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Abstract

Region-based methods have become increasingly popular for model-based, monocular 3D tracking of texture-less objects in
cluttered scenes. However, while they achieve state-of-the-art results, most methods are computationally expensive, requiring
significant resources to run in real-time. In the following, we build on our previous work and develop SRT3D, a sparse region-
based approach to 3D object tracking that bridges this gap in efficiency. Our method considers image information sparsely
along so-called correspondence lines that model the probability of the object’s contour location. We thereby improve on the
current state of the art and introduce smoothed step functions that consider a defined global and local uncertainty. For the
resulting probabilistic formulation, a thorough analysis is provided. Finally, we use a pre-rendered sparse viewpoint model to
create a joint posterior probability for the object pose. The function is maximized using second-order Newton optimization
with Tikhonov regularization. During the pose estimation, we differentiate between global and local optimization, using a
novel approximation for the first-order derivative employed in the Newton method. In multiple experiments, we demonstrate
that the resulting algorithm improves the current state of the art both in terms of runtime and quality, performing particularly
well for noisy and cluttered images encountered in the real world.

Keywords Region-based - 3D object tracking - Pose estimation - Sparse - Real-time

1 Introduction

Tracking a rigid object in 3D space and predicting its six
degrees of freedom (6DoF) pose is an essential task in com-
puter vision. Its application ranges from augmented reality,
where the location of objects is needed to superimpose digi-
tal information, to robotics, where the object pose is required
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for robust manipulation in unstructured environments. Given
consecutive image frames, the goal of 3D object tracking is to
estimate both the rotation and translation of a known object
relative to the camera. In contrast to object detection, track-
ing continuously provides information, which, for example,
allows robots to react to unpredicted changes in the envi-
ronment using visual servoing. While the problem has been
thoroughly studied, many challenges such as partial occlu-
sions, appearance changes, motion blur, background clutter,
and real-time requirements still exist. In this section, we first
provide an overview of common techniques. This is followed
by a survey of related work on region-based methods. Finally,
we introduce our approach and summarize the contributions
to the current state of the art.

1.1 3D Object Tracking

In the past, many approaches to 3D object tracking have been
proposed. Based on surveys (Lepetit and Fua 2005; Yilmaz
et al. 2006), as well as on recent developments, techniques
can be differentiated by their use of key-points, explicit
edges, direct optimization, deep learning, depth information,
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and image regions. Key-point features such as SIFT (Lowe
2004), ORB (Rublee et al. 2011), or BRISK (Leutenegger
et al. 2011) have been widely used for 3D object tracking
(Wagner et al. 2010; Vacchetti et al. 2004), with more recent
developments like LIFT (Yiet al. 2016) and SuperGlue (Sar-
lin et al. 2020) introducing deep learning at various stages.
Explicit edges provide an additional source of information
that is used by many approaches (Huang et al. 2020; Bugaev
et al. 2018; Seo et al. 2014; Comport et al. 2006; Drummond
and Cipolla 2002; Harris and Stennett 1990). Also, direct
methods (Engel et al. 2018; Seo and Wuest 2016; Crivel-
laro and Lepetit 2014), which optimize a photometric error
and can be traced back to Lucas and Kanade (1981), have
been proposed. While all three classes of techniques have
valid applications, unfortunately, they also have significant
drawbacks. First, approaches based on key-points and direct
optimization require rich texture, limiting the range of suit-
able objects. At the same time, edge-based methods, which
perform better for low-textured objects, often fail in cluttered
scenes. Finally, motion blur changes the appearance of both
texture and edges, leading to additional problems.

To overcome these issues and train the algorithm on
data, recently, deep-learning-based approaches that use con-
volutional neural network (CNNs) to consider full image
information have been proposed. While they achieve good
results, only few approaches (Wen et al. 2020) run in real-
time, with most methods (Deng et al. 2021; Wang et al. 2019;
Li et al. 2018; Xiang et al. 2018; Garon and Lalonde 2017)
reporting less than 30 frames per second. However, even the
most efficient algorithms require significant resources from
high-end GPUs. In addition, typical disadvantages include
time-consuming training and the requirement for a textured
3D model. Another relatively new development is the avail-
ability of affordable depth cameras that measure the surface
distance for each pixel. While purely depth-based object
tracking is possible, most methods (Ren et al. 2017; Kehl
et al. 2017; Tan et al. 2017; Krull et al. 2015; Krainin et al.
2011) combine information from both depth and RGB cam-
eras. In general, this leads to superior results. Unfortunately,
in many applications, using an additional depth sensor is not
an option. Also, note that algorithms require images with
high quality. Depending on hardware, surface distances, sur-
face characteristics, and lighting conditions, such images are
hard to obtain.

Because of the discussed shortcomings, region-based
techniques (Stoiber et al. 2020; Zhong et al. 2020b; Tjaden
et al. 2018; Prisacariu and Reid 2012) have become increas-
ingly popular. The big advantage of such methods is that
they are able to reliably track a wide variety of objects in
cluttered scenes, using only a monocular RGB camera and
a texture-less 3D model of the object. The main assumption
is thereby that objects are distinguishable from the back-
ground. As a consequence, no object texture is needed. While

past approaches were computationally expensive, our sparse
formulation overcomes this disadvantage. Finally, based on
our experience, region-based methods are robust to motion
blur, making it possible to track fast-moving objects. Because
of these excellent properties, the following work focuses on
region-based techniques.

1.2 Related Work

Region-based methods use image statistics to differentiate
between a foreground region that corresponds to the object
and a background region. Typically, color statistics are used
to model the membership of each pixel. Based on the two
regions, the goal is to find the object pose and corresponding
silhouette that best explains the segmentation of the image.
The great potential of this technique was already demon-
strated by early approaches that allowed robust tracking in
many challenging scenarios (Schmaltz et al. 2012; Brox et al.
2010; Rosenhahn et al. 2007). Segmentation and pose track-
ing were thereby treated as independent problems, with an
initial step to extract the contour and a subsequent opti-
mization to find the pose. Dambreville et al. (2008) later
combined the two processes in a single energy function,
leading to improved tracking robustness. Building on this
approach and including the pixel-wise posterior member-
ship of Bibby and Reid (2008), Prisacariu and Reid (2012)
developed PWP3D, a real-time-capable algorithm that uses
a level-set pose embedding. It is the foundation of almost all
state-of-the-art region-based methods.

Based on PWP3D, multiple algorithms were suggested
that incorporate additional information, extend the segmen-
tation model, or improve efficiency. For the combination of
both depth- and region-based information, Kehl et al. (2017)
extended the energy function of PWP3D with a term that is
based on the Iterative Closest Point (ICP) algorithm. In a dif-
ferent approach, Ren et al. (2017) tightly coupled region and
depth information in a probabilistic formulation that uses 3D
signed distance functions. Recently, object texture was con-
sidered using direct optimization of pixel intensity values
(Liu et al. 2020; Zhong and Zhang 2019) or descriptor fields
(Liu et al. 2021). Also, a combination with an edge-based
technique that uses a contour-part model was introduced by
Sun et al. (2021). Later, Li et al. (2021) developed adap-
tively weighted local bundles that combine region and edge
information. To improve occlusion handling, Zhong et al.
(2020a) suggested the use of learning-based object segmen-
tation. Finally, the incorporation of measurements from a
mobile phone’s inertial sensor was suggested by Prisacariu
etal. (2015).

To improve segmentation, Zhao et al. (2014) extended
the appearance model of PWP3D with a boundary term that
considers spatial distribution regularities of pixels. Later,
Hexner and Hagege (2016) proposed the use of local appear-
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Fig.1 Tracking of a marker pen in the real world. The image on the left
shows a rendered overlay of the object model for the initial pose. The
estimated pose after the optimization is visualized in the image on the
right. The three illustrations in the middle show yellow correspondence
lines for different scales s. High probabilities for the contour location

ance models that were inspired by the localized contours
of Lankton and Tannenbaum (2008). The idea was further
improved by Tjaden et al. (2018) with the development of
temporally consistent local color histograms. Finally, Zhong
et al. (2020b) proposed a method that introduces polar-based
region partitioning and edge-based occlusion detection.

For better efficiency, Zhao et al. (2014) suggested a
particle-filter-like stochastic optimization that initializes a
subsequent damped Newton method. Later, a hierarchical
rendering approach that uses the Levenberg-Marquardt algo-
rithm was developed by Prisacariu et al. (2015). Also, Tjaden
et al. (2018) proposed the use of a Gauss-Newton method to
improve convergence. In addition to optimization, another
idea towards better efficiency is the use of simplified signed
distance functions (Liu et al. 2020). A different approach by
Kehl et al. (2017) suggested the use of precomputed contour
points to represent the object’s 3D geometry and calculate
the energy function sparsely along rays. Finally, in our pre-
vious work (Stoiber et al. 2020), we improved on this idea and
developed a sparse approach that is based on correspondence
lines, making our algorithm significantly more efficient than
the previous state of the art while achieving better tracking
results.

1.3 Contribution

Starting from the ideas presented in the previous section, we
focus on the development of SRT3D, a highly efficient, sparse
approach to region-based tracking. To keep complexity at a
minimum, we only use region information and, like PWP3D,
adopt a global segmentation model. For our formulation,
we build on our previous method and consider image infor-
mation sparsely along correspondence lines. Also, Newton
optimization with Tikhonov regularization is used to esti-
mate the object pose. An illustration of the tracking process
with converging correspondence lines at different scales is
given in Fig. 1. While the formulation is similar to our pre-
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are illustrated in red. Pixel-wise posterior probabilities that describe
the probability that a pixel belongs to the background are encoded in
grayscale images. Note that during tracking, pixel-wise posteriors are
only calculated along correspondence lines (Color figure online)

vious method (Stoiber et al. 2020), our main motivation is to
advance the approach and the current state of the art using
improved uncertainty modeling and better optimization tech-
niques. In addition, we provide a more formal derivation and
analysis of the highly efficient correspondence line model.
In detail, the main contributions of this work are as follows:

— A formal definition of correspondence lines and a thor-
ough mathematical derivation of the probabilistic model
that describes the contour location.

— Novel smoothed step functions that allow the modeling
of both local and global uncertainty.

— A detailed theoretical analysis that shows how different
parameter settings affect the characteristics of posterior
probability distributions.

— Global and local optimization strategies and a new
approximation for the local first-order derivative.

In the remainder, we first provide a detailed derivation
of the correspondence line model. This is followed by the
development of a 3D tracking approach that combines the
correspondence line model with a sparse representation of the
3D object geometry. Subsequently, implementation details
for the resulting algorithm are discussed. Finally, we conduct
a thorough evaluation on the RBOT and the OPT dataset,
showing that our approach outperforms the current state of
the art by a considerable margin in terms of efficiency and
quality.

2 Correspondence Line Model

In this section, we first provide a formal mathematical
definition of correspondence lines. This is followed by a
probabilistic model that considers the segmentation of a
correspondence line into foreground and background. To
improve computational efficiency, we extend this model and
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Fig.2 Correspondence line defined by a center ¢ and a normal vector
n. The illustration shows pixels along the correspondence line as well
as the foreground region wy in yellow and the background region wy, in
blue. The contour distance d points from the correspondence line center
to an estimated contour, indicated by a dashed line (Color figure online)

provide a discrete scale-space formulation. Finally, we intro-
duce novel smoothed step functions and discuss how their
configuration affects the contour location’s posterior proba-
bility.

