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Abstract

In this paper, motion estimation algorithms for the
most general tracking situation are developed. The
proposed motion estimation algorithms are used to predict
the location of target and then to generate a feasible control
input so as to keep the target stationary in the center of
image. The work differs from the previous algorithm of
motion estimation in that it is capable to decouple the
estimation of motion from the estimation of structure. The
weak perspective projection is used to solve this problem.
The modified optical flow is first calculated and then fed to
motion estimation algorithms so as to generate an
appropriate camera motion that achieve tracking. The
important contribution of this work is that simple,
numerically stable, none computation intensive, and
correspondence-free 3D motion estimation algorithms are
derived. A visual tracking system can be easily
implemented and run in real-time due to the simplicity of
the proposed algorithms and thus increases their efficiency.
The robustness and feasibility of the proposed algorithms
has been validated by a number of experiments.

1. INTRODUCTION

Understanding the object motion is crucial to achieve
the purpose of tracking. With a good knowledge of the
object motion, one can improve the performance of
tracking and thus increase its potential applications in
machine vision systems. In this paper, we focus on the
trajectory tracking task in general visual tracking system.
Several experiments reported in [20], [13] revealed that
their goal is only to pursue a moving target. However, the
tracking problem to be solved in this research is not only to
keep track of a moving target but also to locate the target at
the image center of camera. Thus, the tracking problem to
be investigated here is more challenging. In addition, the
mathematical theory devised in this research is suitable to
the most general tracking situation, i.e., three-dimensional
(3D) target moving in three-dimensional space.

As we know, trajectory tracking or visual tracking is
not a new research topic nowadays. Recently, several
algorithms have emerged to handle this problem. In
particular, the Interacting Multiple Model (IMM)
algorithm for target tracking has received a lot of attention
in [11], [6], [9]. The DMM algorithm has been proved a
very efficient and high performance algorithm for tracking
the target [9]. However, several models are needed to
account for the whole range target motion, which requires

0-7803-6495-3/01/$10.00 © 2001 AACC

considerable computational burden [18], [12]. In addition,
appropriately determine the number of models is crucial
since increasing the number of models does not necessarily
guarantee better performance [28].

For visual servoing in robotics, Hashimoto and
Kimura have proposed an image-based or feature based
method [29], [30], Espiau has developed the differential
geometry approach [21], and Papanikolopoulos has
introduced the adaptive control method [19]. Application
of adaptive control in visual tracking is presented in [19],
[14], [23], and [24]. As described in [19], the disadvantage
of this approach is that the error will become significant
when abrupt changes of the trajectories occur since the
regulator cannot compensate for the abrupt changes fast
enough.

Aloimonos and Tsakiris [3] have described a method
which decomposes the tracking problem into two steps.
First, they estimate the motion parameters of the object.
Second, they solve the minimization problem by using the
estimation of the target motion parameter and then derive
the desired rotational velocities of the camera that will
achieve tracking. Their method however is based on the
knowledge of the target shape and is subject to numerical
instability problem.

The methods described above are in complicated form
or have their own drawbacks, which in turn increase the
computational burden or deteriorates the tracking
performance. Therefore, this paper proposes another close
form solution for estimating the object motion during the
tracking phase. This yields better performance than the
previous methods. Recently, researches on the relationship
between structure and motion have been widely conducted
and have resulted in a variety of schemes for
reconstructing motion for known structure [26], structure
from motion [27], or both motion and structure [5], [1].
Some researches on 3D space curves can be found in [22].
On the other hand, research about the motion estimation is
presented in [10], [15]. Further, some motion
understanding and trajectory planning which based on the
Frenet-Serret formula are described in [4], [16], [17].
Using the knowledge of the motion and the structure,
identification of the target dynamics may be accomplished.

The organization of this paper is as follows: Section 2
outlines the procedure of designing the trajectory tracking
algorithm. The implementation of these algorithms and the
experimental results are presented in Section 3. Finally,
conclusions are drawn in Section 4.
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2. DESIGN OF TRAJECTORY TRACKING
ALGORITHM

We will make clear our main concept and notion for
designing the trajectory tracking algorithm in this section.
Our goal here is to design a simple, none computation
intensive, and numerically stable algorithm. Our main idea
is that if the target motion is known, then the camera
motion which will eliminate the relative motion of the
target may be generated such that the tracking is achieved.
In particular, if the motion of target is known well, then the
“perfect tracking” may be achieved, i.e., image position of
the target can always be kept at the center of image.

