
includes part of the background pixels and part of the olijeatg tracked. Now consider
the dissimilarity?2 computed under the template, where in equat®6) (V is the template,
I(x) is the reference imagé(x) is the current image frame, artlis the displacement
vector computed by forward correlation search. The baakgitds moving at a different
velocity than that of the object being tracked, the part @ldgaound region included in the
template windowV/ (tj 1) is not likely to be included in the new template windoW(t)
in the current frame.

Here we can decompose the template window into two parsitidhe part overlaid on

the foregroundV; and the the part overlaid on the backgrowig. So we have:

W = Wi + Wy, (3.11)
Equation 8.6) can be rewritten as:
zZz zZz
2= [(x)i JI(x+ d)]%dx + ()i J(x+ d)]?dx: (3.12)
Wk Wy

When the template is correctly overlaid on the object beiagked, W = W; andW, =

A, thus the second term at the right side of equati®id) is zero. When the template

is drifted away from the correct position and overlaid only mart of the object being
tracked,W, 6 /A& The windowWs in the reference imaggx) and the current image
J(x) correspond to the foreground of the object being trackedceSihe background and
foreground have different image velocities, the winddiy in the reference imaggXx)

and the current imagé(x) include actuallydifferent parts of the background. In other
words, the displacement vectdrhere represents the motion of the foreground object, so
the dissimilarity of the foregrounﬁ F\j\,f [1(x) i J(x+ d)]?dx generates a low SSD errat;

is not the correct displacement for the background pixetkigred inW,, in the reference
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(a) (b)

(€)
Figure 3.2: Backward correlation search. (a): referencendre(x).The template drifts
away from the object. (b): current imagéx). Forward search is not able to pull the
template back to the object. (c): difference imddfe) = [1(x) i J(x + d)]?>. Templates
computed by forward search are drawn in rectangles witld $ioles. Pixels with similar
image velocity generate low SSD errors and are marked witthiveys. Backward cor-
relation chooses the template window (dashed rectangi¢hts the lowest SSD error in
D(X).

RR

image, so the dissimilarity of the background,, [I (x) i J(x+ d)]?dx is likely to generate
a high SSD error, and this will result in a high dissimilaryor2.

In forward correlation and feature tracking algoritharis considered as the variable to
be solved under the same template window or feature windowe3he displacemeiatis
computed by the forward correlation search, we can tles a constant and considéat
the variable. From the discussion above, we can see thaistfiendarity undeM; is much

lower compared to the dissimilarity undéf, and thus the closer the template window is

positioned around the correct location of the object beragkied, the lower the nal er-
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ror 2 is. The pixels of the object being tracked have similar motad thus similar image
velocities between two consecutive image frames, and #patiemend is a good approx-
imation of such motion. When we minimize the dissimiladtpy xing d and changing
W, we also minimize the second term at the right side of eqnd@al?).Therefore, the
template windowV corresponding to the lowe3tis closest to the ideal correct template

overlaid on the object being tracked:

Z7Z

W =argm W_[I (X)i J(x+ d)]?dx (3.13)

in
2V
whereV is the set of the template windows under consideration. ptosedure is shown
in Figure @.2).

Now introduce this procedure into our tracking scenario asel the notations de ned

in Section 8.1):

X
W(tj 1) =argmin [t )i 1((x; d¥);0]? (3.14)
w2v
Xow

whered” is the transformation vector computed by equati®r®)(in forward correlation.
The template candidates in the $gare located aroun@/(t j 1) and, for each location,
we vary the scale bg 10 percent. This equation is the standard formulation for wieat
refer asbackwardcorrelation. Similar to forward correlation, we put eqoati3.3) into

correlation coef cient framework. The correlation coeifent is:

" xaw 106t 1)1 Tq J0C 06 0501 1]
xew 106t 1) i Yy 1P xaw [1C (6 d);0) 5 H?

(W)= ap (3.15)
wherehi 1 andt, are the mean gray values of the pixels overlaid by the templ@idow
in framet j 1and framet, respectively. The correlation coef cien{W) is a function of
the templataVV. By moving the template window in the reference image, equg8.15

actually generates a likelihood map of the template canelsdarhe likelihood map gives
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the probabilities of a template window to be overlaid cotlgeon the target being tracked.