2.1 Correspondence Lines

In contrast to most state-of-the-art algorithms, we do not
consider image information densely over the entire image.
Instead, inspired by RAPID (Harris and Stennett 1990), pixel
values are processed sparsely along correspondence lines
(Stoiber et al. 2020). The name correspondence line is moti-
vated by the term correspondence point used in ICP (Besl
and McKay 1992). Similar to ICP, correspondences are first
defined and the optimization with respect to them is then con-
ducted in a second step. While for ICP, individual 3D points
are used as data, multiple pixel values along a line are consid-
ered in this case. A visualization of a single correspondence
line is shown in Fig. 2.

Starting from our earlier work (Stoiber et al. 2020) and
inspired by the commonly used definition of images as
I1:2 — {0,..., 255}3, we formally denote a correspon-
dence line asamap I : @ — {0, ..., 255)3. In this notation
2 C R? describes the image domain while @ C R is
considered the correspondence line domain. Image values
y, which are typically accessed using the image coordinate
x =[x y]T and the image function y = I(x), are described
using the line coordinate r and the correspondence line func-
tion y = I(r). Correspondence lines are located in the image
and remain fixed once they have been established. The loca-
tion and orientation of each correspondence line is defined

T o .
by a center ¢ = [cx cy] € R? in image coordinates and a

T . .
normal vector n = [nx ny] € R?, with ||r|| = 1. Using
this definition, the relation between an image I and a corre-
spondence line / is expressed as follows

Il(r)y=1I(c+rn), €))

where image coordinates in I are rounded to the center of
the next closest pixel.

2.2 Probabilistic Model

Inspired by the generative model of Bibby and Reid (2008),
we derive a probabilistic model for the segmentation of a
correspondence line into a foreground region wr and a back-
ground region wy,. Note that this is the 1D equivalent of the
segmentation of a 2D image into the regions £2r and £2,. We
assume that there is only one transition between foreground
and background. The location of this transition relative to the
line center ¢ is described by the contour distance d € R. A
visualization of the contour distance is shown in Fig. 2.

To derive the probabilistic model, we first describe the for-
mation process for a single pixel on the correspondence line.
The joint probability distribution writes thereby as follows

p(r.y.d,m)=p(r|d,m)p(y|m)p(m)p(d), ©))

where m € {m¢, my} is the model parameter that can denote
either foreground or background. If we condition this distri-
bution on the image value y, we obtain

p(r.d,m|y)=p@|d mpim]|ypd). 3)

Following Bibby and Reid (2008), we use Bayes’ theorem
and the marginalization over m to calculate the pixel-wise
posterior probability

p(y | mij)p(m;)
jettny PO I mpp(m;)’

p(mi|y) = 5 ie{f,b}, @

where p(y | mg) and p(y | mp) are probability distributions
that describe how likely it is that a specific color value is part
of the foreground region or the background region, respec-
tively. The two distributions can be estimated by calculating
two color histograms, one over the foreground region and
one over the background region. A detailed explanation of
their computation is given in Sect. 4.2. Using the knowledge
that foreground and background are equally likely along the
correspondence line, i.e. p(mg) = p(my,), we obtain

pmi | y) = p(y | mi)
’ p(y | mp) + p(y | mp)’

i e {f,b). 5)

Finally, based on Eq. (3), we are able to marginalize over
m and condition on r to express the posterior probability for
the contour distance d as

p(rld,mi)pim;|y)p(d). (6)
i€{f,b}

1
P(d|”7.}’)=m
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Fig.3 Example of the relation between the unscaled space r along the
correspondence line and the scale-space rg. Neighboring pixels that are
combined into segments are visualized by the same color in blue or
yellow. Blue and yellow dots indicate the center of each segment and
the corresponding discretized value in the scale-space. An example of
the contour distance is illustrated in red. The offset Ar is chosen in a
way that ensures that discretized values in the scale-space are the same
for all correspondence lines. In this example, Ar points to the closest
edge between pixels (Color figure online)

To calculate the posterior probability over the entire
correspondence line domain w, we assume pixel-wise inde-
pendence and, based on Eq. (6), write

ploDoc [T D ptrid mpim; [1(r). @)

rewieff b}

Note that p(r) and p(d) are considered to be uniform and
constant and are thus dropped. Also, while pixel-wise inde-
pendence does not hold in general, it is a well-established
approximation that allows us to avoid ill-defined assump-
tions for spatial regularities and is close enough to reality
to yield good results. The conditional line coordinate prob-
ability p(r | d, m) will be discussed in Sect. 2.4. Similar
to the probabilistic model of Bibby and Reid (2008), which
describes the probability of a shape kernel given information
from an image, Eq. (7) provides the probability of the contour
distance d given data from a correspondence line.

2.3 Discrete Scale-Space Formulation

Estimating the distribution of posterior probabilities is com-
putationally expensive since, for each distance d, the product
in Eq. (7) has to be computed over the entire domain w.
This results in quadratic complexity for the calculation of the
entire distribution. In contrast, pixel-wise posterior probabil-
ities p(m | y) are used in the posterior probability calculation
of multiple distances d, leading to linear complexity. Shift-
ing computation from the calculation of the distribution to the
calculation of pixel-wise posterior probabilities thus allows
us to improve computational efficiency. Also, it is advan-
tageous to normalize correspondence lines in a way that
ensures that a line coordinate pointing to a segment center
for one correspondence line points to a segment center for
all correspondence lines. This uniformity can be used in the
precalculation of smoothed step function values to further
improve efficiency.

@ Springer

In the following, we thus adopt the discrete scale-space
formulation from our previous method (Stoiber et al. 2020)
to combine multiple pixels into segments. In addition, the
formulation projects from the continuous space along the
correspondence line into a discrete space that is independent
of a correspondence line’s location and orientation. An illus-
tration of this transformation is shown in Fig. 3. Both line
coordinates and contour distances are projected as follows

re = (r — Ar)i, ®)
s
i

dy = (d — Ar);, )]

with s € NT the scale that describes the number of pixels
combined into a segment, 7 = max(|ny/|, [ny|) the major
absolute normal component that projects a correspondence
line to the closest horizontal or vertical image coordinate,
and Ar € R the offset from the correspondence line center
¢ to a defined pixel location.

Based on Eq. (7), the posterior probability in the discrete
scale-space is calculated as

psloglyoc [T D2 psidem)pomi |10),
rs€ws i f{f,b}

(10)

where wj is the scaled correspondence line domain and s =
I5(rs) a set-valued function that maps from the scaled line
coordinate 7 to the segment s, which is a set of the closest s
pixel values y. Similar to pixel-wise posteriors in Eq. (5) and
assuming pixel-wise independence, segment-wise posteriors
are defined as

[1p(ylm)
yes .
Jls) = , f,b).
pomils) [TpyImo+T]py|my) Fe it bl
yes yes
(11)

The derived formulation allows to efficiently cover the cor-
respondence line domain w, using the scale parameter s to
set the segment size and to adjust between accuracy and effi-
ciency. In the following, we will again drop the index s for all
variables to simplify the notation. Note, however, that all def-
initions and derivations are valid both for the original space
and for the discrete scale-space formulation.

2.4 Smoothed Step Functions

To model the conditional probabilities of the line coordinate
p(r | d, mg) and p(r | d, my,), different smoothed step func-
tions hf and Ay, have been used. While most state-of-the-art
algorithms (Zhong et al. 2020b; Tjaden et al. 2018) use a
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Fig. 4 Smoothed step functions A and Ay, that model the conditional
line coordinate probabilities p(r | d, m¢) and p(r | d, mp). The func-

tions hg(x) = % — %tan*l (i) and hyp(x) = % + %tan*l (bih) used

by Zhong et al. (2020b) and Tjaden et al. (2018) are illustrated by
dash-dotted gray lines. The definitions h¢(x) = % - % tanh (;Th) and

hy(x) = 5 + 1 tanh (%m) from our previous work (Stoiber et al. 2020)
are shown as dashed yellow lines. In both plots, the slope parameter
sp = 1 is used. For the proposed functions in Egs. (12) and (13), solid

red lines correspond to o, = % and s, = 1, while dotted blue lines show

the functions for o, = % and s, — 0. In addition to visualizing the

definitions from our pre{/ious work, the dashed yellow lines illustrate
the proposed functions for o, = % and s, = 1 (Color figure online)

function based on the arctangent, we previously proved that
a hyperbolic tangent results in a Gaussian distribution for the
posterior probability p(d | w, I) (Stoiber et al. 2020). In both
functions, the smoothed slope is used to model a local uncer-
tainty with respect to the exact location of the foreground and
background transition. Considering the plots of the two mod-
els in Fig. 4, one notices that the functions quickly converge
towards either zero or one for increasing absolute values of
x =r —d. Except for a small area around zero, both models
thus assume that, given the model m and the contour dis-
tance d, one knows perfectly on which side of the contour
the line coordinate r lies. In the following, we will argue that
for real-world applications, this assumption is wrong.

While the pixel-wise posterior probability in Eq. (5) pro-
vides very good predictions for the model m, it is still an
imperfect simplification of the real world. Typical effects
that are not considered by the statistical model are image
noise or fast appearance changes that can lead to pixel col-
ors that are not yet present in the color histograms. Another
effect originates from pixels that are wrongly classified due
to imperfect segmentation and that are then assigned to the
wrong color histograms. Finally, there also remains the ques-
tion if a statistical model that purely relies on pixel colors is
sufficient to capture all the statistical effects in the real world
and is able to perfectly predict the model m.

To take those limitations into account and consider a con-
stant, global uncertainty in the foreground and background
model, we extend the formulation from our previous work
(Stoiber et al. 2020) and propose the following functions

1 X
he(x) = 3~ oy, tanh <2—> (12)

Sh

1
p(x) = 5 + oy tanh <2is]l> (13)

Note that the amplitude parameter a, € [0, 0.5] was added to
the original definitions that only considered the slope param-
eter s, € RT. For o, = % the equations are equal to our
previous formulation. Examples of the proposed functions
are shown in Fig. 4.

In addition to viewing oy, as a simple amplitude parameter,
we are able to demonstrate that there is also another interpre-
tation. For this, we assume that the model m is extended with
a third class m,, that considers external effects that are inde-
pendent of the foreground and background model m¢ and my,.
For this scenario, we can show that p(mf) = p(my) = an
and that p(my) = 1 — 2ay,. Following this interpretation, the
amplitude parameter thus allows us to set the probability that
a pixel’s color is generated by the foreground or background
model in contrast to some other effect that is considered as
noise. This again shows that the amplitude parameter oy, is
able to model a constant, global uncertainty. Note that in this
scenario, the original smoothed step functions that converge
to zero or one are used for p(r | d, m¢) and p(r | d, mp)
and a constant function p(r | d, my) = % is adopted for the
noise model. A detailed derivation of this extended model
and a proof of its equivalence to the use of the functions in
Egs. (12) and (13) is given in Appendix A.