It is apparent that the estimation of the target motion is
the first step in our proposed algorithm. In general, the
motion of target is not known a priori. However, it can be
estimated through the change of the image position which
is called “optical flow” or image displacement. Using the
observation of image displacement or optical flow which
induced by target motion, one can estimate the motion of
target if the camera is stationary. For the stationary camera
and moving object, the optical flow induced by the target
motion is:
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where u, and v, are known as the optical flow or image
displacements and subscript 0 is denoted as object. If we
assume a moving camera and a stationary object instead of
a moving object and a stationary camera, then we can
obtain the same result as (1) and (2) except for a sign
reversal [19].

However it is not the case for the tracking phase
since both the camera and target are moving during the
tracking phase and therefore the optical flow is subject to
both camera and target motion. In light of this observation,
we must modify the optical flow equation such that the
optical flow is induced only by the target motion and
irrelevant to the camera motion. Briefly, there are derived
as follow. Suppose now that the optical flow at the time
instant & during the tracking phase, is [w(k), v(k)]', then

the optical flow is [19], [3]
u(k) =u,(k) +u,(k) 3
v(k) = v, (k) + v, (k) C))

where u(k) and v(k) are the total optical flow, u,(k)

and v,(k) are the optical flow induced by the target

motion, whereas u_,(k) and v_(k) are the optical flow

induced by the tracking motion of the camera. Therefore,

the optical flow induced by the target motion during the

tracking phase can be obtained by modifying (3) and (4) as
follows:

u, (k) =u(k)~u,, (k) )

v, (k) = v(k) = v, (k) . (6)

Now, we would like to introduce our method of

finding this observable modified optical flow. Generally,
the sum-of-differences (SSD) method is used to find the

~ optical flow [19], [27]. Our method is different from SSD

method since we have our own target detection algorithm
as described in [7]. Using this target detection algorithm,
the target image position can be obtained at any instant.
Assume that the target image position is [x(k-1) y(k-DJ
at frame k—1and our desired camera angular velocities are
o,(k-1)=g/At and o,(k-1)=6/At, where At is the
time interval between two consecutive frames, ¢ is the
pan angle and @ is the tilt angle. Let the target move to
the position [x(k) y(k)]' at the next frame, namely frame
k,thenthe yk-1), v(k~1), u,(k-1), v, (k-1) atframe k
are derived as follows:

u(k —1) = x(k) — x(k - 1) O

v(k ~1) = y(k)- y(k -1) - ®

u (k- =o, (k-l)(ﬁf‘)_l(ﬂ)_w (k_l)(xz(k-lhf’) ©)
(-3 'x f Yy f

v (k-1 =a, (k- 1)()’1( ;)"‘fz) (k_])(i(ﬁ)?@]. (10)

Thus, )
u,(k-|)=(x(k)—x(k-1))-[a‘(k-1)["(""}’("")J-m,(k-l)(*}(" ')*f'J) (1)

v.(k—n=(y(k)-y(k—1))-(w.<k—n[’l("“)ﬂlj k- 1)(""* "M)] (12)

Another practical way to obtain this modified optical flow
is as follow:
, 0k =1) = x(k) = 20k = 1) + (Xpug e =) = x,) 13)
v,(k=)=y(k) -y~ D+ (Vsuk-D-y,)  (14)
where x,, y, are the image center and «x . (k-1) and
Yuse (k-1) are the predicted target image position.