The template correctly overlaid on the target in the refeegmage is therefor the one with

the largest likelihood in the likelihood map:

W(tj 1)=arg max c(W) (3.16)

OnceW(tj 1)is computed, the template in the current im&yét) is determined since

we already know the motion vectdF:

W(t) =" (W(ti 1); d() (3.17)

To summarize, backward correlation examines the assumpfiforward correlation
and nds the best template that maximizes the correlatiahiwithe template window in
the reference image and the current image. Backward coarlit essentially a motion
segmentation module that determines which pixels in thereece image are likely to

belong to the target being tracked and then group them tegeth



Chapter 4

Untextured Backgrounds

In this chapter, we further analyze the tracking mechanisiackward correlation and
its limitation under untextured backgrounds. A module dase intensity gradients is
proposed to assist the forward correlation search whendbkgoound contains little tex-
ture. Then we discuss the procedure of combining the thresutas (forward correlation
module, backward correlation module and gradient mod&ele handling avoiding over-

sensitive adaptation is also discussed.

4.1 Limitation of Backward Correlation

The goal of backward correlation is to group the foregroumélp which are moving at the
similar image velocities. At the foreground velocity, thegimilarity of the foreground will
always yield a low SSD error. Normally, as discussed in $adf.3), when we perform
backward correlation, the background will yield a high SSfebecause it is moving at a

different velocity than that of the object being tracked. &kequation 8.12):

zz zz
2= ” [I(x) i J(x+ d)]?dx + y [I(x)i J(x+ d)]*dx (4.1)
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7

(a) (b)
Figure 4.1: Limitation of backward correlation. (a): diémce imageD(x) = [I(X) i
J(x + d)]? under textured background. Foreground pixels yield mueretoSSD errors
(marked with hatchings) than background pixels. (b): défece image under untextured
background. The region with low SSD errors is marked witlchiaigs. Foreground and
background pixels both yield low SSD errors. Backward catieh has no evidence to
prefer the foreground (dashed rectangle) to the backgr(aoid rectangle).
The idea is to choose the template which minimizes the dikgiily 2. In other words,
backward correlation repels the template from the backgtpthus keeping it on the fore-
ground.

Now let us examine the assumption of backward correlatigoréghm. In Section¥.3.3,
we state that the correlation between the background pirshgy foreground velocity will
generate high SSD error. This is under the assumption tfiatett part of the background
does not correspond to each other well. However, if the backgl has little texture,

R

w[1(X) i J(x+ d)]2dx will always yield a low SSD error no matter df is the correct
displacement vector for the template in the reference imageen this happens, the back-
ward correlation algorithm will have no reason to preferfibreground to the background

(shown in Figure4.1)). In such case, the tracker will be distracted by the bamkgd and

drift from the target being tracked.
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4.2 Motivation

Birch eld [ 4] proposes that robust, reliable tracking algorithm in a ptax environment
will require the integration of different modules, makingeuof different criteria. In order
to overcome the limitation of the backward correlation ailgpon, we need to employ such
a module that its assumptions are, as much as possiblegortabto those of the backward
correlation algorithm. Thus when the backward correlatradule fails, the other module
can come to its aid.

The object of interest can be decomposed into two disjoitst $be boundary and the
interior. These two sets are complementary in the mathealatense, so the failure modes
of a tracking module focusing on the object's boundary stidné orthogonal to those of a
module focusing on the object's interior. Since the forwhetkward correlation module
matches the intensity values of the object's interior, we m@otivated to seek a module
focusing on the boundary of the target being tracked.

Edges are often used in image analysis for nding region lbawies. Provided that the
region has homogeneous brightness, its boundary is atxk&spvhere the image function
varies and consists of pixels of high edge magnitudes, indis case without noise. An
edge is a property attached to an individual pixel and isutated from the image function
behavior in a neighborhood of that pixels. It is a vector witlo components, magnitude
and direction. The edge magnitude is the magnitude of theiggng and the edge direction
Alis rotated with respect to the gradient directi®my j 90t. The gradient direction gives
the direction of maximum growth of the function, e.g., frotadk ((x) = 0) to white
(1(x) = 255).