2.5 Posterior Probability Distribution

Given the smoothed step functions /¢ and &y that model the
conditional line coordinate probabilities p(r | d, mg) and
p(r | d, my), the final expression of the posterior probability
distribution from Eq. (7) can be written as

pd | .1 o [ hetr = d)psr) + ho(r — D) po(r),  (14)

rew

with the abbreviations pg(r) = p(ms | [(r)) and pp(r) =
p(my | 1(r)). In the following, we provide a detailed analysis
to understand how the slope parameter s, and the amplitude
parameter oy affect this distribution. We thereby assume a
contour at the correspondence line center and step func-
tions for the pixel-wise posteriors pf and py. Note that the
assumption of step functions corresponds well with real-
world experiments that show that, in most cases, there is
a distinct split between foreground and background.

For the analysis, we start with the calculation of the
first-order derivative of the log-posterior with respect to the
contour distance d. The derivation is conducted similar to
our previous work (Stoiber et al. 2020) and assumes contin-
uous functions with infinitesimally small pixels. Based on
a detailed derivation given in Appendix B, the closed-form
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Fig. 5 First-order derivatives of the log-posterior with respect to the

contour distance d for different slope and amplitude parameters sy, and

ap. The solid red line shows the derivative for o, = % and s, = 1,

which yields a function with a smooth transition from an upper bound
to a lower bound. The dashed yellow line shows the function for o, = %
and s, = 1. This produces a linear first-order derivative. Finally, using
ap = % and s, — O results in a perfect step function illustrated by the
dotted blue line (Color figure online)

solution is written as

N L )
dd 2sh

A visualization of this function for different slope and ampli-
tude parameters o, and sy, is given in Fig. 5. The plot shows
that the amplitude parameter oy, controls not only the ampli-
tude of A and hy, but also the amplitude of the first-order
derivative. For o, = %, the first-order derivative converges
to alinear function. At the same time, the parameter sy, affects
both the slope of At and Ay, and the slope of the first-order
derivative. For s, — 0 it leads to a perfect step function.
For the two edge cases with o, = % and sy — 0, Eq. (15)
can be simplified, and we are able to calculate a closed-form
solution for the posterior probability distribution. In the case
of ap = %, for which we obtain the smoothed step functions
of our previous approach (Stoiber et al. 2020), the posterior
probability distribution results in a perfect Gaussian

1 d?
d|w,l) = - — ), 16
pd|w,l) m@XP( 2Sh> (16)

where the slope parameter sy, is equal to the variance. In the
case of s, — 0, which leads to sharp step functions for /¢ and
hy, the posterior probability distribution becomes a perfect
Laplace distribution

dlon <] ( |d|> , 1
o, )=exp| —— ) b=—g—0,
P 2 P\ T 2 tanh ! (2ap)

7

where b € R is the scale parameter of the Laplace dis-
tribution that depends on oyp. A detailed derivation of the
two functions is provided in Appendix C. Examples for both
distributions, as well as a mixed posterior distribution with
shp = 1land ap = %, are visualized in Fig. 6. The plot shows
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Fig.6 Posterior probability distributions for different slope and ampli-
tude parameters sy, and ay. The solid red line shows the function for
ap = % and s, = 1, which leads to a very flat distribution. Note that the

function was computed numerically. Using o, = % and s = 1 results
in a Gaussian distribution shown by the dashed yellow line. The param-
eters o = % and s, — 0 yield a Laplace distribution for the posterior
probability that is illustrated by a dotted blue line (Color figure online)

that while the Laplace distribution has a pronounced peak, the
Gaussian distribution has a smoothed maximum for which
nearby values have similarly high probabilities. This coin-
cides with our intuition that the slope parameter sy controls
local uncertainty, allowing multiple values d to be almost
equally likely. At the same time, the amplitude parameter oy,
controls the size of the peak compared to its surroundings,
thereby controlling global uncertainty. Combining the two
parameters in a mixed distribution results in a function that
is able to consider both local and global uncertainty simulta-
neously. Given the detailed knowledge about correspondence
lines and the posterior probability distribution, we are now
able to develop SRT3D, a highly efficient, sparse approach
to region-based 3D object tracking.

3 Region-Based 3D Tracking

In this section, we first define basic mathematical concepts.
This is followed by the description of a sparse viewpoint
model, which avoids the rendering of the 3D model during
tracking. Combining this geometry representation with the
correspondence line model developed in the previous sec-
tion, we are able to formulate a joint posterior probability
with respect to the pose. The probability is maximized using
Newton optimization with Tikhonov regularization. Finally,
we define the required gradient vector and Hessian matrix for
the Newton method. We thereby differentiate between global
and local optimization to ensure both fast convergence and
high accuracy.

3.1 Preliminaries

In the following work, we define 3D model points as X =
(XY Z ]T € R3 and use the tilde notation to write the homo-

geneous form X = [X ¥ Z I]T. For the projection of a 3D
model point X into the image space, we assume an undis-
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Fig.7 TIllustration of a 2D rendering computed from a 3D mesh model.
The model reference frame M is shown at the center of the object,
while a camera reference frame C is shown at the right upper corner of
the image. The transformation from the model to the camera reference
frame that is described by ¢Tw is indicated by a dashed arrow. The
contour of the rendered model is highlighted by a yellow line. Red
points and blue arrows illustrate 2D contour points and approximated
normal vectors (Color figure online)

torted image and use the pinhole camera model

X
Z fx + DPx
=aX)=|4% , 18
¥ =r) [%f>’+Py:| (18)

with f, and f) the focal lengths and p, and p, the principal
point coordinates given in units of pixels. The inverse opera-
tion, which is the reconstruction of a 3D model point from an
image coordinate x and corresponding depth value dz along
the optical axis, can be written as

X=n'Ox,dy)=dy | =2 |. (19)

To describe the relative pose between the model reference
frame M and the camera reference frame C, we use the homo-
geneous matrix ¢TIy € SE(3). For the transformation of a
3D model point, we can then write

0 1 MX, (20)

cX =cTumX = [CRM CtM} X

where c)? and Mi are 3D model points written in the cam-
era reference frame C and the model reference frame M,
respectively, and where cRyv € SO(3) and cty € R3 are
the rotation matrix and the translation vector that define the
transformation from M to C. An illustration of the two ref-
erence frames and a homogeneous transformation matrix is
given in Fig. 7.

For small variations, the angle-axis representation, which
is a minimal representation, is used. With the exponential

map, the rotation matrix writes as
oo, 1.3
R =exp([rlx) =1 +[rlx + E[rlx + ;[r]X +..., (2D

where [r]x is the skew-symmetric matrix of r € R3.
By neglecting higher-order terms of the series expansion,
Eq. (21) can be linearized. We are then able to write the lin-
ear variation of a 3D model point in the camera reference
frame C as

cf(O) _ [CI(?)M cth} [I +([)0r]>< G;t] MX;, (22)

with the rotational variation 0, € R3, the translational vari-
ation 6 € R3, and the full variation vector 0" = [OrT 0? ]
Note that, since the object is typically moved significantly
more than the camera, it is more natural to variate 3D points
in the model reference frame M instead of the camera ref-
erence frame C. Also, the variation in the model reference
frame has the advantage that a simple extension of the algo-
rithm to multiple cameras is possible.

3.2 Sparse Viewpoint Model

In contrast to most state-of-the-art region-based methods,
we do not use the 3D geometry in the form of a mesh model
directly. Instead, similar to Tan et al. (2017), we employ a
representation that we call a sparse viewpoint model. To cre-
ate this model, the 3D geometry is rendered from a number
of n, viewpoints all around the object. Virtual cameras are
thereby placed on the vertices of a geodesic grid that sur-
rounds the object. For each rendering, n. points x; € R?
are randomly sampled from the contour of the model. Sub-
sequently, the vectors n; € R? that are normal to the contour
are approximated for each point. Note that ||n;]l» = 1. An
illustration of a rendering with sampled 2D contour points
and normal vectors is shown in Fig. 7. Based on the 2D enti-
ties, 3D vectors with respect to the model reference frame
are then reconstructed as follows

mXi =mTc 7 " (x.dz), (23)

n;
MNi=MRC|:O:|» (24)

where the tilde notation in %~ indicates that the 3D model
point is returned in homogeneous form and dz; is the depth
value from the rendering. Note that in this case, C denotes
the reference frame of the virtual camera from which the
rendering was created. In addition to those vectors, we also
compute the orientation vector qv = pRcez that points
from the camera to the model center, where ez = [0 0 l]T.
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The computed 3D model points, normal vectors, and the ori-
entation vector are then stored for each view.

The sparse viewpoint model allows for a highly efficient
representation of the model contour. Given a specific pose
with v Rc and ¢y, the process of rendering the model and
computing the contour reduces to a simple search for the
closest precomputed view iy

iy = argmax;e(;. . (v MRcctm), (25)

and the subsequent projection of the corresponding 3D model
points and normal vectors into the image. Note that this high
efficiency is especially important during the optimization of
the joint posterior probability, where the pose changes in each
iteration.

3.3 Joint Posterior Probability

In the following, we combine the developed sparse viewpoint
model with the correspondence line model from Sect. 2 to
define a joint posterior probability with respect to the pose
variation. However, before probabilities can be calculated,
the location and orientation of correspondence lines need to
be defined. For this, 3D model points and normal vectors from
the closest view of the sparse viewpoint model are projected
into the image using the following equations

Ci=m (CTMMii> , (26)
n; o (cRMMNi),, (27

where the normal vector n; is normalized to ||r;||, = 1 and
()2x1 denotes the first two elements of a vector.

Once all correspondence lines have been defined, we are
able to variate the current pose and calculate contour dis-
tances d; with respect to the pose variation vector 6. Contour
distances are thereby calculated as the distances along normal
vectors n; from correspondence line centers c¢; to projected
3D model points X;

di(0) = n; (7 (cX;0)) — ¢;). (28)

Note that the same 3D model points X; are used as for the def-
inition of correspondence lines. Also, while we do not write
this explicitly, 3D model points ¢ X; and contour distances d;
also depend on the current pose estimate ¢ 7'y, which might
be different from the pose that was used to define correspon-
dence lines. An example of multiple correspondence lines
with variated contour distances is shown in Fig. 8.

Finally, assuming a number of n. independent correspon-
dence lines and using the discrete scale-space formulation
from Sect. 2.3 to improve efficiency, the joint posterior prob-

@ Springer

Fig.8 Correspondence lines defined by a center ¢; and a normal vector
n;. Variated contour distances d; are measured along the correspon-
dence lines from the centers c¢; to the projected 3D model points c X;
that depend all on the same pose variation #. The object contour of the
original pose estimate, which was used to define the correspondence
lines, is indicated by a dotted line. The current estimate of the con-
tour that depends on the pose variation vector @ is shown by a dashed
line. The ground truth segmentation that we try to estimate is given by
the foreground region £2¢ in yellow and the background region £24, in
blue. Note that while contours are illustrated as continuous lines, in our
method, they are represented by points and normal vectors from the
closest view of the sparse viewpoint model (Color figure online)

ability can be calculated as

p® | D) o [ [ pldsi®) | i, L), (29)
i=1

where D describes the data from all correspondence lines.
Note that the transformation of contour distances d; from
the original space to the discrete scale-space is given by
Eq. (9). The developed joint posterior probability describes
how well the current pose estimate explains the segmentation
of the image into a foreground region, that corresponds to the
tracked object, and a background region.

