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Abstract

This paper describes a new method for tracking of a
human body in 3D motion by using constraints imposed
on the body from the scene. An image-based approach
for tracking exclusively uses a geometrical model of
the human body. Since the model usually has a large
number of degrees of freedom (DOF), a chance to be
corrupted by noise increases during the tracking pro-
cess, and the tracking may fall in an ill-posed problem.
To cope with this problem, we pay our attention to that
a human body can not move freely, and usually receive
some constraints from the scene. The new method uses
constraints imposed on position, velocity and acceler-
ation of the part of the body from the scene. These
constraints can reduce the DOF of the model. This
reduction guarantees the tracking problem to be a well-
posed problem, and prevents tracking errors by noise.
Experiments with real image sequences support a pre-
cise tracking of the body.

1 Introduction

An image-based tracking of human bodies has many
potential applications such as computer-human inter-
face, motion capturing for animation character, surveil-
lance for security, and so on. The image-based ap-
proach for tracking exclusively uses a geometrical
model of the human body. Fitting the model to the
body frame by frame [9, 10, 7, 3, 2, 6, 11, 4] results
into a sequence of the pose of the body, i.e. tracking of
the body. However, the frame by frame �tting needs a
large amount of computational e�orts.

A few researchers proposed an incremental approach
as an alternative way [12, 13, 1]. This approach per-
forms the tracking by accumulating pose increments
between the successive frames onto the initial pose.
Since a model �tting for once determines the initial
pose, and the pose increment is estimated by linear cal-
culation, the computational amount becomes smaller.
The incremental approach has, however, an inherent
drawback. It is that an accumulation of the estimation
error falls in a failure of the tracking at last.

To cope with this problem, we pay our attention to
that a human body can not move freely, and usually
receive some constraints from the scene. W e propose
that a scheme of the incremental tracking should use
the constraints from the scene.

Leung and Yang [7] proposed a use of scene con-
straints for tracking a gymnastic player. However, their
constraint, namely \support", is to �x a part of the
body on a point in the scene. Our approach can con-
straint position, velocity and acceleration of the human
body in motion.

The next section describes a motion model of hu-
man body. The Section 3 summarizes the image-based
constraints. The Section 4 proposes several constraints
from the scene. The Section 5 couples the scene con-
straints with the image-based constraints. The Section
6 shows that the coupled constraints result in successful
tracking.

2 Motion Model
We represent a human body by an articulated struc-

ture model as shown in �g.1. This model consists of
a set of the solid parts corresponding to parts of the
body. The parts of the model are linked with each
other in a hierarchy system. The pose of the model
is given by angles between the linked parts and po-
sition of the top part in the hierarchy. Let a vector
q = (q1; q2; :::; qn)

> be a set of the pose parameters.
Then, we can represent a relation between a position,
p = (x; y; z)>, on the subject and the pose vector by
the following function.

p = f(q) (1)

where an initial position is neglected.
The eq.1 is a nonlinear relation in general. However,

a temporal derivation, _q, of the pose, q, can be linearly
related with a velocity vector, _p, using the Jacobian
matrix J(q).

_p = J(q) _q (2)

The _q denotes movements of the model. W e call the
_q motion parameters.
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Figure 1: Fitting a body model to an image.

3 Motion Constrain ts from Images
Let an intensity on images in sequence be E(X;Y; t),

where (X;Y ) and t denote a position on the image and
time, respectively!A velocity vector, (U; V ), on the
image is constrained by the equation [5],

EXU +EY V +Et = 0 (3)

where EX EY and Et are gradients of the intensity
in the directions of X, Y and t of Et, respectively.

Let us the constraint eq.(3) extend toward a con-
straint on the human movement beyond 3D movement
in the scene.

We suppose the camera model to be a perspective
projection with the focal length, f . The scene coor-
dinates, (x; y; z), is set so that the origin should be at
the center of projection, the z axis the optical axis, and
the image plane z = f . The origin on the image co-
ordinates is put on an intersection between the image
plane and the optical axis. The X and Y axes in the
image plane are aligned along the x and y axes of the
scene coordinate, respectively.

