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[LETTER

A Novel View of Color-Based Visual Tracker Using Principal

Component Analysis

SUMMARY  An extension of the traditional color-based visual tracker,
i.e., the continuously adaptive mean shift tracker, is given for improving
the convenience and generality of the color-based tracker. This is achieved
by introducing a probability density function for pixels based on the hue
histogram of object. As its merits, the direction and size of the tracked
object are easily derived by the principle component analysis (PCA), and
its extension to three-dimensional case becomes straightforward.

key words: visual tracking, mean shift, principle component analysis,
Gaussian probability density function

1. Introduction

The continuously adaptive mean shift tracker [1] has been
proposed for color-based visual tracking in a lot of applica-
tion fields (e.g., user interface, surveillance, and so on). The
tracker used the mean shift method [2], [3] for searching the
location of the tracked region and determining its size [4].
The mean shift method calculates the centroid (center of
mass) and the minimum moment of inertia of tracked region
using the mechanical moments based on a mass density, and
then obtains the direction and size of object by regarding the
region as an ellipse with the same moment of inertia.

However, the derivation of direction and size has been
considerably complicated. To solve this drawback, we in-
troduce a novel view that the fitted ellipse is represented
by a horizontal section of a Gaussian probability density
function to be given for pixels. Based on the cross section,
the direction and size of the object can be easily calculated
by a pure statistical method — principle component analy-
sis (PCA). Then its size can be adjusted by increasing or
decreasing the probability of object, whereas the estimated
size in the mechanical method tends to be smaller than the
actual one. Moveover, tracking a multidimensional object
by the statistical method is much easier than that by the me-
chanical method because the former accomplishes it by the
eigenvalue decomposition. Thus replacing the mechanical
approach with the statistical one improves the convenience
and generality of the color-based tracker.
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2. The Color-Based Tracking

Since the tracked object is defined by a region centered at
(x¢, y©) with 21 X 2w pixels size at angle 6 to the horizontal
axis in a frame as shown in Fig. 1, the state vector for the
visual tracking can be defined as s = [x{ yg L wi 0]
The state tracker based on the hue channel of hue-saturation-
value (HSV) color space is described in the following.

2.1 Tracked Region and Its Histogram in the HSV

Definitions of the tracking elements are given here. Suppose
that the coordinates of a pixel is denoted by

T=Wy,x=1,...,.Ly=1,...,W @))
which exists at a point written as
Iysv(T) = (h(T), s(T), (1)) 2

in the HSV color space, where L and W are the length and
width of the frame; A, s, and v are the hue, saturation, and
value of a pixel at 7 in the HSV color space [5]. The tem-
plate of tracked object is selected manually as the following
region:

O"P = Oy =17}, i=1,...,n} 3)

in the first frame. The template consists of ny pixels in a
rectangle with angle 6, to the horizontal axis, and centered
at 75 with 2ly X 2wq size. By quantizing Iysy(7) at time k
as lHSKk(T) = (h,(7), 5,(7), (7)), the reference model of
the tracked region (template) O™ in the HSV color space
can be represented by its hue histogram:

tracked region

frame

Fig.1  Tracked region of an object.
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where m is the color level fixed to 256 (8—1_)it). In the sub-
sequent frame, on updated region Oy = {1 = (x,,4}), i =
L,...,m}, k > 0 is centered at 7, = (xi,y;) with 2[; X 2wy
size.

2.2 Search Region and Mass Density

The search for the center 7 of the current updated region
O, starts at the location of the previous updated region Oy,
centered at 7;_; with 2[; | X 2wy size in the current frame.
Then the search region is enlarged to 2(lx_; +0) X 2(wy—1 +9)
with the fixed ¢ (i.e., an increasing factor for the search
region) which is denoted by O = {# = (.5, j =
1, .., i)

For determining the current updated object region from
the search region Oy, it is necessary to match the template
O"'? in the current search region. To accomplish it, we con-
sider a weight function:

Fu(#) = H™ (h(¥)), ¥ € O Q)

which is regarded, in a sense, as a mass density of the pixel
atTr.