We can then estimate the target motion by using the
modified optical flow. Two motion estimation algorithms
are proposed here. The first motion estimation algorithm
consists of estimation of translational velocity and
rotational velocity, namely “full motion model” whereas
the second algorithm composes only of estimation of
translational velocity, namely “modest motion model”.
Motion estimation task becomes peculiarly difficult in
trajectory tracking since neither the structure (depth) nor
the target motion is known. Accordingly, we propose a
novel motion estimation algorithm which is independent of
the estimation of structure. In other words, our algorithm is
capable to decouple the estimation of motion from the
estimation of structure. Thus, the structure (depth) need not
be known or estimated before solving the motion
estimation task. To this end, the weak perspective
projection 8], [2], [25] is used to alleviate this problem.
The weak perspective projection model gives a good
approximation when the size and the depth variation of the
object are small compared with the distance between the
object and the camera [25]. Details of theoretical error
analysis of using this approximation model have been
omitted for the sake of brevity and can be found in [7].
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Suppose we are in frame k and we are now ready to
estimate the target motion by using the modified version of
optical flow. First, we abbreviate (1), (2) to the discrete
time expression as

u, (k-1 _ _ _ _ T(k-1) 15
[v'(k_l)]—.l(x(k ), yk=1), Z(k-1)) [“(k_l)] (15)

where
A S ) k—n+£ D
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2~y 2D S r
The matrix J(x(k-1),y(k-1),2(k~1)) is called the image
Jacobian and Tt=(1, T, T} e® and w=[w, o, 0] R’ is
the translational and rotational velocity.

Let x. =[x, ¥, zJ be the reference point and this
point can be arbitrary chosen at either the center or the tip
of area of the target. In order to keep the target’s center
coincident with the image center, the center of area of the
target is thus chosen as reference point. The edge points
which lie around this reference point are chosen as the
feature points. Combining N feature points {x, y7, ... ,
txy »»F in (15) and using the weak perspective projection
model [7], yields,

10 5=y -51";')}‘@ SUDL ey [2EN

Z (k-1
"‘i((:::; 0 f -wk-D -Z\a(“_'f'):ﬁ (“";{’(*") 2k-1) -;l%
N I R i : i ra-n|. (17)
k-9

. -
10 -y -l "'“/’ L ——-L"("I"‘ o

W= @,k-1)
kD Dy k-1
0 f -yyk-D _ZLa./_'hL ‘Jﬁ_‘)}!ﬂ_‘l ek -1) ::(l-l)
Let
2
s oo -se-p A sGpaf S
2 - -
wE-1) 0 f -y UL SEED ey
k- | e =t s : : : | and
. ) 2
€= ” s f 0 ~x k-1 _‘_'L“L')IL'(ﬂ ﬂi";_’)ZL ~yy(k-1)
up (k1) 2
v k-1) 0 f -ylk- _Zr.("‘/_‘)’ﬁ W Xo(k-1)
L&k-D
FACED]
Lk-1)
ze-p|’
va| Lk-0
pA=
o,(k-1)
@,(k=1)
o,(k-1)
Rewrite (17) as
c=Gv (18)

where ¢ is the displacement or optical flow induced by
target motion, G is composed of the feature’s image
coordinate and focal length and v consist of depth as well
as translational and rotational velocities of the target with
respect to the camera coordinate system. Specifically,
matrix G and vector ¢ depends only on observable
quantities whereas vector v contains the quantities which
we want to estimate. In particular, for N=3, it will be
proved in Theorem 1 shown below that the matrix G is
nonsingular, and hence (18) can be easily solved as follow:

v=GTc. 19)

Theorem 1: The matrix G is nonsingular if and only
if three distinct, noncollinear feature points [z y 77,
(x, %.F» [x, »,I satisfy the following condition
* * %3
N Y2 Vs
A A Y
Proof: Please see [7].
Remark: In particular, the above condition is easily
satisfied by any three distinct points.
Let

#0.

T.(k-1)=[7-(k-1) T,(k-1D T,(k—l)],

Z(k-) ZGk=-D) Z(k-D
then T(k-1) is obtained as follow:
_ TG-D . 20
D e e
For the modest motion model, we assume that the
translational velocity dominates the rotational velocity
given that the sampling time is short enough for two
consecutive image frames. Therefore, we restrict ourselves
to estimate the translational velocity due to the above
assumption. In this way, (15) can be simplified as:

xh=)] o7 v
[""“ "] Z({ D} o( Z6-h ;E:-:; ' @
Y(k=1) o Z(k-p ";(: ‘;) T(k-1)

Similar to the full motion model presented previously,
combining N feature points [x, y,I7, ... » [x, »,F in(21)and
using the weak perspective projection model yields,