The gradient magnitudg(x; y) are continuous image functions calculated as:

/:-I\ i2 A i2

SJIS)

jaxy) j= (4.2)
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and gradient directioA is: i !
@ @

A= arg @ (4.3)

wherearg(x; y) is the angle from the x axis to the poix y).
To summarize, the limitation of the forward-backward ctatien algorithm motivates
us to utilize an edge-based module focusing on the boundaheambject being tracked

other than the interior.

4.3 Gradient Module

To goal of the gradient module, similar to that of the bacldweorrelation module, is to
make proper adjustment to the result of the forward coligianodule. Provided that the
template is drifted from the target being tracked, the baupndf the template also deviates
from the boundary of the object's true boundary. So a propgeerased segmentation of
the object of interest is desired here.

Edge-based segmentation represents a large group of rselasdd on information
about edges in the image and it is one of the earliest segtrmntgpproaches and still
remains very importantl[l]. Edge-based segmentation rely on edges found in an image by
edge detecting operators. Edges mark image locationsagrigiuities in gray level, color,
texture, etc. The aim of edge-based segmentation to achideast a partial segmentation,
which is to group local edges into an image where only edgmsiveith a correspondence
to existing objects are present.

An important factor in edge-based segmentation is the priormation that we can use
to incorporate into the method. Prior information affetis segmentation algorithm. Gen-
erally, the more prior information that is available to tlegmentation process, the better
the segmentation can be obtained. Prior information cankessncluded in the con dence

evaluation of the resulting segmentation as well. If mudbrgnformation about the de-



27
sired result is known, the boundary shape and relations tiétother image structure are
speci ed very strictly and the segmentation must satiskyredse speci cations.

For our object tracking scenario, the shape of the objechiafst is assumed to be
already known. For example, we can use an ellipse to modethhpe of the head in
head tracking. This prior information is important to thgsentation process because the
segmentation result for the head in the image is thus spgt¢oebe an ellipse. Therefore,
we can evaluate the goodness of match around the boundamyobiect by computing the
normalized sum of the gradient magnitude around its peamgte have the measurement

function as follows:

. 1R
A= T0s)] (4.4)

1
wheregg(i) is the intensity gradient at perimeter pixelt locations, andNs, is the number
of pixels on the perimeter of an object with size
Equation ¢.4) only desires large gradient magnitudes around the pegimét more

accurate measure also desires the gradient direction terpemqdicular to the perimeter:

) 1R L
A9 = T ned) 0gs(l) | (4.5)

1

wherengy, is the unit vector normal at pixe) and(@ denotes the dot product. We use the
gradient dot product due to its improved performance.

The gradient module alone performs well in untextured emritents tracking a person
walking around an untextured room and it fails under cletteznvironment]]. Since the
backward correlation module and gradient module have gahal failure modes, they can

complement each other under either textured or untextureidoement.
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Forward Correlation
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Textured
Background?
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Figure 4.2: Combination of modules. The base for the trackiagework is forward
correlation module which estimates the object's locatiothie current frame. We need to
determine whether the background around the object isrextoefore we select the next
module.

4.4 Combining Modules

After forward correlation search is performed, the obgetdtation has been estimated in
the current frame. To decide which of the two modules (bac#vemrrelation module
or gradient module) should be employed, we need to determinather the background
around the head is textured. Our solution is to use the suheajriadient magnitude of the
neighborhood region of the location of the head obtainedamaard search. The sum is
then thresholded to determine whether the background isrexk Backward correlation
module is chosen when the background is cluttered; gradiedule is employed when the
background contains little texture. This process is shawiigure @.2).

The combination of the forward correlation module and baakircorrelation module
is straightforward. Backward correlation is performed rafteward correlation using the
translation vector (displacement and scale) computectifoitward search. This procedure

nds not only the best displacement between the images, Ibatthe best location of the
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template in the previous image, which has the effect of imipigpthe estimate of the target
in the current image.