Then, a point p = (x; y; z)> in the scene is
projected onto a point (X;Y ) in the image plane by

the transformation
8<
:

X = f
x

z

Y = f
y

z

(4)

Di�erentiating eq.(4) with respect to time, we can
get a relation between 3D velocity, _p = (u; v; w)>, in
the scene and 2D velocity, (U; V ), in the image such as

8><
>:

U =
fu�Xw

z

V =
fv � Y w

z

(5)

Substituting eq.(5) into eq.(3), we have

G> _p = �Et (6)

where

G =
�
f EX

z
; f EY

z
;�XEX+Y EY

z

�>
(7)

Moreover, eliminating _p from eqs.(6) and (2), we �nally
obtain an image-based equation to constraint motion
parameters, _q.

G>J _q = �Et (8)

Now, we explain a tracking process based on the
constraint (8). At an initial frame, we �t the human
model to the human body on the image plane. This
model �tting, performed by hand-operated manner in
this paper, may not so correct as model �tting of a
rigid object (e.g. [8]) since we use a rough model of
the human body and �t the model to an image from
single camera view. However, even model �tting from
single camera view can give a human pose which is not
so far from the correct pose.

Motion parameters, pose increment betw een succes-
sive frames, can be obtained from a system of linear
equations eq.(8) which correspond to feature points on
the image of the human body.

0
BBB@

G>

1 J1

G>

2 J2
...

G
>

n Jn

1
CCCA _q =

0
BBB@

�Et1

�Et2

...
�Etn

1
CCCA (9)

where each su�x denotes a point on the human image.
Solving eq.(9) by a least-square method, we have

the motion parameters, _q. Tracking is performed by
integration the motion parameters, pose increments,
on the initial pose.

4 Motion Constrain ts from Scene
The subject usually moves under constraints in the

scene. For example, when we are walking, a position of
the foot is on the oor. Opening or closing the door,
a hand is guided by a knob of the door. A train runs
on the railroad. In skating and skiing, a velocity of
the subject is parallel to the surface. When an object
falls in the gravity �eld, the object is accelerated in the
direction of the acceleration of gravity.

The scene imposes several constraints on a position,
velocity and acceleration of a point of the object. We
can expect more reliable tracking by adding these scene
constraints to the image-based constraints described in
the previous Section.

4.1 Constraint on Position
We suppose that a point,p, on the subject is con-

strained on a plane,

n>x = d (10)

where n is a normal vector, and d is a distance between
the origin and the plane. When the point, p, moves to
some position, p0, at the next frame, the movement,
�p, satis�es an equation,

p0 = p+�p (11)
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On the other hand, since the new position, p0, also
should be on the plane represented by eq.(10), we have

n>(p+�p) = d (12)

We suppose that a frame interval is set at a unit, 1,
and an apparent movement between successive frames
is very small, that is,

�p = _p (13)

Rewriting eq.(12) by eq.(13), we have

n>(p+ _p) = d (14)

Moreover, substituting eq.(2) into eq.(14), we can �-
nally get ,

n>J _q = d � n>p (15)

This equation is a constraint of motion parameters, _q,
in order to keep holding a point of the subject onto the
plane.

In case of constraining to the curved surface, we use
a tangent plane of the cured surface. This is a natural
extension of the plane constraint (15) from viewing that
the surface normal, n, is considered as a function of
position, p.

A curved line can be an intersection between two
curved surface patches. Also, a point can be an in-
tersection among three independent planes. Therefore,
simultaneously constraining to the two cured surface
patches results into constraining to the curved line.
Similarly, constraining the three planes results into
constraining the �xed point.

4.2 Constraint on V elocity
A velocity vector, _p, of a point, p, on the sub-

ject supposes to be constrained in the direction, s =
(sx; sy; sz)> . Since this means that _p has the same
direction as s, we have

s� _p = 0 (16)

Substituting eq.(2) into eq.(16), we have

s� (J _q) = 0 (17)

Moreover, expanding the vector product in eq.(17), we
have

8<
:

(0;�sz; sy)J _q = 0
(sz; 0;�sx)J _q = 0
(�sy; sx; 0)J _q = 0

(18)

These equations are also constraints of motion param-
eters, _q, so that the velocity vector could be parallel to
the speci�ed vector, s.