3.4 Optimization

To maximize the joint posterior probability, we estimate the
variation vector § and iteratively update the pose. For a single
iteration, the variation vector is calculated using the Newton
method with Tikhonov regularization

5 MIz 0 -
0_<—H+[0 MJ) g (30)

where g is the gradient vector, H is the Hessian matrix, I3
the 3 x 3 identity matrix, and A and A are the regularization
parameters for rotation and translation, respectively. The gra-
dient vector and the Hessian matrix are defined as the first-
and second-order derivatives of the joint log-posterior

0
g" = 5In(p@®| D)) (1)

6=0
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9
H= s (p@ | D))‘ (32)

0=0

Using the logarithm has the advantage that scaling terms van-
ish and products turn into summations. Note that the Hessian
represents the curvature of the distribution at a specific loca-
tion, which for Gaussian probability functions is constant and
directly corresponds to the negative inverse variance. Given
this probabilistic interpretation, it can be argued that regu-
larization parameters correspond to a prior probability. This
prior controls how much we believe in the previous pose com-
pared to the current estimate described by the gradient and
Hessian. Consequently, for directions in which the Hessian
indicates high uncertainty, the regularization helps to keep
the optimization stable and to avoid pose changes that are
not supported by sufficient data.

Finally, given a robust estimate for the variation vector,
the predicted pose can be updated as follows

cTMzchM[f““gﬂx)T]. (33)

Because of the exponential map, no orthonormalization is
necessary. By iteratively repeating this process, we are able to
optimize towards the pose that best explains the segmentation
of the image.

3.5 Gradient and Hessian Approximation
In the following, the gradient vector and the Hessian matrix
are approximated in a way that ensures both fast convergence

and high accuracy. Using the chain rule, we write

e

g =) I (p (dsi | @i, lsi)) ddsi dcXil 5
i=1 ddsi dcXi 90 |4_
e = 9% In (p (dyi | wsi, 1)) ( dds; 8cX,~)T
A 5 |
i=1 dds; ocX; 06 a5)

ads; ocX;
dcX; a0

Note that for the Hessian matrix, second-order partial deriva-
tives with respect to ds; and cX; are neglected. Resulting
errors are left to the iterative nature of the optimization. Using
Eq. (22), the first-order derivative of the 3D model point ¢ X ;
is calculated as

=0

IcX;

59 =cRv [ [mXilx I3]. (36)

With respect to the scaled contour distance d;, both Eq. (28)
and (9) are used to write

od; n; 1
— . 7. . 7.
X, . CZl-2 [nxt fxcZ; Nyi fyC i 37)

—nyi frcXi — nyi fycYi].

For the calculation of the required first- and second-order
derivatives of the log-posterior, we differentiate between
global and local optimization. To some extent, this is similar
to our previous approach (Stoiber et al. 2020). However, in
contrast to that work, we propose different approximations
for the local optimization. Also, we either apply global or
local optimization and use the same definition of derivatives
for all correspondence lines instead of mixing them.

In the case of global optimization, the posterior probability
distribution of individual correspondence lines is approxi-
mated by a normal distribution V' (ds; | i, aiz). The required
mean and standard deviation w; and o; are thereby esti-
mated from a set of discretized contour distances dg; and
their corresponding probability values. An example of the
approximation of a discrete posterior probability distribu-
tion is shown in Fig. 9. Based on the normal distribution, the
first- and second-order derivatives are calculated as

d1n (p (dsi | wsi, Lsi)) ~ 1

—— (dg — i), 38

o, 57 (i =) (38)

Wm@wgymm»%_%' (39)
adsi (o

1

The approximated derivatives direct the optimization towards
the mean p;, using the variance oiz to consider uncertainty.
Note that while in the real world, the mean does not exactly
coincide with the maximum, it is typically quite close. At the
same time, using the approximation has the advantage of fast
convergence and that the optimization avoids local minima
resulting from invalid pixel-wise posteriors and image noise.

Once the optimization is closer to the maximum, the global
mean is not a good enough estimate, and more detailed refine-
ment is required. In such cases, the algorithm switches to
local optimization. We thereby use the probability values of
the two discrete contour distances d; and d:l.' that are closest
to the current estimate d; (f) and approximate the first-order
derivatives using a weighting term (% and finite differences

1

I (p i | wsi 1) _ as | [ p(dy | osilsi)
dds; ~on (d; T, 1)) (40)
St i p si Si» bsi

For second-order derivatives, the global approximation from
Eq. (39) is used. Note that weighting the first-order derivative
with the variance crl.z improves robustness because corre-
spondence lines with high uncertainty are considered less
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T p(dsi | wsi,lsi)
P(d:,- \ Wsislsi)
: P(d:i \wsulsz')
: 0.15

N(dsi | pi,02)
“

—6 —4 i ds;i(6) 0 2 4 6 ds;

Fig.9 Discrete posterior probability distribution with noisy measure-
ments. For global optimization, the distribution is approximated by a
normal distribution N'(ds; | i, (rl.z). The normal distribution and its
mean ; are illustrated in blue. In the case of local optimization, only
two discrete probability values that are closest to the current estimate
of the contour distance ds; (#) are considered. The two discrete proba-
bility values p(dg; | wsi,ls;) and p(dJ | wsi, Lsi), which are used to
approximate the first-order derivative, are colored in red (Color figure
online)

important. Simultaneously, the step size oy helps to balance
the weight and specifies how far the optimization proceeds,
directly scaling the variation vector @. The same first- and
second-order derivatives can also be derived using inverse-
variance weighting and a constant curvature of o}—s for the
second-order derivative. A detailed derivation of this inter-
pretation is given in Appendix D.

Finally, apart from the choice of derivatives, the parame-
terization of smoothed step functions and the corresponding
shape of posterior probability distributions significantly
influences the optimization. To study this effect, we con-
sider the first-order derivatives of the log-posteriors that are
shown in Fig. 5. While for Gaussian distributions, linear
first-order derivatives lead to the estimation of the weighted
mean over all correspondence lines, for Laplace distribu-
tions, binary derivatives guide the optimization towards the
weighted median. Note that this again corresponds well to
the interpretation of local and global uncertainty modeled by
the slope parameter s, and the amplitude parameter ay. If
only local uncertainty exists, it is advantageous to consider
the magnitude of errors in the contour distance and optimize
for the mean. At the same time, in the case of global noise,
it is reasonable to only consider the direction of errors, and
conduct the optimization with respect to the median.

4 Implementation

The following section provides implementation details for
the developed algorithm. We thereby start with the gener-
ation of the sparse viewpoint model and the calculation of
color histograms. This is followed by a description of the
tracking process. Finally, we explain how known occlusions
can be considered. All mentioned parameter values are care-
fully chosen to maximize tracking quality while not requiring
unreasonable amounts of computation. Note that the source
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code of SRT3D is publicly available on GitHub' to ensure
reproducibility and to allow full reusability.

4.1 Sparse Viewpoint Model

For the sparse viewpoint model, n, = 2562 different views
are considered. They are generated by subdividing the tri-
angles of an icosahedron 4 times, resulting in an angle of
approximately 4° between neighboring views. Virtual cam-
eras that are used for the rendering are placed at a distance
of 0.8 m to the object center. For all views, the orientation
vector v and a constant number of n, = 200 model points
MX; and normal vectors pN; are computed. In addition, for
each point and view, we also compute so-called continuous
distances for the foreground and background. Continuous
distances thereby describe the distance from the 2D model
point x; along the line defined by the normal vector n; for
which the foreground and background are not interrupted by
each other. After their computation in the rendered image,
they are converted and stored in meters. The values are later
used by the tracker to disable individual correspondence lines
for which continuous distances are below a certain threshold,
and the assumption that only a single transition between fore-
ground and background is present in the correspondence line
is not sufficiently fulfilled.

4.2 Color Histograms

For the estimation of the color probability distributions
p(y | mg) and p(y | myp), color histograms are used.
Each dimension of the RGB color space is discretized by
32 equidistant bins, leading to a total of 32768 values. The
computation of the color histograms is started either from
the current pose estimate or from an initial pose, provided,
for example, by a 3D object detection pipeline. Based on this
pose, 3D model points and normal vectors are projected into
the image using Eqgs. (26) and (27). After an offset of one
pixel, the first 18 pixels are considered in both the positive
and negative direction of the normal vector. Pixel colors along
this line are assigned to either the foreground or background
histogram, depending on which side of the projected model
point they are. Note that fewer than 18 pixels are considered
if a transition between foreground and background occurs
within a shorter distance. Also, in cases where the contour
location is more uncertain, it is reasonable to use an offset
larger than one pixel.

Due to motion or dynamic illumination, color statistics
of both the foreground and background are continuously
changing during tracking. To take those changes into account
while at the same time considering previous observations, we
use online adaptation. Based on Bibby and Reid (2008), we

1 https://github.com/DLR-RM/3DObjectTracking.
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thereby update the histograms as follows ‘ ' . @
pe(yImi)=caip(y|mi)+ (1 —0ci)pi—1(y | mi), (41)

Ape* Soda® Vise* Soup® Camera* Can*

with i € {f,b} and af = 0.2 and o, = 0.2 the learning
rates for the foreground and background, respectively. Note
that p(y | m;) is the observed histogram, while p,(y | m;)
and p;_1(y | m;) are the adapted histograms of the current
and previous time step, respectively. For initialization, we
directly use the observed histograms instead of blending them
with previous values.

4.3 Tracking Process

To start tracking, an initial pose is required, which is typically
provided either from a 3D object detection pipeline or from
dataset annotations. Based on this pose and a correspond-
ing camera image, the color histograms for the foreground
and background are initialized. After initialization, a tracking
step is executed for each new image that is streamed from the
camera. An overview of all computation that is performed in
a single tracking step is given in Algorithm 1.

