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Abstract

This paper introduces a new algorithm for tracking non-

rigid motion in image sequences. Non-rigid motions

are modeled as the deformations of connected 2D mem-

brane patches. Local smoothness constraints for each

patch are the low-frequency vibration modes obtained

from modal analysis. Hinges are imposed between patches

to maintain the global topological structure. The re-

sulted over-constrained linear system is solved e�ciently

using a least square estimator. Promising results on

both natural and synthetic facial motion sequences are

demonstrated in this paper.

1. Introduction

Non-rigid motion modeling and analysis in image se-
quences is an important research topic with many ap-
plications in computer graphics, biomedical image anal-
ysis and human computer interaction [2]. Three major
families of non-rigid motion models are geometric mod-
els [5], stochastic models [1], and physics-based models
[3]. Each type of models govern themselves with cer-
tain type of constraints and demonstrate 
exibility as
well as regularity.

In this paper, the proposed method is inspired by
research works on modal analysis approach in which the
deformations of an object fall into a subspace spanned
by its low-frequency vibration modes [3]. In our algo-
rithm, the model consists of multiple deformable 2D
patches. The simple movements of each patch are de-
termined by a set of constraints corresponding to dif-
ferent vibration modes. These patches are connected
with each other through hinges with desired strength.
As a result, complicated non-rigid motion is decom-
posed into simpler local deformations and the global
structural information is embedded in the connections.
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2. Approach

The system block diagram is shown in Figure 1. First,
interested region is decomposed by user into patches.
Each patch is modeled as a polygonal mesh and its
deformation resembles the behavior of an elastic mem-
brane. For each patch, its vibration modes are derived
in step 2 using �nite element method based on its phys-
ical properties. In the tracking process, each patch
only changes its shape in principal modes to maintain
its spatial smoothness and reduce computational cost.
For each patch, the best tracking result is the defor-
mation that achieves maximum image intensity cor-
relation under this local constraint. To maintain the
relative positions of patches in the tracking process,
a global linear system combining correlation function
of individual patch and penalty for patch drifting is
proposed. For each time instance, the deformation is
represented by the magnitudes of principal vibration
modes. For smooth motions, these magnitudes show
strong temporal continuity. This property is exploited
by Kalman �ltering in vibration magnitude parameter
space. It provides both estimation and prediction of
deformation parameters. Details of these modules are
described in the next section.
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Figure 1: Components of connected vibration tracking
system.



3. Connected vibrations method

3.1. Membrane patch and modal analysis

Standard �nite element method [4] is used to derive
patch vibration modes. The in-plate deformation of
this patch is described by nodal displacement vector
u = [u1x ; u1y ; :::; unx ; uny ]

t, where uix , uiy are x and y

components of displacement vector for ith node. The
dynamics of this patch is governed by Lagrange's equa-
tion

[M]f�ug+ [C]f _ug+ [K]fug = fQg ; (1)

whereM is the inertia (mass) matrix, K is the sti�ness
matrix, and C is the damping matrix. In our case, it
is assumed that C = 0;Q = 0. Each vibration mode
�i satis�es the following condition

[K� !2iM]f�gi = 0 ; (2)

where !i is the vibration frequency of that mode. It is
trivial to see that each �i is a eigen-vector of matrix
M�1K. Normalized form of �i is used through this
paper.

For a patch with n nodes, 2n vibration modes ex-
ist. We only use those of low frequencies, i.e., those
with small eigen-values. The �rst 3 modes are rigid
motions of the patch; two for translation and one for
rotation. The rest modes are in-plate free vibrations.
To con�ne the deformation of a patch in a displace-
ment space spanned by m mode vectors �1, �2, : : :,
�m, a deformation u is written as u =

Pm

i=1 fi�i. We
de�ne fi = [f1; f2; : : : ; fm]

t as the deformation param-
eters for ith patch. If there are totally p patches, de-
formation parameters for all these patches are denoted
as F = [f t

1
; f t
2
; : : : ; f tp]

t.
The derivation of M and K for a 2D membrane

patch is given in [4]. Examples of some low-frequency
vibration modes are shown in Figure 2.