Tk~

ue-n] [£ 0 -x@-0] |3
\h otk .(k-l)
D |10 kD - (22)
Wk-D| |f 0 -mk-D i(‘::l’))
k-] [0 f -»mkE-D 726D
N T,(k-1)
u(k~1) [ 0 -x(k-1) YTy
v(k-1) 0 f -plk-1) Z (k-1 (23)
Let v<| : | m|: : ~: |and ,o|B&=B}
wk-1) 70 -nG-p Zk-D
k-1 0 f -yyk-D), L=
Z (k-1)
Then )
b=Ha. (24)

This is not surprising for solving (23) by using the least-
squares formulation:

a=(H"H)"H'b (25)
Specifically, we show that the matrix (H'H) is invertible if
and only if at least two of the N feature points are in
distinctive image position. This will be revealed in

- Proposition 1.

Proposition 1: The matrix (u"H) is invertible if and only
if at least two of the N feature points are
in distinctive image position.

Proof : See [7].

Using (25), T(k-1) is obtained as follows:

TG-1)= ﬁ . (26)
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The second step in our proposed algorithm is
prediction. The prediction task is to predict where the
target image location in frame & will ‘move to’ in the next
frame k+1. It is easy to extract the image displacement at
frame k by using the following equation if T(k)~T(k-1),
o(k) ~a(k 1), and Z(k)~Z(k-1) for the short sampling
time.

| [ awpm e e (27)
[u.u)]e[/ o —x,u)] LACI I N e
B0 £ —xb] 20 _[ ,y,’m) EXCHXU P B s
s ! ‘ :

where (x,,y,) is the target’s centroid coordinate in image

plane.
Thus, the prediction can be obtained as follow:
r(k+ )= k) +u, (k) (28)
yole+1)= p (k) +v,06) - (29

This value is fed to the tracking module to generate
the desired camera motion which will achieve the goal of
tracking.

The last step is tracking. The tracking task is generate
an accommodated pan and tilt angle so that the image
center coordinate [x,, 5] Wwill be coincident with the
target coordinate [x, y° after the pan and tilt movement.

" From Fig. 1, we have
B (30)

d

Yo =Vog = Vi (31
where [x, 5,y is the actual image coordinates and [x, 7

is the ideal image coordinates. To keep notation simple and

without loss of generality (w.Lo.g.), we use the ideal image
coordinate in the following mathematical analysis. The
equations used in the following mathematical analysis
obviously can be re-expressed in terms of actual image
coordinates by using the transformation above.

From the prediction step, we predict that the target
image position will appear in actual image coordinates
[x, 3] =[x@&+D y+p] in the next frame. Assume that the
3D position of target’s ideal image coordinates [x, 5, is

P=[ax, ay;, af) (32)
where o=z/s and the 3D position of image center
coordinates [x,, v, I is

Q=[0 0] (33)
where k is arbitrary nonzero constant.

In order to track the target, we first generate the pan
angle ¢ and then output the tilt angle ¢ so that the error
between image center coordinate and target image
coordinate can be compensated as shown in Fig. 1. Since a
rotation of the camera is equivalent to the inverse rotation
of the point in the scene. Therefore, we have

Q=R" (AR’ (¢)P
=(R@REA) P
cosé 0 simglf1 o o ]\
=H 0o 1 0 }[0 cosd -sinaD P, (3'4)
-sing 0 cosgl{0 sind cosé
_[ ccsf 0 -sin_} :!
=|singsin® cosd cosgsinf| P

singcosd -sind cosgcosd

Using (32), (33) and (34), we have
axcosg-afsing=0 (335)
a x;singsin@+a y,cosf+a fcosgsind=0. (36)

=
Pafay @, off

Fig. 1. Compensation of the error between image center
coordinate and target image coordinate.
Solving the equations (35) and (3‘6), we can readily obtain
the pan and tilt angle as follow:

pan: @=tan” (;—') ’ (3 7)
it am(__&_} (38)
-x,sing - fcosg

Using (30) and (31), (37) and (38) can be re-expressed in
terms of actual image coordinates as follow:
et (EmEE2D), 39
S

f=tan” Yoy~ (k4D : (40)
~(%ug = %.(k + D)sing - f cosg

Finally, these algorithms are summarized in Fig.'2 and

Full Motion Model Algorithm
1. Use (13), (14) to calculate target induced optical flow.