Algorithm 1 Tracking Step

1: Update camera image
2:fori=1,2,...,7do

3:  Optional: Render occlusion mask

4:  Find closest view of the sparse viewpoint model
5:  Define correspondence lines in the image

6:  Compute discrete distributions p(ds; | ws;, Is;)
7. for j=1,2do

8: Calculate gradient g and Hessian H

9: Estimate variation § and update pose cT'm
10:  end for

11: end for

12: Update color histograms p(y | m¢) and p(y | my)

Starting from a new image and the previous pose esti-
mate ¢ Ty, we first retrieve the closest view of the sparse
viewpoint model. Model points pX; and normal vectors
MN; are then projected into the image plane to define cor-
respondence lines. After that, continuous distances from
the sparse viewpoint model are used to reject correspon-
dence lines with distances that are below 6 segments. For
the remaining correspondence lines, the posterior probabil-
ity distribution p(dy; | wsi, ls;) is evaluated at 12 discrete
values dy; € {—5.5, —4.5,...,5.5}. In the calculation, we
use 8 precomputed values for the smoothed step functions /¢
and hy, corresponding to x € {—3.5, —2.5, ..., 3.5}. Also,
a minimal offset Ar; is chosen such that the line coordinates
r; point to pixel centers while the scaled line coordinates ry;
ensure matching values for x = ry; — dg;. In our case, this
means that ry; € Z. Having computed the distributions, two

Cat* Clown® Cube® Driller* Duck*  Egg Box*
Glue* Iron* Candy® Lamp* Phone* Squirrel

Fig. 10 Overview of all objects in the RBOT dataset (Tjaden et al.
2018). Objects from the LINEMOD dataset (Hinterstoisser et al. 2013)
and Rigid Pose dataset (Pauwels et al. 2013) are marked with * and °,
respectively

Fig. 11 Images from the RBOT dataset (Tjaden et al. 2018) with one
example image for the regular, dynamic light, noise, and occlusion
sequence. The sequences show the ape, candy, glue, and vise objects,
respectively. In addition, the occlusion sequence features a squirrel
object that occludes the vise

iterations of the regularized Newton optimization are exe-
cuted. For the first iteration, the global optimization is used
to quickly converge towards a rough pose estimate. In the
second iteration, the local optimization is employed to refine
this pose, using a step size of «g = 1.3. As regularization
parameters, we use A = 5000 and A; = 500000.

To find the final pose, the process is repeated seven times.
We thereby choose larger scales of s = 5 for the first iteration
and s = 2 for the second and third iterations. In all other
iterations, a scale of s = 1 is adopted. This choice has the
effect that a large area with low resolution is considered in
the beginning, while short lines with high resolution are used
in later iterations. An example of correspondence lines at
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typically depend on the area that needs to be covered by
2 P N SRR PNTIVS o o o e the tracker and the size of frame-to-frame pose differences.
e SR EEER g‘ =N S g‘ 2 Finally, having estimated the pose for the current image, the
prediction is used to update the color histograms. After that,
% © n® S w o oq‘ < a o q‘ v the tracker waits for a new image to arrive.
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N 4.4 Occlusion Modeling
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- While the algorithm is quite robust to unknown occlusions,
'§ © o o ,\.‘ o — — ® - = (\!‘ - tracking results can be further improved by explicitly con-
51 $RBRAETES ¥ 8 H=F sidering known occlusions. For this, an ID is assigned to
each known object. All objects are then rendered into a depth
é ifgoduw ;‘ ¥ G % o image and an image that contains object ID values. Using a
custom shader, we combine information from the two images
2 R i f’.j‘ e i 2‘ e and compute an occlusion mask that binary encodes in each
@) t v v © n o o~ <+ © =l w . . . .. . . .
pixel which objects are visible. To consider uncertainty in
5 the object pose, the shader evaluates a region with a radius
& cdg Q‘ 4 g 3T =08 of 4 pixels and assigns the object ID with the smallest depth
o0 .
& value to the center. If only the background is present, all
object IDs are considered visible. In order to improve effi-
3 S B A A I IRl - . . . .
a S Zm g eq ol\o‘ g oW S5 g‘ < ciency, a smaller image with a fourth of the camera resolution
is used. Finally, to reject occluded correspondence lines, the
- . . .
2l Eom v oY Y| o= 9 algorithm simply checks occlusion mask values at correspon-
HAEEEE R R IEER R :
al 2 Z dence line centers.
3] 3
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S 5 5 Evaluation
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Co) "8 38T 2 BES %> &R In this section, we present an extensive evaluation of our
- approach, SRT3D. Both the Region-Based Object Tracking
= 0 W S Y O o0 — =\ . .
g sHusdges| 453 (RBOT) dataset (Tjaden et al. 2018) and the Object Pose
0 NN NN O AN N &R .
Tracking (OPT) dataset (Wu et al. 2017) are used to com-
g RN g‘ 2@ A (‘g‘ 3 pare our method to the current state of the art in region-based
) . . .
®© XX AT oA © ® e tracking. We thereby evaluate the quality of the predicted
s ose as well as the speed of the algorithm. Also, a detailed
o N O A — 0@ o~ O O e p p g
§ C g g‘ W ) g‘ g parameter analysis is conducted that assesses the importance
of different settings. Finally, we discuss essential design
= " on N lr;‘ © —~ o ® _— #‘ - considerations and remaining limitations. In addition to the
N — > 00 0 o A — >~ Q| un . . . . .
3 t~ © © o0 &~ 0 0 A 0 0 O content in this section, we provide real-world videos on our
. ) R
9 w© <+ OQ‘ o = N oq‘ - = — % & project site~ that demonstrate the tracker’s performance.
> NN R NN - &R
5.1 RBOT Dataset
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In the following, we first introduce the RBOT dataset, discuss
2 s 238 o ° sxg2 the conducted experiments, and finally compare our results
= S N p y p
< P o B & w0 o o XN 0 o & & .
to the current state of the art. The RBOT dataset consists
g 225 e . s 5 g of a collection of 18 objects that are shown in Fig. 10. For
=~ Q . = Q . . . .
= SS8 885« 2 SIS each object, four sequences exist: a regular version, one with
£ daadgoasn aad 8
g % 2=23 88 5 ‘os = = 3 g dynamic light, a sequence with both dynamic light and Gaus-
_13 35 8 8 5 <3 o 5852 sian noise, and one with dynamic light and an additional
v | £ T 2225 %80 $ 22
2| 28258228 5¢8 2235 E E T
= | < FERIZT oSS a»n ET » »n 2 https://rme.dlr.de/rm/staff/manuel.stoiber/ijcv2021.
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squirrel object that leads to occlusion. An example image for
each sequence is shown in Fig. 11. Each sequence consists of
1001 semi-synthetic monocular images, where objects were
rendered into real-world images, recorded from a hand-held
camera that moves around a cluttered desk.

In the evaluation, experiments are performed as defined by
Tjaden et al. (2018). The required translational and rotational
errors are calculated as

e(tr) = [[ctm(tr) — ctmy (@), (42)

1(trace (CRM(tk)TcRMg[ (tk)) — 1)’ 43)

er(ty) = cos™ 5

where CRMgl (tx) and ctMy (tx) are the ground-truth rota-
tion matrix and translation vector for the frame k €
{0,...,1000}. A pose is considered successful if both
ei(ty) < 5Scm and e (f;) < 5°. After the initialization of the
tracker with the ground-truth pose at 7, the tracker runs until
either the recorded sequence ends or tracking was unsuc-
cessful. In the case of unsuccessful tracking, the algorithm is
re-initialized with the ground-truth pose at . For the occlu-
sion sequence, the method is evaluated with and without
occlusion modeling. In the case of occlusion modeling, both
objects are tracked simultaneously. Unsuccessful tracking of
the occluding squirrel object is not considered in the reported
tracking success. Finally, for the remaining tracker settings,
we use o, = 0.36 and sy — 0. A detailed analysis of this
choice is given in Sect. 5.3.

Results of the evaluation are shown in Table 1. Our
approach is compared to the current state of the art in region-
based tracking, as well as the edge-based methods of Huang
et al. (2020), algorithms of Li et al. (2021) and Sun et al.
(2021) that combine edge and region information, and the
method of Liu et al. (2021) that uses descriptor fields in addi-
tion to region-based techniques. The comparison shows that
SRT3D performs significantly better than previous methods,
achieving superior results for most objects and performing
best on average. This difference becomes even larger for
purely region-based methods, with our algorithm perform-
ing best for almost all objects and sequences. Considering the
average success rate, our approach performs about five per-
centage points better than the combined method of Sun et al.
(2021), six percentage points better than Stoiber et al. (2020),
nine percentage points better than Li et al. (2021), and more
than 14 percentage points better than the next best, dense,
region-based approach by Zhong and Zhang (2019). The
superior tracking success compared to our previous approach
is especially interesting since the main differences are only
an extended smoothed step function and some changes with
respect to optimization. Also, in comparison to all other,
dense approaches, no advanced segmentation model is used,
which, in theory, is a significant disadvantage.

@ Springer

Table 2 Average runtimes per frame and usage of a GPU for state-
of-the-art approaches. Methods that are not purely region-based are
indicated by a *. For the occlusion modeling scenario, which considers
the tracking of two objects, values are shown in parenthesis

Approach No GPU Runtime
Tjaden et al. (2018) X 15.5~21.8ms
Zhong et al. (2020b) X 41.2ms
Huang et al. (2020)* X 33.1ms
Stoiber et al. (2020) v (X) 1.0 ms (7.4 ms)
Liu et al. (2021)* X 6.9ms
Lietal. (2021)* X 32.1ms
Sun et al. (2021)* X 40.0 ~ 50.0 ms
SRT3D (Ours) v (X) 1.1 ms (5.1 ms)

In addition to tracking success, we also compare average
runtimes. A summary for the different algorithms is given in
Table 2. The evaluation of SRT3D and our previous method
was conducted on the same computer with an Intel Xeon E5-
1630 v4 CPU and a Nvidia Quadro P600 GPU. Because of
the similarities of the two approaches, we obtain a compara-
ble average runtime of 1.1 ms for the case without occlusion
modeling and an improved average execution time of 5.1 ms
for the modeled occlusion scenario. Note that in the case of
occlusion modeling, occlusion masks have to be rendered,
and the reported time is for the simultaneous tracking of two
objects. In comparison, except for the algorithm of Liu et al.
(2021), for which the execution time is six times higher, all
other methods report average runtimes that are more than
one order of magnitude larger. The difference is even more
impressive since SRT3D and our previous approach only
utilize a single CPU core and do not require a GPU. In con-
trast, most competing methods typically use multithreading
and heavily depend on a GPU. In conclusion, while differ-
ent resources and computers were used, the obtained results
highlight the superior efficiency of our sparse region-based
method.

5.2 OPT Dataset

While the semi-synthetic RBOT dataset features a large
number of objects, a difficult, highly cluttered background,
and perfect ground-truth, objects are simulated with limited
realism, and only very little motion blur is applied. Those
shortcomings are complemented by the OPT dataset (Wu
et al. 2017), which contains real-world recordings of 3D
printed objects on a white background with different speeds
and levels of motion blur. In total, the dataset includes six
objects and consists of 552 real-world sequences with vari-
ous lighting conditions and defined trajectories recorded by
a robot arm. An example image for each object is shown in
Fig. 12. The sequences are classified into the following cate-
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Fig. 12 Images from the OPT dataset (Wu et al. 2017), featuring the
soda, chest, ironman, house, bike, and jet object

gories: translation, forward and backward, in-plane rotation,
out-of-plane rotation, flashing light, moving light, and free
motion.

In the experiments, the metric of Wu et al. (2017) is used.
For this, we compute the average vertex error

1 & > >
ey(tk) = p Z l(mXi = MTw, GOMXi) 5, | (44)
i=1

with X ; a vertex in the 3D mesh geometry of the object and
n the number of vertices. Tracking is considered successful
if ey(tx) < ked, where d is the object diameter computed
from the maximum vertex distance and k. is an error thresh-
old. The tracking quality for all frames is then measured
using an area under curve (AUC) score that integrates the per-
centage value of successfully tracked poses over the interval
ke € [0, 0.2]. This results in AUC scores between zero and
twenty. For the tracker, the amplitude parameter o, = 0.42
and the slope parameter s, = 0.5 are used. Also, for the
rotationally symmetric soda object, a larger rotational regu-
larization parameter of A; = 500000 is adopted. The main
reason is that the object geometry of the soda object does not
constrain the rotation around the vertical axis. In such cases,
fluctuations in the gradient and Hessian can lead to drift in
the object’s orientation. Using more regularization allows us
to mitigate this problem.