3.2. Model �tting

Deformation F is derived through an over-determined
linear system. In a membrane patch, the 2D motion
vector of each node is �rst estimated by standard im-
age template matching technique from two consecutive
video frames. For ith patch, we denote the nodal dis-
placement vector as V̂i = [v̂1x ; v̂1y ; v̂2x ; v̂2y ; : : : ; v̂nix ; v̂niy ]

t

and the vibration modes as Ui = [�1;�2; : : : ;�mj1
].

Then a least square estimation problem for this patch is
formulated as �nding the deformation fi that minimizes

Uifi � V̂i



. The solution is fi = (Ui
tUi)

�1Ui
tV̂i.

To maintain the global structure, hinges are intro-
duced between patches. If there is a hinge between
n1th node of patch j1 and n2th node of patch j2. The
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Figure 2: The �rst 12 vibration modes of a patch.
Mode 1, 2, and 3 correspond to rigid motions.

distance between these two nodes should remains un-
changed during tracking. To integrate this constraint
into the system, we have2
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0

3
5 ; (3)

where � represents the strength of the link and

Sjk =

�
0 : : : 0 1 0 0 : : :

0 : : : 0 0 1 0 : : :

�

: : : 2nk � 1; 2nk : : :

is 2�mjk matrix for patch jk that selects its nkth node.
A larger LSE problem needs to be solved for the

whole connected patch system. We write that sys-
tem as AF = V̂. The LSE solution is (AtA)�1AtV̂.
(AtA)�1At needs to be computed only once.

4. Results

The proposed algorithm has been tested on video se-
quences of natural and synthetic facial motions. In a
two-second synthetic sequence, a texture-mapped face
model performs certain global motions including trans-
lations, in-depth and in-plane rotations. Non-rigid mo-
tions presented in the sequence are two expressions,
smile and surprise, and various mouth/lip movements
(Figure 3). Video sequences with real face motions
are also tested. The results are evaluated subjectively
(Figure 4).

At the initialization stage, fourteen quadrilateral
patches are constructed based on the locations of man-
ually picked facial feature points. Hinges are also im-
posed between these patches by users (Figure 3(a)). 8



to 15 of vibration modes are derived for each patch to
describe the local deformation. The strength of inter-
patch connections is adjusted by �. In our system,
� = 10. Each connection reduces the degree of free-
dom by 2. In our implementation, there are totally 458
nodes, 153 vibration modes, and 55 connections. The
input motion estimation is of dimension 916. The de-
formation is con�ned in a 43 dimensional sub-space if
� = 1. To alleviate the error accumulation problem
in template matching method, templates from both the
previous frame and the initial frame are applied ran-
domly with equal probabilities. Figure 3(d)-(f) and
Figure 4(d)-(f) show the tracking results. For the syn-
thetic sequence, the average tracking error for all nodes
is 1.21 pixels. For real face motion sequences, the track-
ing results are good for sequence with in-plane motions.
Small in-depth rotations can also be tolerated.

(a) (b) (c)

(f)(d) (e)

Figure 3: (a) The 14 membrane patches. (b)-(f) an im-
age sequence with synthetic face/head motions (white
mesh) and tracking results (black mesh). (b)(e) frame
30. (c)(f) frame 50. (d) frame 10.

5. Conclusions

The key idea of the proposed algorithm is to integrate
simple local deformations into complicated system through
connections. Instead of vibration modes, other local
constraints such as free-form deformation could be used

as well if they are smooth and linear. Domain knowl-
edge is embedded in connections. We may also call this
framework connected linear deformation method.

(a) (b) (c)

(d) (e) (f)

Figure 4: A real video sequence with face/head motions
and its tracking results. (a)(d) frame 0. (b)(e) frame
30. (c)(f) frame 50.
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