2. Select three different edge points which lie around the
centroid of target and use (19) to estimate the target motion
parameters.

3. Evaluate the predicted target’s centroid coordinate by using
27)-(29).

4. Use (39) and (40) to compute the accommodated tracking
command.

Fig. 2. Algorithm 1: full motion model

Modest Motion Model Algorithm

1. Use (13), (14) to calculate target induced optical flow.

2. Select two different edge points which lie around the centroid
of target and use (35) to estimate the translational velocity.

3. Evaluate the predicted target’s centroid coordinate by using
27)-(29).

4. Use (39) and (40) to compute the accommodated tracking
command.

Fig. 3. Algorithm 2: modest motion model

3. IMPLEMENTATION AND EXPERIMENTS
This section illustrates . the performance of the
trajectory tracking algorithms under a variety of
circumstances. All experiments were performed on live
image sequences which are grabbed by JAI MCL-1500
DSP color camera and then processed by the MATROX
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CORONA image processing card in the Pentium III 450
PC. The control command is then sent to ADVANTECH
stepping motor control card so as to generate an
appropriate pan/tilt motion that achieves the goal of
tracking.

To validate the performance of the proposed trajectory
tracking algorithms, we will use the target detection
method in simple environment as described in [7]. Timing
of the control cycle indicates that the proposed visual
tracking system can perform frame rate (30 Hz) tracking of
image regions of up to 640 x 480 pixels.

3.1 Indoor Experiments

An aircraft model is used as our target. At any time
instant, the location of the target in the image plane is fed
to the trajectory tracking algorithm to predict the future
position as shown in Fig. 4(a) and 4(b). The tracking error
is.shown in Fig. 4(c). Note that the center of the image
plane is [320 240} . It is clear that the predicted target
position is close to the true target position. This implies
that our proposed algorithm provides accurate prediction of
the maneuvering target trajectory.

T o e et ot Skt e

IR S P N S Y T 2|
)

om0 5Savton (k)
X EEE KKK

.
RS SO U A S

Fig. 4. Experimental results of indoor experiment.
3.2 Outdoor Experiments

o Correspondence-free

Image sequence in Fig. 5 shows the correspondence-
free property of this algorithm in the outdoor scene. The
big square is the neighbourhood of the origin of the image
plane whereas the three centers of small squares represent
three feature points used in this algorithm. This image
sequence shows that the target is still in the neighbourhood
of the origin by using any three different feature points.
This is due to the fact that the feature point in the two
consecutive image frames will not change too much for the
fast sampling rate. Hence, the calculation of the optical
flow is still correct.

effect will not hurt our algorithm.

® Robustness

Figure 6 shows the image sequence in which the
rotation motion dominates the translational motion. For the
rotation motion which dominates the translational motion,
the target will change the pose, and this will yield the error
in the computation of optical flow. However, the
experimental results shown in Fig. 7 demonstrate that this

P

Fig. 6. Image sece.

Torpet ocation I 3 eacton: pictad (oo . i fccied Turget oeation I 3 dvuctien: powdicind {achd . Wb Kt

Fig. 7. Experimental results of the robustness.

4. CONCLUSIONS
In this paper, motion estimation algorithms for the
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most general tracking situation are developed. The
contribution of this work is that simple, none computation
intensive, correspondence-free and numerical stable 3D
motion estimation algorithms are developed. An important
factor for the successful application of the extremely
simple algorithms is based on the use of weak perspective
projection model. The trajectory tracking algorithm based
on these proposed motion estimation algorithms provides
accuracy of the prediction of the trajectory of the
maneuvering target.

The proposed algorithms have been implemented in
our visual tracking system [7]. Experimental results show
that the proposed algorithms are accurate, robust, and
feasible. In addition, all the experiments were done in the
real-time. The potential of the proposed methods has been
demonstrated by the presenting experimental results. We
believe that the simplicity and the robustness of the
proposed approaches can be applied to other general visual

tracking system.
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