We have one more way to constraint the velocity
vector. W e suppose that a velocity vector, _p, of a point,

p, should be parallel to a plane with surface normal,
n, that is,

n> _p = 0 (19)

Substituting the _p of eq.(2) into (19), we have,

n>J _q = 0 (20)

This equation is a constraint of motion parameters, _q,
in order to keep the velocity vector to be parallel to
the plane with surface normal, n.

4.3 Constraint on Acceleration

When an acceleration vector, �p, of a point, p, on
the subject has the same direction as a speci�ed vector,
s = (sx; sy; sz)>, as is analogous to the case of velocity
constraints, we have

s� �p = 0 (21)

Supposing the acceleration to be almost constant in
time, and the frame interval to be a unit, 1, the accel-
eration, �p, is obtained from subtraction between veloc-
ities, _p, at successive frames.

�pi = _pi � _pi�1 (22)

Substituting eq.(22) into eq.(21), we have

s� _pi = s� _pi�1 (23)

Moreover, substituting eq.(2) into eq.(23), we have an
equation with respect to motion parameters. Since

�pi�1 = �(J i(��qi�1))
= Ji�qi�1 � J i _qi�1

(24)

, if we use the Jacobian matrix at the current frame i,
we can �nally get

s� J _qi = s� J _qi�1 (25)

Expanding the vector product in eq. (25), each com-
ponent is;

8<
:
(0;�sz ; sy)J _qi = (0;�sz ; sy)J _qi�1
(sz; 0;�sx)J _qi = (sz; 0;�sx)J _qi�1
(�sy; sx; 0)J _qi = (�sy; sx; 0)J _qi�1

(26)

These equations are constraints, _qi, in order to keep
the acceleration vector, �p, to be parallel to a speci�c
vector, s.

When the acceleration vector, �p, is kept to be par-
allel to a speci�c plane with a surface normal, n, the
corresponding constraint is

n>�p = 0 (27)
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Again, using eqs.(22) (2) and (24), we can rewrite
the eq.(27) as

n>J _qi = n>J _qi�1 (28)

This equation is a constraint of motion parameters, _qi,
in order to keep the acceleration vector to be parallel
to a speci�c plane with a surface normal, n.

If it is necessary to constraint velocity and acceler-
ation on a curved surface, we can use a tangent plane
which approximates the curved surface.

5 Coupling Constraints
We described many kinds of constraints; eq.(8) in

Section 3, and eqs.(15) (18) (20) (26), (28) in
Section 4. Since all constraints are linear equations
with respect to motion parameters, _q, it is easy to
couple all in one. We have a large system of linear
equations,

0
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

w1G
>

1 J1

...
wjn

>

j Jj

...

wkŝ
>

kxJk

wk ŝ
>

kyJk

wkŝ
>

kzJk

...
wln

>

l J l

...

wmŝ
>

mxJm

wmŝ
>

myJm

wmŝ
>

mzJm

...
wnn

>

nJn

...

1
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

_qi =

0
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

�w1Et1

...
wj(dj � n>j pj)

...
0
0
0
...
0
...

wmŝ
>

mxJm _qi�1
wmŝ

>

myJm _qi�1
wmŝ

>

mzJm _qi�1
...

wnn
>

nJn _qi�1
...

1
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

(29)

where 8<
:

ŝox = (0;�soz ; soy)
>

ŝoy = (soz; 0;�sox)
>

ŝoz = (�soy ; sox; 0)
>

(30)

The matrix and the constant vector in eq.(29) con-
sist of six blocks for the shake of convenience. The �rst
block corresponds to the image-based constraint eq.(8).
The remaining blocks represent the constraints from
the scene properties. The blocks from the 2nd to sixth
correspond to the position, eq.(15), velocity, eqs.(18),
(20), and acceleration, eqs.(26), (28) constraints, re-
spectively.

When the subject is constrained on a curved surface,
the corresponding tangent plane with surface normal,

Figure 2: Tracking result by the only image-based
method.