Since the forward correlation and gradient modules are bsé#d to compute the dis-
placement, combining them requires the normalization eirtmatching scores. Recall
equation 8.4), the likelihood function of forward search is given by trerelation coef -

cient:

A(d) = c(d) (4.6)

Denef : S 7! D which computes the transformation vectbgiven the search stasand
the states; ; in the previous frame. If we let= ( x;y; %) andd = ( dy; dy; ®) (Section 8.1)),

we have the following:

Oy = Xi X1
dy=VYi W1
®= =% 4.7)

Rewrite equation4.6) so that the forward correlation score is a function of thercle state
s

A(9) = c(f(9)) (4.8)

As described in4], to facilitate adding forward correlation score with theadient

score, the former is converted to a percentage by subtgaittenminimum and dividing by

the range:
A(9) i mingzsAd(s)
S) = < . < 4.9
A9 maxs2sAc(s) i Ming2sAc(s) (49)
The gradient score is also converted to a percentage in Esivay:
Als) = Ay(s) i mingasAy(s) (4.10)

maxgzsAg(s) i Ming2sAy(s)
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Then the nal state is decided by combining the two normaligeores:

¢ = argmaxf A(s) + Ay(s)g (4.11)

4.5 Adaptive Scale

Scale needs to be handled in our algorithm. Let us denot&hythe size of object in
the previous frame. For every position in the search proaessvary the scale bg 10
percent, i.e.%= ¥Yyev, ¥4= Yprevt ¢ ¥ %= Yevi ¢ ¥ where %= 0:1%,. Letting ¥
denote the size of the best state determined by the algqnitlenavoid oversensitive scale

adaptation by Itering the result, as described @i [
Yoew = c>?/‘bpt +(i° )3/ﬂirev; (4.12)

where the default value 6fis 0.3.



Chapter 5

Experimental Results

In this chapter, we show the experimental results of ourrélgn. In order to test the
effectiveness and robustness of our approach, we run tbathlg on several sequences of

a person, one obtained from][and the others captured in our lab. The sequences contain
full 360-degree out-of-plane rotation of the target, @teetd backgrounds, and occlusion.

In our experiments, a person's head is modeled as a vertigaeswith a xed aspect
ratio. The co-ordinates of the center of the ellipse is gibgifix; y) and the length of the
minor axis is¥2 Then the state (location) of the head can be denoted by pfazaeneters
s=(X;y;¥). The tracking task is to nd the best staddor every image frame. The state

(location) of the head in the rst frame is manually initizéid.

5.1 Experiment on Cluttered Background

The video sequence used in Experiment 1 is obtained in owrldbr a cluttered environ-
ment. The forward correlation search was run witiB0£ 8 10£ 8 1 search window in
X;y direction and scale. The backward correlation was run wigbe&£ 8 5£ § 1 search
window. Since the frame rate of the camera is high compar#dtive object's motion and

backward correlation is applied for each frame (under textiwackground), we assume
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Figure 5.1: Tracking results of traditional template-lshsacker on a sequence with clut-
tered background. Frames 10, 15, 20, 25, 28 and 30 are shawentrdcker drifts away

from the head due to out-of-plane rotation and loses thestaxgmpletely after several
frames.

that no severe drift occurs for each frame. So here we use kesrm@arch window for
backward correlation search to improve computationalieficy.

Figure 6.1) shows the tracking results of the traditional templatseoktracker on this
video sequence. Only the standard forward correlatiorchdarused to track the person's
head. The tracker drifts from the target when the objectqoer$ out-of-plane rotation.
Because the tracker approximates the rotation with traoslaiarallel to the image plane,
it creates small errors in each image, which then accumtdatause the tracker to lose the
target completely after several frames.

Our algorithm was then run on the same video sequence. Tdla@rtgaresults are shown
in Figure 6.2). In contrast, our tracker is able to successfully trackttirget throughout
the sequence. Note in particular that the algorithm maistaitight lock on the target in all
the intermediate frames of the rotation. Figuse3( shows the tracking error of the above

experiment.



Figure 5.2: Tracking results of our algorithm on a sequenthk wluttered background.
Frame 10, 15, 20, 25, 30, 43, 51, 62, 164, 169, 197 and 239 avenshThe algorithm
maintains a tight lock on the target in all the intermediagarfes of the out-of-plane rota-

tion.
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Figure 5.3: Tracking error of Experiment 1 using our aldort(solid) vs. the traditional
template-based tracker (dashed). (a): tracking errardimection. (b): tracking error iry

direction.
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Figure 5.4: Tracking results of traditional template-lsbsacker on a sequence with untex-
tured background. Frames 63, 67, 76, 81, 90 and 102 are shidventracker drifts away
from the head due to out-of-plane rotation and loses thestaxgmpletely after several
frames.