Results for the experiments on the OPT dataset are shown
in Table 3. We thereby compare SRT3D to state-of-the-art
region-based tracking approaches, as well as an approach
from Bugaev et al. (2018) and prominent methods such as
PWP3D (Prisacariu and Reid 2012), ElasticFusion (Whelan
etal. 2015), UDP (Brachmann et al. 2016), and ORB-SLAM?2

(Mur-Artal and Tardés 2017). Note that not all algorithms are
dedicated 3D tracking solutions. UDP is a monocular pose
detection method, while ElasticFusion and ORB-SLAM?2 are
visual SLAM approaches for camera pose localization that
are applied to the silhouette of the object. For more informa-
tion on the evaluation of those algorithms, please refer to Wu
etal. (2017).

The comparison shows that our approach performs signif-
icantly better than the current state of the art in region-based
tracking developed by Li et al. (2021), Zhong et al. (2020b)
and Tjaden et al. (2018), achieving higher AUC scores for
each of the six objects. Also, compared to none region-based
approaches, we are able to report the highest score for four out
of six objects and perform best on average. This is even more
remarkable since ORB-SLAM?2, which reports better results
for the house object, uses gradient-based corner features. In
contrast to SRT3D, the algorithm is thus not constrained to
the contour but considers information over the entire silhou-
ette. Also, the edge-based algorithm of Bugaev et al. (2018),
which performs best for the jet object, uses basin-hopping
for global optimization, and, with an average reported run-
time of 683 ms, is not real-time capable. In conclusion, the
obtained results demonstrate that the excellent performance
of SRT3D on simulated data translates well to applications
in the real world.

5.3 Parameter Analysis

Having evaluated the performance of our approach, we want
to foster our understanding of different parameter values.
For this, the average success rate for the RBOT dataset and
the average AUC score for the OPT dataset are plotted over
different parameter values. The plots are shown in Fig. 13.
Note that the success rate and AUC score are computed over
all objects and sequences. Except for the parameter that is
analyzed, the same settings as in Sects. 5.1 and 5.2 are used.

The evaluation of the amplitude parameter o, shows that
while it significantly influences the tracking success, the
effect on the AUC score is much smaller. Knowing that the
amplitude parameter models a constant level of noise, this
makes sense since the RBOT dataset features highly cluttered
images while the OPT dataset only contains a constant white
background. For the slope parameter sy, the highest tracking
success is observed for sp; — 0, and the best AUC score is
obtained at s, = 0.5. Again, this is well explained by the the-
oretical interpretation according to which the slope parameter
models local uncertainty. Given perfect information about
the object geometry for the semi-synthetic RBOT dataset,
we do not expect any local uncertainty. At the same time,
for the OPT dataset, with imperfectly 3D printed objects
and recorded real-world images, it is important that a larger
parameter is chosen that allows for a defined level of uncer-
tainty.
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Table 3 AUC scores between

Approach Soda Chest Ironman House Bike Jet Avg.
zero and twenty for the
evaluation on the OPT dataset PWP3D 5.87 5.55 3.92 3.58 5.36 5.81 5.01
(Wu et al. 2017), comparing our . .
approach to multiple other ElasticFusion 1.90 1.53 1.69 2.70 1.57 1.86 1.87
algorithms. The best results are UDP 8.49 6.79 5.25 5.97 6.10 2.34 5.82
highlicglhged in lloold- The ORB-SLAM?2 13.44 15.53 11.20 17.28 10.41 9.93 12.97
second-best values are Bugaev et al. (2018) 14.85 14.97 14.71 14.48 12.55 17.17 14.79
underlined
Tjaden et al. (2018) 8.86 11.76 11.99 10.15 11.90 13.22 11.31
Zhong et al. (2020b) 9.01 12.24 11.21 13.61 12.83 15.44 12.39
Lietal. (2021) 9.00 14.92 13.44 13.60 12.85 10.64 12.41
SRT3D (Ours) 15.64 16.30 17.41 16.36 13.02 15.64 15.73
100 16100 16 At = 100A;. Like in previous evaluations of the soda object,
ﬁ we increase the rotational parameter and use Ay = A;. The
90 1590 15 resulting plot of the tracking success and the AUC score
demonstrates the high importance of regularization. If val-
80 1480 14 ues are chosen too small, the optimization is unstable for
directions in which no or very little information is available.
70 70 13

13
0.2 0.3 0.4 0.5 0 0.5 1 1.5

Amplitude Parameter ay, Slope Parameter sy,

100 16 100 16
L—
90 15 90 15
80 14 80 14
70 13 170 13
0 1 2 3 104 105 106 107

Step Size oy Regularization A¢, 100,

—— Tracking Success for RBOT dataset
—— AUC score for OPT dataset

Fig. 13 Average tracking success for the RBOT dataset and average
AUC score for the OPT dataset over different values of the amplitude
parameter oy, slope parameter sy, step size as, and the rotational and
translational regularization parameters A, and A;. For the evaluation of
the regularization parameters, we set A, = 100,

Studying the plot of the step size a5, we observe arelatively
large plateau around one, with maximum values at og = 1.3
for both the tracking success and the AUC score. This sug-
gests a low dependency between the parameter and different
image data. Particularly interesting are also the results for
as = 0. For this setting, no local optimization is consid-
ered, showing the capability of the global optimization alone.
The good results highlight the excellent performance of the
adopted global approximation.

Finally, for the evaluation of regularization, the rotational
and translational parameters are modified simultaneously. To
consider the different units of radians and meters, we define

@ Springer

At the same time, if parameters are too large, the optimiza-
tion is slowed down, and the final pose might not be reached.
It is thus important to find values that lie in between. In our
experience, a good approximation is to use regularization
parameters that are in the same order of magnitude as the
maximum rotational and translational diagonal elements of
the Hessian matrix.

In conclusion, the parameter analysis demonstrates that
theoretical interpretations from Sects. 2 to 3 correspond well
to experimental results. In addition to fostering our under-
standing, this explainability helps to guide the parameter
search for new applications. Moreover, the results in Fig. 13
demonstrate that all parameters are well-behaved, with large
plateaus around the maximum and no sudden jumps. This
has the advantage that parameters are easy to tune, with a
broad range of values achieving satisfying results.

5.4 Discussion

The conducted experiments demonstrate the excellent per-
formance of SRT3D. In the following, we want to discuss
design considerations that are essential in achieving those
results and shed some light on the remaining limitations of
the algorithm. With respect to computational efficiency, the
biggest performance gain is attributed to the correspondence
line model and the sparse nature of the method. In addition,
the sparse viewpoint model provides a highly efficient rep-
resentation, which requires only a simple search to obtain
the object contour for the current pose. Also, in contrast to
dense methods, it is not necessary to compute a 2D signed
distance function, but one can simply use the contour dis-
tance. Finally, the discrete scale-space formulation reduces
the amount of computation further by combining multiple
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pixels into segments and supporting the use of precomputed
smoothed step functions.

For the quality of the pose estimate, multiple aspects
have to be considered. The first important factor is the use
of smoothed step functions that provide a realistic model-
ing of local and global uncertainty. Consequently, this leads
to reliable posterior probability distributions. Also, due to
the one-dimensionality of correspondence lines and the dis-
crete scale-space implementation, we are able to sample
values over posterior probability distributions in reasonable
time. This allows us to calculate the mean and the vari-
ance. Both estimates constitute the basis for fast-converging
global optimization that is independent of local minima.
In addition, knowledge about the uncertainty of individual
correspondence lines is also used for local optimization,
where numerical first-order derivatives are weighted accord-
ing to the inverse variance. Finally, Tikhonov regularization
is another important factor, which helps to constrain the
estimate with respect to the previous pose, stabilizing the
optimization for directions in which no or very little infor-
mation is available.

While the described algorithm achieves remarkable results
and works very well in a wide variety of applications, some
challenges remain. The main limitations are thereby very
similar to other region-based methods. The biggest constraint
is that objects have to be rigid and that an accurate 3D model
has to be known. Also, the background has to be distinguish-
able from the object. If large areas in the background contain
colors that are also present in the object, the final result might
be perturbed. Another challenge comes from ambiguities
where the object silhouette is very similar in the vicinity
of a particular pose. Naturally, in such cases, there is not
enough information, and it is impossible for the algorithm to
converge towards the correct pose. Also, like most tracking
approaches, the algorithm can only be used for local opti-
mization with a limit to the maximum pose difference from
one frame to the next. Finally, if large parts of the object are
occluded, the visible part of the contour might not fully con-
strain the pose of the object, leading to erroneous estimates.
Toillustrate all the described failure cases, we provide a video
on our project site>.

6 Conclusion

In this work, we proposed SRT3D, a highly efficient, sparse
approach to region-based 3D object tracking that uses cor-
respondence lines to find the pose that best explains the
segmentation of the image. In addition to a thorough mathe-
matical derivation of correspondence lines, a big contribution
of this work is the development of smoothed step functions

3 https://rme.dIr.de/rm/staff/manuel.stoiber/ijcv2021.

that allow the modeling of both local and global uncertainty.
The effects of this modeling were analyzed in detail with
respect to both theoretical posterior probability distributions
and the quality of the final tracking result. For the maxi-
mization of the pose-dependent joint posterior probability,
we proposed the use of an initial, global optimization towards
the mean and a consecutive, local optimization that consid-
ers discrete distribution values. We also developed a novel
approximation for the local first-order derivative that weights
the finite difference value with the inverse variance. Finally,
in multiple experiments on the RBOT and the OPT dataset,
we demonstrated that our algorithm outperforms the current
state of the art in region-based tracking by a considerable
margin both in terms of quality and efficiency.