Figure 3: Tracking result by the image-based method
with scene constraints.

n, and distance from the origin, d, are functions of
time denoted by frame number i. In the case to be
constrained on curved line or �xed point in the scene,
2 or 3 constraints are imposed on a point of the subject.

Solving the eq.(29) by lest-square method, we can
estimate motion parameters, _q. This solution enables
us to make tracking based on the image-based and
scene constraints. The w in eq.(29) is a weighting im-
posed on each constraint. Harder weighting on the
scene constraints rather than the image based con-
straints may lead to a solution without movement,
since the eq.(29) becomes biased to the scene con-
straints. Otherwise, the eq.(29) is biased to the im-
age based constraints. Therefore, we have to carefully
choose the magnitude of each weight on the constraint.

6 Experiments of Tracking

We will show the tracking results based on the
proposed approach. A simulation in the sub-section
6.1 will present a quantitative improvement by adding
scene constraints. Tracking results in real image will
give in the sub-sections 6.2 and 6.3.

6.1 Tracking in Synthesized Images

We tracked a ball rolling down on a slope. The num-
ber of images in the sequence is 70. A Gaussian noise
corrupts each image. Position, and velocity and accel-
eration vectors of the center of gravity of the ball are
constrained in parallel to the sloping surface.
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Figure 4: Tracking error versus the magnitude of
weight of scene constraints.

Figure 5: Tracking result by the only image-based
method.

Figs.2 and 3 show tracking results, where images
are corrupted by the Gaussian noise with mean the
value, 0, and the deviation, 10. If the scene constraints
are not used, the tracking falls in failure because of
the noise and strong texture in the background. The
scene constraints can guarantee a successful tracking.
A ratio of the error to the translation of center of the
ball from the initial and �nal frames was 2:7%. A norm
of the di�erence between the two matrixes, expressing
an orientation of the ball, at initial and �nal frames
was 0:12.

Fig.4 shows percentages of the error ratio of the
translation at various weight, where we �xed the weight
to image-based constraints at 1, and varied all the
weight to the scene constraints coherently. This exper-
iment shows that the harder weighting makes a correct
tracking be di�cult. W e chose 4 for the weight in the
experiment of tracking ball, and use it in the remaining
experiments.

6.2 Tracking a Real Arm

We show a result of tracking an arm opening and
closing a door during the 100 frames. A hand of the
arm is constrained to the trace of a knob of the door.
The trace is an intersection between a surface of the
cylinder, of which axis is aligned with rotational axis
of the door, and a horizontal plane at a height of the

Figure 6: Tracking result by the image-based method
with scene constraints.

Figure 7: Tracking result by the only image-based
method.

knob. The geometry of the cylinder and the horizontal
plane is given by measurement of the real scene.

Fig.6 shows a tracking result, while �g.5 shows a
tracking result without the scene constraints. The
tracking result of the hand with scene constraints has
little deviation, since the position of the hand is con-
strained by two surfaces, say, cylinder and plane. This
successful tracking leads to a good tracking result of
the whole arm too.

6.3 Tracking a Skier

We show a result of tracking a skier in slalom on the
slope during 150 frames. The skier is constrained to
the surface of the slope. W e use the scene constraints
imposed on position and velocity. The constraint on
the position works so that the both feet of the skier
could move on the slope. The constraint on the veloc-
ity works so that velocities at the both feet and a center
of the skier could be parallel to the slope. Fig.8 shows
tracking result, while �g.7 shows a tracking result using
only image-based constraints without the scene con-
straints. Fig.9 denotes the side views of tracking re-
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Figure 8: Tracking result by the image-based method
with scene constraints.

sults for both cases at �nal frame. The tracking with
scene constraints keeps the both feet on the slope. On
the other hand, tracking without scene constraints fails
in keeping one foot on the slope, and the pose does not
look like one in skiing.

7 Conclusions
We proposed that tracking of human body should be

performed under constraints from the scene. Coupling
the scene constraints and the traditional image-based
constraints makes the accuracy of tracking results im-
prove through the experiments.

This method may be able to apply to the case where
the 3D shape of the scene is easily given; a room under
surveillance, and �eld and gymnasium for sports.
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