
Robust model-based tracking considering changes in the measurable DoF of
the target object

Kenzo Kumagai, Marina Atsumi Oikawa, Takafumi Taketomi, Goshiro Yamamoto,
Jun Miyazaki and Hirokazu Kato

Nara Institute of Science and Technology
E-mail: {marina-o, takafumi-t, goshiro, miyazaki, kato}@is.naist.jp

Abstract

Model based tracking approaches estimate the pose
of the object by minimizing the re-projection error.
However, when the object has some ambiguity, for ins-
tance, rotation invariance, the 3D pose cannot be cor-
rectly estimated. This paper proposes a novel method
to allow continuous tracking even when the Degrees of
Freedom (DoF) of the target object changes, being able
to recover one missing DoF. Pose ambiguity test and re-
covery of the 3D pose by null space search were added
into a general model-based tracking algorithm. Expe-
riments were conducted in a synthetic and in the real
world environment to validate the proposed method.

1. Introduction

Image-based 3D pose estimation is widely used in
different fields, such as computer vision, robotics and
augmented reality. It aims to continuously recover the
six DoF that defines the position and orientation of the
target object with respect to a reference coordinate sys-
tem. When the object shape is known, usually a model-
based tracking approach is employed.

Common approaches for model-based tracking use
the 3D model of the target object to match with the edge
information found on the video image through edge nor-
mal search of projected edges [4, 3]. Even though this
approach is efficient and commonly used, there are still
some issues to be solved. Some examples include edge
weakness in cluttered backgrounds and how to handle
arbitrary object shapes within the same framework. In
the first case, different from descriptors containing ap-
pearance information (e.g. SIFT[6] or SURF[2]) used
in point-features tracking, edges are very similar to each
other. Since they are often matched by proximity given
a prior position, if a wrong prior estimation is calcu-
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Figure 1. Changes in the object DoF

lated, tracking fails. Improvements include combina-
tion of edge and point-based tracking together with mul-
tiple hypothesis [7]. In the second case, changes in tra-
ditional edge-based approaches allow the use of straight
line segments as well as the apparent contour of curved
surfaces within the same framework [1, 5].

On the other hand, one issue that has not been dis-
cussed in previous approaches is related to the pose pa-
rameters estimation when the measurable DoF of the
target object changes. For instance, in Figure 1(a), if
the handle of the mug is visible to the camera, six DoF
estimation is possible. However, a problem arises when
the mug is rotated and the handle becomes invisible as
shown in Figure 1(b). The mug loses one DoF, resulting
in inaccurate pose estimation; if the handle becomes
visible again, the six parameters cannot be correctly re-
covered either. Furthermore, changes in DoF may occur
even for objects without any kind of ambiguity, such as
the house in Figure 1(c). When the camera moves closer
to the chimney as in Figure 1(d), an ambiguity is de-
tected and accurate pose estimation becomes difficult.
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This study focus on the problem of DoF change and
a novel method to achieve robust model-based tracking
handling these changes in the measurable DoF of the
target object is proposed. Two new processes were
added into a general model-based tracking algorithm:
first, an ambiguity test is applied to determine the mea-
surable DoF of the target object. Second, null space
search on the Jacobian matrix relating model pose and
detected features is used to recover the object DoF.

2. Proposed method

Our framework follows a model-based tracking
framework similar to [4]. The initial position is ma-
nually assigned and for each input image, the pose pa-
rameters from the previous frame are used to project
the model in the video image. Subsequently, the visi-
ble contour of the object is calculated and matched with
strong gradients in the image using normal search on
projected edges. Finally, the Gauss-Newton method is
used to compute the registration that minimizes the dis-
tance ei between projected and detected features. Fi-
gure 2 shows an overview of this framework with the
implemented changes highlighted by the red square.

The Jacobian matrix relating changes in the model
pose sm and changes in ei is denoted by Jesm . When
the measurable DoF of the target object decreases, i.e.,
rank(Jesm) < 6, search on the singular vector direc-
tion representing the null space of Jesm is performed,
allowing recovery of the missing pose parameters.

2.1. DoF calculation

Calculation of the measurable DoF of the target
object is achieved by counting non-zero singular va-
lues obtained from the Singular Value Decomposition
(SVD) of Jesm . Let n be the number of points found
on the object model contour through search on the nor-
mal vector direction. Since there is one Jacobian matrix
for each of these points, a n × 6 matrix Jesm is con-
structed and by using SVD, it is decomposed in:

Jesm = UΣV T (1)

where U is an orthogonal n×6 matrix, V T is the trans-
pose of an orthogonal 6 × 6 matrix and Σ is a 6 × 6
diagonal matrix containing the singular values:

Σ = diag(σ1, ..., σ6); σ1 > σ2 > ... > σ6 (2)

The singular values represent the degree of influ-
ence on the image of each change in the pose between
frames. The bigger the singular values, the bigger the
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Figure 2. Proposed framework overview

changes in the image and accurate estimation of the
pose parameters is possible. Similarly, if these values
are small, it is more difficult to estimate the changes in
the image and, hence, the pose parameters.