5.2 Experiment on Untextured Background

In the second experiment, we tested our algorithm on a vidgaence in which a man
rotated and changed scale in front of an untextured backgrdiVe rst ran the traditional
template-based tracker on this sequence and the resutivi;ish Figure 6.4). We then ran
our algorithm on the sequence and the result is shown in €i§us). While the traditional
template tracker drifts from the target, our algorithm ikedab remain locked onto the target
throughout all the intermediate frames of the sequence.

Figure 6£.6) shows the likelihood of the backward correlation modulanat snapshots
from the rst two experiments. When the background is textiutee backward correlation
module produces a sharp peak near the true location, thbfiremthe algorithm to remain
on the target. However, when the background is untextunedets not enough information
in the image data for the backward correlation module tordetes the correct location of
the template in the previous frame. As a result, the gradi@dule is needed in order to

avoid drift from the target.



Figure 5.5: Tracking results of our algorithm on a sequenitie untextured background.
Frames 20, 25, 33, 44, 63, 67, 76, 81 and 102 are shown. THestrecable to handle
out-of-plane rotation, along with scale changes.
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Figure 5.6: Likelihood of backward correlation module.: ({#&elihood at a single scale for
frame 25 of Experiment 1. (b): likelihood at a single scaleffame 63 of experiment 2.
Backward correlation search starts at pdih0). Frame 25 of Experiment 1 has a textured
background around the head, and the peak of the likelihoasdghe correct displacement.
For frame 63 of experiment 2, the background around the haadittie texture, and the
likelihood is distracted by background pixels to the edgthefsearch range.



38

(@)

(b)

Figure 5.7: Tracking results on a sequence containing smeiu (a): the head is partially
occluded by the hand. (b): the head is partially occluded @lyasr. Frames 34, 35, 40, 41,
55, 140, 143, 148, 152 and 156 are shown.

5.3 Other Experiments

Two experiments demonstrating the robustness of the peapalyorithm to moderate
amounts of occlusion were conducted, and the trackingteeatd shown in Figures(7).
We can see from Figures(7) that the tracker does not deviate, even when the target is
occluded by up to 50%.

We also applied our algorithm to the problem of tracking aieleh In the video se-
quence, the SUV made a turn and was partially occluded by @ pbigure 6.8) and
Figure 6.9) show the tracking results using traditional templateeldasacker and our algo-
rithm, respectively. We can see from Figute9) that, despite the signi cant pose changes
in the vehicle, the tracker does not drift. Note also thattoacker is able to automatically
adjust to the changing scale of the target.

Finally, we run our algorithm on a video sequence obtaineohfi4] which is shown in
Figure 6.10. [4] failed on this sequence when the subject rotated becaedeigtogram
model had little hair. Despite the signi cant scale changamy the out-of-plane rotation,

our tracker is able to keep a lock on the target.
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Figure 5.8: Tracking results of traditional template-lwhisacker on a sequence of a vehicle

making a turn.

Figure 5.9: Tracking results of our algorithm on a sequerieevehicle making a turn. The
tracker is kept on the target despite of the signi cant pdsanges of the vehicle. Scale is
also well handled.
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Figure 5.10: Tracking results of our algorithm on a sequevitieh histogram-based algo-
rithm fails. Frames 2, 15. 22, 26, 27 and 28 are shown.



Chapter 6

Conclusion

We have presented an extension to a template-based tr&kaugmenting the standard
forward correlation search with a backward correlatiorrdgahe algorithm achieves ro-
bustness to out-of-plane rotation, a problem which causesraditional approach to fail.
Such dif cult changes in the appearance of the target hatenlany researchers to explore
spatially-invariant features such as color histogramsraal@@rnative to templates. His-
tograms, however, lack the speci city that is availablehwmore detailed models such as
templates. In this paper we have shown that it is possibli, vary little computation, to
overcome one of the fundamental limitations of templatseblaracker.

The work presented in this thesis is only a beginning to explbe possibilities avail-
able to improve the performance of traditional templatseoktracking. A natural extension
to this work would be to use motion discontinuities arounel plerimeter of the object to
further re ne the description of the object's location. Ntwt vectors in the vicinity of the

target would be an alternate way to guide the template todect location.
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