Thanks to this superior performance, we are confident that
our approach is useful to a wide range of applications in
robotics and augmented reality. Because of its general formu-
lation, itis easy to conceive ideas that extend the method. One
possible direction would be to include other developments in
region-based tracking, such as advanced segmentation mod-
els or occlusion detection. Also, it might be useful to consider
additional information, like depth or texture. Finally, we want
to highlight that the developed correspondence line model is
not limited to the context of 3D tracking but might also be
useful to other applications. One possible example is image
segmentation. Other methods might thereby show similar
progress in terms of quality and efficiency, improving their
applicability to the real world.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Appendix A Extended Probabilistic Model

In the following, we establish the relation between the
smoothed step functions proposed in Sect. 2.4 and an
extended probabilistic model with m € {mg, my, my}. For
the derivation, we start from an extended definition of the
pixel-wise posterior probability

p(y | mi)p(m;)
Zje{f,b,n} p (y | m.i) p(m;)

p(m;|y)= ,ie{f,b,n}, (45)
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where, in contrast to Eq. (4), a noise model m, is consid-
ered in addition to the foreground and background model.
Using the parameter , € [0, 0.5], the model probabilities
are defined as

p (mg) = p(myp) = ay, (46)
p (my) =1 = 2a. 47

For the conditional color probability given the noise model,
the conditional probabilities with respect to the foreground
and background are combined as follows

1
Py lma) =5 (p(ylm)+p(ylm). (48)

Introducing the definitions from Egs. (46) to (48) into Eq. (45)
and performing some simplifications results in the follow-
ing pixel-wise posterior probabilities for the foreground and
background model

2anp (y | m;)
p(m; |y = ,

] f, b}. 49
PO Im)+p G my TP @9

Also, we obtain the following constant pixel-wise posterior
probability for the noise model

p(my | y) = p(my) =1—2on. (50)

Based on Eq. (6), the extended posterior probability can
be calculated as follows

p@lr,yyoc Y p(rld,m)p(mi|y). (51)
ief{f,b,n}

To abbreviate some of the terms in Eq. (49), the following
definition of pixel-wise posterior probabilities from Eq. (5)
is introduced

p(y | mi)

, 1 f, b}. 52
P mo) + ply myy S0P ©2)

pi(r) =

We then use the derived pixel-wise posterior probabilities
from Egs. (49) to (50) together with the abbreviation from
Eq. (52) to write the posterior probability in Eq. (51) as fol-
lows

p(d|r,y) «2anht(r —d)ps(r)
1 (53)
+ 20mh(r — d) po(r) + 2 (1 —2ay) ,

where a constant probability p(r | d, my) = % was used

to model the indifference of the line coordinate r given the
noise model m;,, and where the smoothed step functions /Ay
and hp model the line coordinate probabilities p(r | d, my¢)

@ Springer

and p(r | d, myp). For the extension of Eq. (53), we apply the
following definitions

he(x) = % — fx), (54)
hy(x) = % + f(x), (55)
and the identity

pe(r) + pp(r) =1, (56)
to write

p(d | r,y) o anpe(r) — 2om f(r —d) pe(r)
+ appo(r) + 2an f (r — d) po(r)

1
+ E(Pf(”) + po(r) — an(pr(r) + po(r)).

(57)
This can then be simplified to
1
p|r.y)oc| 5= 2enf(r—d)|pi(r)
! (58)
+ (5 + 2om f(r — d))Pb(")-
Finally, after introducing the slope function

fx) = % tanh (szh) of Stoiber et al. (2020), we obtain
1 r—d

pd|r,y) o | 5 —antanh | —— | | pe(r)
2 28

(L (2 ")
) o tlan 2Sh Po\r).

This is the same probability function as the one derived in
Sect. 2.4. Note, however, that in Sect. 2.4 the smoothed step
functions A and Ay, from Egs. (12) to (13) were used instead
of a noise model m, to take into account a defined con-
stant uncertainty. In conclusion, this shows that extending the
probabilistic model with a noise model m,, and using the fore-
ground and background probabilities p(mf) = p(mp) = ap
is equivalent to the introduction of a simple amplitude param-
eter oy, into the smoothed step functions.

(59)

Appendix B Derivative of Log-Posterior

To analyze the posterior probability distribution, it is desir-
able to have a closed-form solution that allows an easy
interpretation. In the following, we will thus derive a general
formulation for the first-order derivative of the log-posterior,
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which will then be used in Appendix C to calculate the
posterior probability distribution for specific parameter con-
figurations. Note that the derivation is similar to the proof
of Gaussian equivalence developed in our previous work
(Stoiber et al. 2020).

For the derivation, we assume a contour at the line center
and perfect step functions for the pixel-wise posterior prob-
abilities defined by

pi(r) = sgn(r), (60)

po(r) = 5 + 5 sgn(r). (61)

N = N —
N =N =

Also, we consider infinitesimally small pixels and write the
posterior probability distribution from Eq. (14) in continuous
form for an infinite correspondence line

p oo [ (bt = d)prr) + hor — d)po(r) .

(62)

Starting from those assumptions, we first convert the prod-
uct integral to the classical Riemann integral

p(d | w, 1) x exp (/_ In (h¢(r — d) ps(r)

+ ho(r — d) pp(r)) dr>.
(63)

The integral is then splitat» = 0, and the pixel-wise posterior
probabilities from Egs. (60) to (61) are introduced

0
p(d | w,1) o exp (/ In (ht(r — d)) dr

o (64)
+ f In (hy(r — d)) dr>.
r=0
Finally, we substitute x = r — d to write
—d
p(d | w,l) ccexp (/ In (hf(x)) dx
== (65)

+ /OO In (hb(x)) dx).
r=—d

The first-order derivative with respect to d of the log-
posterior can now be calculated using Leibniz’s rule for
differentiation under the integral

dln(pd |, 1))

5 = —1In (hg(—d)) +In (hp(—d)). ~ (66)

We then adopt the definitions of the smoothed step functions
from Eqgs. (12) to (13) to write

I D) (1 (52)
ad 2 2sp 67)

+1 1+ tanh —d
n|{— an — .
p T oh 2n

Finally, using the inverse hyperbolic tangent

1 1
2tanh ™' (x) = —In (5 — %) +In (5 + )56), (68)

one is able to write the following closed-form expression for
the first-order derivative of the log-posterior

dln (pd | w, D) o d
STy E—— —2tanh <2ah tanh (E)) (69)

Appendix C Closed-Form Posteriors

Building on Appendix B, we derive closed-form posterior
probability distributions for the two edge cases with either the
amplitude parameter o, = % or the slope parameter s, — 0.
We thereby start from the closed-form first-order derivative of
the log-posterior thatis given in Eq. (69). The full distribution
can then be calculated using integration with a subsequent
normalization

p(d | o) x exp (/ W dd). (70)

For the case with an amplitude parameter o, = %, the
first-order derivative in Eq. (69) simplifies to

dln(pd | w,1 d
(pdlw.)  d an
od Sh
Introducing this term in Eq. (70) and calculating the integral
leads to the following expression for the posterior probability
distribution

d2
p(d | w,l) ccexp ( - —) (72)
25h

Because the posterior probability distribution has to be a
valid probability density function (PDF) that integrates to
one, there is only one possible solution. Knowing that, except
for a constant scaling factor, the function looks like a Gaus-
sian distribution, the final solution can only be the Gaussian
distribution itself

1 ( d? ) 73
exp| — — ).
27 s P 28h
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For configurations with a slope parameter s, — 0, the
first-order derivative in Eq. (69) simplifies to

d1n (p(d | w, l))

o = —2tanh™' Qo) sgn(d). (74)

Introducing this term in Eq. (70) and calculating the inte-
gral leads to the following closed-form posterior probability
distribution

pd| w,l) xexp ( — 2tanh_1(2cxh)|d|). (75)
Similar to the previous derivation, we know that, with the
exception of a constant scaling factor, the function is equal
to a Laplace distribution, which again is a valid PDF. Intro-

ducing the scale parameter b, the final solution can thus only
be the Laplace distribution itself

1 d 1
p(d|w,l):—exp<—u>, b= —7p—.
2b b 2 tanh™" 2ayp)
(76)

Appendix D Inverse-Variance Weighting

In the following, we demonstrate that the derivatives for
the local optimization that were defined in Sect. 3.5 can be
derived using inverse-variance weighting and a constant cur-
vature of _- L for the second-order derivative. Instead of the
joint posterior probability defined in Eq. (29), we start with
an energy function that combines probabilities from individ-
ual correspondence lines using inverse-variance weighting

n
1
E@) =) —In(p(di(®) | oy 1). (77)
i=1 i
Based on this function, the gradient vector and the Hessian
matrix are calculated as the first- and second-order derivative
with respect to 6

o7 = = Lz d1n (P(d;idl wsi, Lsi)) 3adgi (78)
im1 Ui si
H ~ e 1 92 1n (P(dsi | wsi, lsi))
~ ) >
i—1 o; adsz
i= (79)

ads; \' [ 0ds;

20 20
For the first-order derivative of the scaled contour distance
ds;, the derivations from Egs. (36) to (37) can be used. In

contrast to Eq. (40), we use the definition of finite differ-
ences without a weighting term to calculate the first-order

0=0

@ Springer

derivative of the log-posterior

d1ln (p(dsi | wsi, lsz‘)) ~1In (P(d:i_ | wsis lsi)) (80)

Ods; p(d; | wsi, Lsi)

where d; and d;.r are again the two discrete contour distances
that are closest to dg; (#). Because the variance is already con-
sidered in the energy function, we simply define a constant
curvature for the second-order derivative of the log-posterior

9% In (p(dsi | wsi, lsi)) 1 &)
ddy;? o

Knowing that constant scaling terms do not affect the New-
ton optimization, both the gradient vector and the Hessian
matrix can be multiplied with the step size o. Together with
the inverse variance that is already present in Eq. (78) and

(79), this results in exactly the same expressions for the gra-
dient vector and the Hessian matrix as defined in Sect. 3.5.
In conclusion, the derivation thus shows that weighting the
first-order derivative in Eq. (40) with a factor % i $ is the same

as using inverse-variance weighting and a constant curvature
of ai for the second-order derivative.
S

References

Besl, P. J., & McKay, N. D. (1992). A method for registration of 3-
D shapes. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 14(2), 239-256.

Bibby, C., & Reid, 1. (2008). Robust real-time visual tracking using
pixel-wise posteriors. In: European conference on computer
vision, pp 831-844.

Brachmann, E., Michel, F., Krull, A., Yang, M.Y., Gumhold, S., &
Rother, C. (2016). Uncertainty-driven 6D pose estimation of
objects and scenes from a single RGB image. In: IEEE Confer-
ence on computer vision and pattern recognition, pp 3364-3372.

Brox, T., Rosenhahn, B., Gall, J., & Cremers, D. (2010). Combined
region and motion-based 3D tracking of rigid and articulated
objects. IEEE Transactions on Pattern Analysis and Machine Intel-
ligence, 32(3), 402—415.

Bugaeyv, B., Kryshchenko, A., & Belov, R. (2018). Combining 3D model
contour energy and keypoints for object tracking. In: European
conference on computer vision, pp 55-70.

Comport, A. I., Marchand, E., Pressigout, M., & Chaumette, F. (2006).
Real-time markerless tracking for augmented reality: The virtual
visual servoing framework. IEEE Transactions on Visualization
and Computer Graphics, 12(4), 615-628.

Crivellaro, A., & Lepetit, V. (2014). Robust 3D tracking with descrip-
tor fields. In: IEEE conference on computer vision and pattern
recognition, pp 3414-3421.

Dambreville, S., Sandhu, R., Yezzi, A., & Tannenbaum, A. (2008).
Robust 3D pose estimation and efficient 2D region-based segmen-
tation from a 3D shape prior. In: European conference on computer
vision, pp 169-182.

Deng, X., Mousavian, A., Xiang, Y., Xia, F., Bretl, T., & Fox, D. (2021).
PoseRBPF: A Rao-Blackwellized particle filter for 6-D object pose
tracking. IEEE Transactions on Robotics.