3. Visual Tracker Using Mechanical Moments

How to calculate the location and size of tracked object us-
ing the mechanical moments in the original view is specified
here. Given the centroid of the tracked object:

10 01
M i = M
T A0 Tk T 00

M, M

T = QL. %

(6)

the moment of inertia of the tracked object based on the ro-
tation axis through the centroid at the angle 6; as shown in
Fig. 2 can be written as

0 X

@ (x-%¢) sin O (;1

Q'e""\ ”””””””
cem?o'lg @ )

()Vr‘-)hr‘f ) cos B

rotation axis

fitted ellipse

mass point
distance N
(-x) sin - (5-pc) cog | mass point

=) eE o A tracked region O

rotation axis

y

rotation axis tracked object )

(a)
Fig.2 Determination of the tracked region; (a) the moment of inertia of
a mass point, (b) the tracked region with 2 X2/ size based on the rotation
axis through the centroid 7 at the angle 6.
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M;
. . ac 2 M
= Z[(x — &) sin 6y — (5 — ) cos | Fi(¥)
F=(%,7)€O
1 (MOI)Z ( 102
- _ M02 _ k _MZO + k ] 20
> { b Mgo L Mgo cos 20
MOIMIO
M - M] sin 26
5
1 [ 02 (Mgl)z 20 (MILO)Z}
+ = |IM - + M - @)
2 M M

where Mgo is the zeroth moment; M,io and Mgl are the first
moments; M, M2, and M2 are the second moments for
the search region as follows:

MP= 3T R, M=) 5gFd) ®)
FeOy F=(%,5)eOx

MO= )" XFE). M= Y PR ©
F=(2§)eO0x F=(%§)€O0k

MU= GFE). MP= Y PR, (10)
F=(%,))e0; F=(%,)e0

In order to obtain the minimum of the moment of inertia,
setting the partial derivative of Mz with respect to 6 to zero,
we have

B, = arctan[L]ﬂ (11)
My — M
which leads to
tan26, = — L (12)
My — Moy
where
M ME
Mg M—go - (X)), mp = M—QO -G
M;!
myy = 2(—00 - xkyk) (13)
M

Substituting (11) into (7) provides the minimum of MZ:

3 1
M = §M2°(mzo + mep — ma3) (14)

which uses the following relationship:

nyo — M2

sin20, = 2 cos 26, = (15)
moo npp
my =\, + (mp — oo . (16)

Furthermore, representing the tracked object by an ellipse
whose mass density is uniform in the area of nl iy as

00

Mk
dey(T) = ——— =¢, TEOy an
Tt Wi

we can express the moment of inertia of the ellipse as
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5 1 . 1
M, = anszc = ngmgo. (18)
Note that the semimajor axis J; of the ellipse agrees with a
rotation axis of the tracked object. Setting Mf  €qual to Mz

(i.e., Mf = Mi), we obtain

) 4M;
D = |50 = V2(mao + moz = mno). (19)
M
Similarly, we can get
DiZ 1 1 o+Z
Mf}? = z”ﬁ)kfic = M0 = M (20)
where M and M *3 are the moments of inertia of the

ellipse and tracked ob]ect based on the new rotation axis
(i.e., the semiminor axis @) perpendicular to the previous
one. Since the following equation:

prz 1
M = EMgo(mzo + moy + mp) (21)
is inferred from (7) recalling

sin(29k +7r)=——

mpy
cos(20y + 1) = Moz — 20 (22)
ma)
we obtain
) AM
Iy = = \2(mag + moy + may). (23)

00
M;

Consequently, the tracked object is estimated by the fitted
ellipse as shown in Fig. 2(b).

4. Visual Tracker Using Statistical Moments
4.1 Definition of the Pixel’s Probability

To calculate the statistical moments of the object, we con-
sider a probability measure, using F(7), as
Fi(T)
P(T) = ——F—= (24)
Zfeol‘ Fk(T)

which denotes the likelihood that a pixel of the object ap-
pears at 7 in the search region Oy. This probability measure
is referred to as the pixel’s probability. The relationship be-
tween Fi(F), H™P(I'), and Py(¥) is illustrated in Fig. 3.