When the number of measurable DoF decreases,
the singular values of the missing DoF becomes zero.
However, due to computational approximations, these
values do not become zero; instead, they become very
small values. For this reason, a threshold was set to test
the singular values and determine the measurable DoF
of the target object.

2.2. Recovering one DoF

In this section, a method to recover the rotation com-
ponents of one DoF is proposed, which means σ6 ≈ 0.
The vector vt

6 is used to denote the correspondent va-
lues of σ6 on matrix V T = (vt

1 vt
2 vt

3 vt
4 vt

5 vt
6)T and

also represents the null space base of Jesm .
If 6 DoF can be estimated from the contour infor-

mation of the target object, the solution for the pose
parameters exist in this null space. A one-dimensional
search is performed in this null space to find the neces-
sary values to recover the object DoF.

2.2.1 Rotation axis calculation

If the rotation is represented by a null space base, it
means the model is rotated around an axis where full
search of this space is performed. The position of this
rotation axis r0 is calculated by using the vector vt

6 =
(v61 v62 v63 v64 v65 v66), where vt

r = (v61 v62 v63) re-
presents the rotation and vt

t = (v64 v65 v66) the transla-
tion parameters.

When the center of rotation does not pass through the
origin (Figure 3), i.e. the directional vector of r0 does
not match the coordinate system axis C, the directional
vector representing the null space is given by:
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Figure 3. Rotation axis calculation

vt = (vx vy vz) = vt
r

|vt
r|

(3)

The vector lt = (lx ly lz) representing the distance
from the center of C to r0 is calculated as:

l = v × v′

|v × v′|
|v′|
|v|

(4)

Finally, the six parameters representing the position
of r0 on the image are calculated using the direction
vector v with the distance vector l:

r0 = (v l) (5)

2.2.2 Null space search

As mentioned previously, if the last singular value
is below a threshold, it means that one DoF is missing,
which triggers the recovery process. In this case, first
the rotation axis is calculated from the null space repre-
sented by the vector vt

6. Next, the model is rotated with
step of width h and recalculation of the pose parameters
is performed. This step is performed once around the
rotation axis representing the null space.

During the search process, the values that exceed the
threshold are considered as possible solutions for the
pose. The largest one among them is adopted as the
sought pose parameters. If none of the values are larger
than the threshold, the initial values used in the pose es-
timation of the previous frame is used as the pose result
of the current frame.

3. Experiments

Experiments were conducted in synthetic and in real
world environment using the objects from Figure 1.
They were performed in a Intel Core2 Duo E7300, 2.66
GHz, with 2GB of RAM and ATI Radeon HD 3600
GPU. A Logicool HD ProWebcamC910 was used to
capture the video image with frame rate of 30fps.
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Figure 4. Conditions to evaluate r0
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Figure 5. Average error for all conditions

A simulator was used to evaluate the accuracy of r0
estimation in a series of 100 trials using a cylinder with
64 patches (5 DoF). The input images for this simu-
lation were generated by adding Gaussian noise to the
ground truth values, as shown in Figure 4. The mean va-
lues of the noise for translation and rotation were set to
zero, with standard deviation of σ = 0.5cm and σ = 1◦,
respectively.

Results of the average error of this estimation are
shown in Figure 5, validating all evaluated conditions.
However, it was noticed that the error in vector l in-
creases according to the distance of r0 from the origin
of C. Hence, if the distance that separates their origin is
big, the error in estimation also increases.

Experiments using video sequences were also per-
formed. Figure 6(a) shows the mug being tracked using
the proposed approach. The handle, not visible in the
beginning, appears correctly tracked at the end. In Fi-
gure 6(b), the same result is not achieved using previous
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(a) Proposed method with DoF recovery
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Figure 6. Results with the mug

methods. Similarly, in Figure 7, although in the begin-
ning tracking is correct in both cases, if the camera gets
close to the house and moves away, without the reco-
very process, the model appears incorrectly aligned.

However, failure cases are also observed in the pro-
posed method as shown in Figure 8. This happens when
search in null space is performed on the wrong rotation
axis. To prevent these failures, a strategy is necessary to
avoid wrong edge detection of the object contour.

4. Conclusion and future work

This paper proposes a method to allow continu-
ous tracking even when the DoF of the target object
changes. Null space search is used and experiments
were performed showing that the proposed method
can be applied when one DoF is missing. However,
this search in null space is strongly affected by false-
positives caused by wrong calculation of the rotation
axis. Therefore, future works include improvements
to reduce these false positives and also implementation
of new modules to allow pose estimation when two or
more DoF are missing. For example, for objects such
as a sphere, only three DoF can be estimated and calcu-
lation of three rotation axis is needed. Furthermore, a
method to handle not only the missing orientation para-
meters, but also the position parameters is necessary.
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