International Journal of Computer Vision (2022) 130:1008-1030

1029

Drummond, T., & Cipolla, R. (2002). Real-time visual tracking of
complex structures. IEEE Transactions on Pattern Analysis and
Machine Intelligence, 24(7), 932-946.

Engel, J., Koltun, V., & Cremers, D. (2018). Direct sparse odometry.
IEEE Transactions on Pattern Analysis and Machine Intelligence,
40(3), 611-625.

Garon, M., & Lalonde, J. F. (2017). Deep 6-DOF tracking. /[EEE
Transactions on Visualization and Computer Graphics, 23(11),
2410-2418.

Harris, C., & Stennett, C. (1990). RAPID - A video rate object tracker.
In: Proceedings of the British machine vision conference, pp 15.1-
15.6.

Hexner, J., & Hagege, R. R. (2016). 2D-3D pose estimation of het-
erogeneous objects using a region based approach. International
Journal of Computer Vision, 118(1), 95-112.

Hinterstoisser, S., Lepetit, V., Ilic, S., Holzer, S., Bradski, G., Konolige,
K., & Navab, N. (2013). Model based training, detection and pose
estimation of texture-less 3D objects in heavily cluttered scenes.
In: Asian conference on computer vision, pp 548-562.

Huang, H., Zhong, F.,, Sun, Y., & Qin, X. (2020). An occlusion-aware
edge-based method for monocular 3d object tracking using edge
confidence. Computer Graphics Forum, 39(7), 399-409.

Kehl, W., Tombari, F., Ilic, S., & Navab, N. (2017). Real-time 3D model
tracking in color and depth on a single CPU core. In: IEEE con-
ference on computer vision and pattern recognition, pp 465-473.

Krainin, M., Henry, P., Ren, X., & Fox, D. (2011). Manipulator and
object tracking for in-hand 3D object modeling. The International
Journal of Robotics Research, 30(11), 1311-1327.

Krull, A., Michel, F., Brachmann, E., Gumhold, S., Thrke, S., & Rother,
C. (2015). 6-DOF model based tracking via object coordinate
regression. In: Asian conference on computer vision, pp 384-399.

Lankton, S., & Tannenbaum, A. (2008). Localizing region-based active
contours. [EEE Transactions on Image Processing, 17(11),2029—
20309.

Lepetit, V., & Fua, P. (2005). Monocular model-based 3D tracking of
rigid objects: A survey, vol 1. Foundations and Trends in Computer
Graphics and Vision.

Leutenegger, S., Chli, M., & Siegwart, R.Y. (2011). BRISK: Binary
robust invariant scalable keypoints. In: IEEE international confer-
ence on computer vision, pp 2548-2555.

Li, J. C., Zhong, F., Xu, S. H., & Qin, X. Y. (2021). 3D object track-
ing with adaptively weighted local bundles. Journal of Computer
Science and Technology, 36(3), 555-571.

Li Y, Wang G, Ji X, Xiang Y, Fox D (2018) DeepIM: Deep iterative
matching for 6D pose estimation. In: European conference on com-
puter vision, pp 695-711

Liu F, Wei Z, Zhang G (2021) An off-board vision system for relative
attitude measurement of aircraft. IEEE Transactions on Industrial
Electronics

Liu, Y., Sun, P., & Namiki, A. (2020). Target tracking of moving and
rotating object by high-speed monocular active vision. IEEE Sen-
sors Journal, 20(12), 6727-6744.

Lowe, D. G. (2004). Distinctive image features from scale-invariant
keypoints. International Journal of Computer Vision, 60(2), 91—
110.

Lucas BD, Kanade T (1981) An iterative image registration technique
with an application to stereo vision. In: Proceedings of the 7th
international joint conference on artificial intelligence, vol 2, pp
674-679

Mur-Artal, R., & Tardés, J. D. (2017). ORB-SLAM2: An open-source
SLAM system for monocular, stereo, and RGB-D cameras. IEEE
Transactions on Robotics, 33(5), 1255-1262.

Pauwels K, Rubio L, Diaz J, Ros E (2013) Real-time model-based rigid
object pose estimation and tracking combining dense and sparse
visual cues. In: IEEE conference on computer vision and pattern
recognition, pp 2347-2354

Prisacariu, V. A., & Reid, I. D. (2012). PWP3D: Real-time segmentation
and tracking of 3D objects. International Journal of Computer
Vision, 98(3), 335-354.

Prisacariu, V. A., Kihler, O., Murray, D. W., & Reid, I. D. (2015).
Real-time 3D tracking and reconstruction on mobile phones. /[EEE
Transactions on Visualization and Computer Graphics, 21(5),
557-570.

Ren, C. Y., Prisacariu, V. A., Kihler, O., Reid, I. D., & Murray, D.
W. (2017). Real-time tracking of single and multiple objects from
depth-colour imagery using 3D signed distance functions. Inter-
national Journal of Computer Vision, 124(1), 80-95.

Rosenhahn, B., Brox, T., & Weickert, J. (2007). Three-dimensional
shape knowledge for joint image segmentation and pose tracking.
International Journal of Computer Vision, 73(3), 243-262.

Rublee E, Rabaud V, Konolige K, Bradski G (2011) ORB: An efficient
alternative to SIFT or SUREF. In: IEEE International conference on
computer vision, pp 2564-2571

Sarlin PE, DeTone D, Malisiewicz T, Rabinovich A (2020) SuperGlue:
Learning feature matching with graph neural networks. In: IEEE
conference on computer vision and pattern recognition, pp 4937—
4946

Schmaltz, C., Rosenhahn, B., Brox, T., & Weickert, J. (2012). Region-
based pose tracking with occlusions using 3D models. Machine
Vision and Applications, 23(3), 557-577.

Seo, B., Park, H., Park, J., Hinterstoisser, S., & Ilic, S. (2014). Optimal
local searching for fast and robust textureless 3D object tracking in
highly cluttered backgrounds. IEEE Transactions on Visualization
and Computer Graphics, 20(1), 99-110.

Seo BK, Wuest H (2016) A direct method for robust model-based 3D
object tracking from a monocular RGB image. In: European con-
ference on computer vision workshop, pp 551-562

Stoiber M, Pfanne M, Strobl KH, Triebel R, Albu-Schaeffer A (2020)
A sparse gaussian approach to region-based 6DoF object tracking.
In: Asian conference on computer vision, pp 666—682

Sun X, Zhou J, Zhang W, Wang Z, Yu Q (2021) Robust monocular
pose tracking of less-distinct objects based on contour-part model.
IEEE Transactions on Circuits and Systems for Video Technology

Tan, D. J., Navab, N., & Tombari, F. (2017). Looking beyond the
simple scenarios: Combining learners and optimizers in 3D tem-
poral tracking. IEEE Transactions on Visualization and Computer
Graphics, 23(11), 2399-2409.

Tjaden, H., Schwanecke, U., Schomer, E., & Cremers, D. (2018).
A region-based Gauss-Newton approach to real-time monocular
multiple object tracking. IEEE Transactions on Pattern Analysis
and Machine Intelligence, 41(8), 1797-1812.

Vacchetti, L., Lepetit, V., & Fua, P. (2004). Stable real-time 3D tracking
using online and offline information. /EEE Transactions on Pattern
Analysis and Machine Intelligence, 26(10), 1385-1391.

Wagner, D., Reitmayr, G., Mulloni, A., Drummond, T., & Schmalstieg,
D. (2010). Real-time detection and tracking for augmented reality
on mobile phones. IEEE Transactions on Visualization and Com-
puter Graphics, 16(3), 355-368.

Wang C, Xu D, Zhu Y, Martin-Martin R, Lu C, Fei-Fei L, Savarese S
(2019) DenseFusion: 6D object pose estimation by iterative dense
fusion. In: IEEE conference on computer vision and pattern recog-
nition, pp 3338-3347

Wen B, Mitash C, Ren B, Bekris KE (2020) se(3)-TrackNet: Data-
driven 6D pose tracking by calibrating image residuals in synthetic
domains. In: IEEE/RSJ international conference on intelligent
robots and systems, pp 10367-10373

Whelan T, Leutenegger S, Moreno RS, Glocker B, Davison A (2015)
ElasticFusion: Dense SLAM without a pose graph. In: Robotics:
Science and systems

Wu, P.C,, Lee, Y.Y., Tseng, H.Y., Ho, H.I., Yang, M.H., & Chien, S.Y.
(2017). A benchmark dataset for 6DoF object pose tracking. In:

@ Springer



1030

International Journal of Computer Vision (2022) 130:1008-1030

IEEE international symposium on mixed and augmented reality,
pp 186-191.

Xiang, Y., Schmidt, T., Narayanan, V., & Fox, D. (2018). PoseCNN:
A convolutional neural network for 6D object pose estimation in
cluttered scenes. In: Robotics: Science and systems.

Yi, K.M., Trulls, E., Lepetit, V., & Fua, P. (2016). LIFT: Learned invari-
ant feature transform. In: European conference on computer vision,
pp 467-483.

Yilmaz, A., Javed, O., & Shah, M. (2006). Object tracking: A survey.
ACM Computing Surveys, 38(4), 13.

Zhao S, Wang L, Sui W, Wu H, Pan C (2014) 3D object tracking via
boundary constrained region-based model. In: IEEE international
conference on image processing, pp 486490

Zhong, L., & Zhang, L. (2019). A robust monocular 3D object tracking
method combining statistical and photometric constraints. Inter-
national Journal of Computer Vision, 127(8), 973-992.

@ Springer

Zhong, L., Zhang, Y., Zhao, H., Chang, A., Xiang, W., Zhang, S., &
Zhang, L. (2020). Seeing through the occluders: Robust monoc-
ular 6-DOF object pose tracking via model-guided video object
segmentation. I[EEE Robotics and Automation Letters, 5(4), 5159—
5166.

Zhong, L., Zhao, X., Zhang, Y., Zhang, S., & Zhang, L. (2020).
Occlusion-aware region-based 3D pose tracking of objects with
temporally consistent polar-based local partitioning. /EEE Trans-
actions on Image Processing, 29, 5065-5078.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.



	SRT3D: A Sparse Region-Based 3D Object Tracking Approach for the Real World
	Abstract
	1 Introduction
	1.1 3D Object Tracking
	1.2 Related Work
	1.3 Contribution

	2 Correspondence Line Model
	2.1 Correspondence Lines
	2.2 Probabilistic Model
	2.3 Discrete Scale-Space Formulation
	2.4 Smoothed Step Functions
	2.5 Posterior Probability Distribution

	3 Region-Based 3D Tracking
	3.1 Preliminaries
	3.2 Sparse Viewpoint Model
	3.3 Joint Posterior Probability
	3.4 Optimization
	3.5 Gradient and Hessian Approximation

	4 Implementation
	4.1 Sparse Viewpoint Model
	4.2 Color Histograms
	4.3 Tracking Process
	4.4 Occlusion Modeling

	5 Evaluation
	5.1 RBOT Dataset
	5.2 OPT Dataset
	5.3 Parameter Analysis
	5.4 Discussion

	6 Conclusion
	Appendix A Extended Probabilistic Model
	Appendix B Derivative of Log-Posterior
	Appendix C Closed-Form Posteriors
	Appendix D Inverse-Variance Weighting
	References