4.2 Derivation of a New Visual Tracker

Our idea is to regard the tracked object as a horizontal sec-
tion of the following probability density function for contin-
uous pixels variable:

e—%(zk—ik)Tz;L(Zk—z_k)_ (25)

Px(2) = ———
(m)I3z, |
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Probability distribution ,_[“”’( V) Histogram of the template

~  in the hue channal

Probability
Pu(t) = FY) 1 2 Fi(X)
ie O

m-1 h’

i m-1 h'
Y

Object Search region Ox

Fig.3  Definition of the pixel’s probability based on the hue histogram of
object.

The integration fD 21Pz,(zr)dz, means the probability that
pixels of the object appear in the region D C R?. Here the
mean and covariance of z; € R? are given by

2
z = [ Mk ]’ Ezk :|: Ok 72]‘ ] (26)

Hy.k Ve Oy

whose elements are defined with the pixel’s probability as

Pek= D EPUE), = ) GPHF) 27)
F=(2)e0x F=(%§)eO;

Ye= D (F = 1) — HyOPF) (28)

F=(%)e0;

02= ) (= ) Pe(F) (29)
F=(%,5)€Ok

o= > (- ) PulH). (30)
#=(2))e0x

The first and second principal axes of the density function
are obtained by solving the eigenvalue problem of the co-
variance X, . Supposing that A, is the eigenvalue of X ,
we can reduce

ol = A Yk

.-l =| =0 31

| k k | ‘ Vi O_!ik _ /lk ( )
to

(@2 = Aoy, = 4) -y =0. (32)
From this, we obtain the eigenvalues:

o2+t &
/lk = 7yk (33)
2

with

& = 47+ (@2~ (34)

The corresponding eigenvectors, which are considered as
two orthogonal principal axes and ordered based on their
eigenvalues, determine a new coordinate system in the con-
ception of the PCA. Furthermore, we have

-1y 15
AomaZ < 2570 2 < A5l ZdP (35)
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0 outer density

0 X

horizontal section _0

tracked object first principal axis

Fig.4  Representation of the tracked object by the Gaussian density with
its outer and inner bound.

according to the Rayleigh quotient with
Zr =z~ Z (36)

where Ay in and Ay ,q, are the minor and major eigenvalues
of 3,,, respectively. The relationship of (35) suggests that
the Gaussian density function p_, (z) is bounded by

pzk,in(zk) < sz(zk) < sz,om(zk) (37)

where the outer and inner density functions are expressed by

Pavin(Zk) = ¢ il 24l (38)

(271' )/lk,min

_Lg-t 5 (12
Pzout(Z1) = e~ 2 Ymarl 2l (39)

(271' )/lk,max
respectively, as shown in Fig. 4.

Then a horizontal section of the Gaussian density func-
tion represents the tracked object, which can be regarded as
an ellipse whose semimajor axis is along the major eigen-
VeCtor Uy max = [o-i = 0';’ otk 2y, 1" at the following angle

ékl

. (40)

2y
)

6, = arctan I—z
x,k - O—y,k + é:k

Additionally, we can obtain the length of the tracked object
as

ik = Vp/lk,max = \/,O(O'ik + 0-;2/,1( + é:k) (41)

where [ is the semimajor axis of the ellipse; p is a scalar
parameter to adjust the elliptic area of the horizontal section
in the Gaussian density function. Similarly, we can obtain
the width as

ik = Vplmin = \JP(O2, + T2 — &) (42)

where oy is the semiminor axis of the ellipse. As a result,
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the tracked object is obtained as an ellipse, which is centered
at 77 = (U, fyi) With Zik X 2y size at angle 9k to the
horizontal axis, as shown in Fig. 4. Also, the tracked region
is the tangential rectangle of the ellipse, which are described
as the window enclosed by red line. As the tracking process
is implemented repeatedly from the first frame to the current
frame, a sequence of the tracking results defined by

& = [ Lw 01 ,i=0,... .k (43)
can be obtained, where (¢, §¢) = (tk» Hyk)-

4.3 The Relationship with the Original Tracker

The following probability of object roughly evaluates the re-
liability of the estimated tracked region under the Gaussian
assumption.

Pz < T

f pzk,out(zk)dzk
D

3
1 2 ik 1 )
= ———— e 2/[k,mrur rdrdg
(271' )/lk,max 0 0
e

= 1 = e Hmad (44)

Recalling ik = /PAk max, W€ have

4
2

PUIZl <D) = 1-e (45)

which is independent of the eigenvalues. When p is set to
2, the proposed tracker reduces to the original one. In this
time, the probability of (45) is about 63%.

5. Extension of the Tracker to a Multidimensional Case
5.1 The Mechanical Approach

We consider the tracking of a three dimensional object as
shown in Fig. 5(a). In this case, we face the following two
serious problems.

1. The moment along with x axis depends on the width
w and thickness ¢ of the object whose information is
mixed in the resultant moment as shown in Figs. 5(b)
and (c).

2. The length [ of the object cannot be uniquely deter-
mined, because a rotation axis to estimate the length
[ is not unique as illustrated in Figs. 5(d) and (e).

5.2 The Statistical Approach

Our idea is to regard the tracked object as a section (an el-
lipsoid) to cross the following probability density function
with a hyper plane:

e—%(zk—ik)Tz;L(Zk—z_k)_ (46)
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2] o ___zz] _______________ (O

(d) & (e) &

z ¥y

Fig.5 Tracked object with 2w X 2[ X 2t size, whose rotation axes are set
to x, y, and z axes, respectively.

The integration fv z1P 2, (zk)dz, means the probability that
pixels of the object appear in the region V ¢ R*. Here the
mean and covariance of z; € R are given by

2 110 101
Ok Yk Yk

Hk 1o 2 011
Zr = | Hyk |> Ezk =1 Y 0'ka Yi 47)
ek 101 011 2

Yoo Yoo 9k

whose elements are defined with the pixel’s probability as

ek = Y IPUE). pya= Y GPUF)
F=(1,,2)€0; F=(%,5,2)€0x

pe= ) P (48)
F=(£5,)€0

oh= D E ) P#) (49)
F=(15.2)e0;

Toi = Z (= 1y 1) Pr(¥) (50)
F=(£5,)€0

ol = Z (Z = pep)* Pi(F) (51
F=(%5,2)€0

W= D - )& - )Pl (52)
F=(%5,9)€04

M= 3 - ) — ) PilF) (53)
F=(%5,2)€0

7= (= ) — )PP, (54)
F=(%,5,2)€0;

The first, second, and third principal axes of the density
function are obtained by solving the eigenvalue problem of
3 ... Supposing that A is the eigenvalues of 3, , we have
the characteristic equation:

3847
a_JZCJ< _ /lk ,y]llo ,}/]101
e -adl=| 7° ol - A
A A
=0. (55)

According to Appendix A, we can determine the three
eigenvalues as

Ak € {Arp, Aog, Ad3gh, A1 = Ao > Az (56)

The corresponding eigenvectors vy, V2, and vz, which
are considered as three orthogonal principal axes and or-
dered based on their eigenvalues, determine a new coordi-
nate system in the conception of the PCA. Here each eigen-
vector is defined as

T .
Vik = [Uxik Vyik Uzixl » i=1,2,3. (57)

Then the tracked object can be regarded as an ellipsoid
whose axes are along the eigenvectors v, vax, and vsg,
respectively. Given the projection of v} onto the plane x-y
as Dy, the angle between the x axis and ¥ ;, and the angle

between v, x and D, 4 are given by
U 1)

B

Uz, 1k

, ¢ = arcsin .
U1k lloll

6, = arctan (58)
Both of them direct v; 4 in the three-dimensional space R3.
Additionally, we can obtain the length, width, and thickness
of the tracked object as

ik = \/FTk,l’ W = VpAi2, fr = VO3 (59

where p is a scalar parameter to adjust the probability
Pzl < Lo

Consequently, the tracked object is obtained as an el-
lipsoid, which is centered at 7 = (Uxk>Hyk> Mek) With
Zik X 2@y X 2f; size. The direction of the tracked object
is along the semimajor axis of the ellipsoid which is deter-
mined by 6 and @;. As the tracking process is implemented
repeatedly from the first tracked frame to the current tracked
frame, a sequence of the tracking results defined by

Si= %G haio e, i=0,.. .k (60)
can be obtained, where (X5 05 21) = (ks My oo Mz )

For checking the accuracy of the method, suppose that
a object to be tracked is a 16 x 8 x4 cuboid which is centered
at 7¢ = (0,0, 0) and rotated 45° around z axis. Each voxel
in the cuboid randomly take a value in the range of O to 255.
From (47) to (54), we can evaluate the mean Z and covari-
ance 3,. Hence, using the eigenvalues and eigenvectors of
3., we obtain

6 =43.8°, ¢ =0.200°
1=779, & =408, =223

by (58) and (59). Here p is set to 2.5.
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6. Conclusion

We have extended the continuously adaptive mean shift
tracker to a more general one, using a view that a hori-
zontal section of Gaussian probability density function for
pixels can represent the tracked object. This approach al-
lows the direction and size of object to be easily derived by
the PCA. Additionally, it is possible to propose a new color-
based visual tracker for multidimensional objects, providing
new applications of the visual tracker. For instance, tracking
the growing of a cancer of interest from a three-dimensional
medical image sequence obtained by CT or MRI could help
doctors to diagnose.
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Appendix: The Eigenvalues of 3 x 3 Covariance

The eigenvalues A of 3 X 3 covariance 3:

a d f
f e ¢
can be calculates as
1/3
p 6g a+b+c
/l]zT—W-FT (A2)
1/3
2 3g a+b+c
/12__F+W+T
V3(p'” . 64).
1/3
R 3g a+b+c
/13——64'@4‘?
V(P 64}, v
26 T (A9
where

p=216dfe+48abc—-T2ae* —12d*c -T2 f*b
—12d%c+36ad* +36af*—12a°b - 12ab?
—12ac* = 1207 c— 12bc* +36€* b +366% ¢
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+36d°b+36 fc+8b° +8c% +8d°
+12(-6a*b* f - 6a° b - 24a* b* &*
-6a>b*e® —24abe* +30abd* —60a* be* ¢
+30ab*c+6abd*e® + 114ab f* &
+30a’bed® +30a*be f2 +30ab’ cd?
-60ab’c f>+30abe* > +6abd® f?
-60abd*c® +30ab f>c* +114acd® é
+6acf?e* +6acd* f>+6bcd* e
+6bcfre +114bcd* f2+6a*bec—6a*bc?
—6ab’c?+6ab*c—6ab’c +24a°bé?
—6ab’ e +6a’bd* +6ab’d* - 64> b f?
+24ab’ 2 -24ab f*+6abct —6a** e
-6a°*d® -24a*? [ -24ace* -24acdt
-6 ch* -6 ch +24a°ceé® —6ac’ e
—6a’cd®* +24ald* +6a’cfP+6ac’ f?
+30acf*-2402 P e* - 602 P d* - 60 f?
+30bce* —24bcd* -3a* b -3a° b*
+63 -3 -3 +6b3 3 -3b*
—3b% ¢t - 366t d? 366" 2 - 3662 d*
+24e*a? -3e*b* -3t ? -3667 4
—12e%a* - 36d* [ -3d*a® - 3d* b?

24d* =364 f - 1242 + 647 P
+144d feabc—-36d fea’c—-36d fea*b
-36d feab®* +6b°ce* +6bc e —6b° cd?
+24b3 P +240% c fP-6bc 2 -24bc f*
2522 d> f2 — 60’ d* a®> — 6> d* b?
-60e>d>® — 60e% f2a* — 60 €% f2 b?

-6 f2c?—6d> fFa* -60d* £ b* —60d° % ¢?
+18a*b* ? - 125 —12d° - 216d fea
—216d° fec—216d fPeb+108d° fea
+108d fPea+108d feb+108d fe’ ¢
+108d° feb+108d fPec+24d feb’
+24dfec® +24dfea’ -3 fra*+24 f* 1
3122 - 125 -36d feac?
—36d feb’c—-36dfebc*)'? (A-5)

and

ab+ac+bc e*+d*+ f?
9 3
a® + b +c?
——
These equations are deduced from the software

MAPLE. The eigenvectors can be calculated based on the
eigenvalues by (A-2) to (A-4).

q:

(A-6)
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