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Robust Real-Time Visual Tracking Ustwy Prxel-Wese Pastariors, (156)

Wk, p) - tuke o pxel lopfim X i the obj@-t
tome and. woups o intp +he imago frome
accomg o pwameters p.

x: A pixel location in the object coordinate frame.

y: A pixel value (in our experiments this is a YUV value).

I: Tmage.

W(x,p): Warp with parmu(‘t('rs@

M = {My, M,}: Model parameter either foreground or background.

P(y|My): Foreground model over pixel values y.

P(y|M,): Background model over pixel values y.

— C: The contour that segments the foreground from background.

— ®(x): Shape kernel (in our case the level-set embedding function).

— Q= {Qf, Q}: Pixels in the object frame [{x0,y0}, ..., {xn,yn~}], which is
partitioned into foreground pixels €; and background pixels £2;.

— H.(z): Smoothed Heaviside step function.

— 0¢(2): Smoothed Dirac delta function.

Fig. 1. (Left): Representation of object showing: the contour C, the set of foreground
pixels £, the set of background pixels €2, the foreground model P(y|M; ), the back-
ground model P(y|M;) and the warp W(x, p); (Right): Graphical representation of
our generative model representing the image as a bag-of-pixels
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1. Initialize pose parameters. A = Ag
2. For each iteration:

(a) Apply 3D transformation to object.

(b) Project 3D model on to image plane. R

(c) For each local region: XeRX 4T
(1) Estimate local region statistics.

(i1) Calculate local energy gradient with respect to
pose parameters, VE,,.

(d) Fuse local region gradients, VE = f (VE)).

3D Surface Model

(e) Find optimal step size, s. Image ()
(f) Update pose parameters A=A—sVE. Fig. 5 Driller object projection onto the image plane
Background PDF RGB channels Foreground PDF RGB channels
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Fig. 8 Example of a local region extraction, divided into the local
foreground (red) and local background (blue) (Color figure online) £3§
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Figure 2. Overview of our pose estimation setting. Left: The ob-
ject pose 1" relative to a camera based on color image /. and a 3D
model of the object. Right: Silhouette [ generated by projecting
the surface model into the image plane using an estimated pose 7'.
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Pose Detection

In order to cover different scales, each of these
48 base orientations is used to generate a
template at a close, an intermediate and a far
distance to the camera, resulting in overall 144
base templates.

*e

Figure 5. The template views used for pose detection. Left: A sub-
divided icosahedron generates the outer plane rotation of the tem-
plate views. Red dots indicate vertices corresponding to the base
templates, blue dots indicate those provided by subdivision used
for the neighboring templates. Right: An example base template
visualized by the corresponding H.(P) (grey pixels) with the local
histogram regions depicted (colored circles) along the contour.



Reed-Trme 3D Model Tacking in (olov and Depth on a Sygle CPU Loz (2011)

3.4. Approximating for real-time tracking

Computing the SDF from Eq. 3.1 has already three
costly steps. We need a silhouette rendering €2 of the cur-
rent model pose, an extraction of the contour C' and lastly,
a subsequent distance transform embedding ¢. While [29]
perform GPU rendering and couple computation of the SDF
and its gradient in the same pass to be faster, [! 7] perform
hierarchical ray-tracing on the CPU and extract the contour
via Scharr operators. We make two key observations:

1. Only the actual contour points are required

2. Neighboring points provide superfluous information
because of similar curvature

We thus propose a cheap yet very effective approximation
of the model render space that avoids both online rendering
and contour extraction. In an offline stage, we equidistantly

sample viewpoints V; on a unit sphere around the object
model, render from each and extract the 3D contour points
to store view-dependent sparse 3D sampling sets in local
object space (see Figure 4). Since we will utilize these
points in 3D space, we neither need to sample in scale nor
for different inplane rotations. Finally, we store for each
contour point its 2D gradient orientation and sample a set
of interior surface points with their normals (see Figure 5).

In a naive approach, all involved terms from Eq. 7 would
be computed densely, i.e. Vo € €, which is prohibitively
costly for real-time scenarios. The related work evaluates
the energy only in a narrow band around the contour since
the residuals decay quickly when leaving the interface. We
therefore propose to compute Eq. 8 in a narrow band along
a sparse set of selected contour points where we compute ¢
along rays. Each projected contour point shoots a positive
and negative ray perpendicularly to the contour, i.e along
its normal. Building on that, we introduce the idea of ray
integration for 3D contour points such that we do not create
pixel-wise but ray-wise Jacobians which leads to a smaller
reduction step and a better conditioning of the normal sys-
tem in Eq. 9 than [ 7] and their approach.

To formalize, we have a model pose R, t] during track-
ing and avoid rendering by computing the camera position
in object space O := —RTt. We normalize to unit length
and find the closest viewpoint V'* quickly via dot products:

V* = argmax(V;, O/||0||). (16)
v,

Each local 3D sample point of the contour X; from V*
is then transformed and projected to a 2D contour sample
point z; = w(RX; + t) which is then used to shoot rays
into the object interior and into the opposite direction.

To get the orientation of each ray, we cannot rely any-
more on the value during pre-rendering since the current
model pose might have an inplane rotation not accounted
for. Given a contour point with 2D rotation angle 6 dur-
ing pre-rendering, we could embed it into 3D space via
v = (cosf,sin@,0) and later multiply it with the current
model rotation R. Although this works in practice, the pro-
jection of I - v onto the image plane can be off at times. We
thus propose a new approximation of the inplane rotation
where we seek to decompose R = R, piane - Reanonicat S-t.
one part describes a general rotation around the object cen-
ter in a canonical frame and the other a rotation around the
view direction of the camera (i.e. inplane) . Although ill-
posed in general, we exploit our knowledge about the clos-
est viewpoint by assuming_]?,.u,,,,,,,,-,.,,, ~ Ry - and propose
to approximate a rotation R on the xy-plane via

R:=R-RJ.. (17)

We then extract the angle § = acos(R.1) via the first ele-
ment. With larger viewpoint deviation |[V* — ﬂ%”| , this
approximation worsens but our sphere sampling is dense
enough to alleviate this in practice. We re-orient each con-
tour gradient g; := (¢; + #) mod 27 and shoot rays to
compute the residuals and % from Eq. 7 (see Figure 5 to
compare the orientations and the bottom row in Figure 2 for

the SDF rays).
The final missing building block is the derivative of the

SDF 3—": which cannot be computed numerically since we
are missing dense information. We thus compute it geomet-
rically, similar to [ 1 7]. Whereas their computation is exact
when assuming local planarity by projections onto the prin-
cipal ray, our approach is faster while incurring a small er-
ror which is negligible in practice. Given aray r = (r,,7,)
from contour point p = (p,, p,) we compute the horizontal
derivative at ¢(p, + r,,p, + r,) as central difference

NPz + 72 + 1, py +1y)|| = [|(Pz + 72 = 1,py + 1)l|
2

The vertical derivative is computed analogously. Like the
related work, we perform all computations on three pyramid
levels in a coarse-to-fine manner and shoot the rays in a
band of 8 steps on each level. Since we shoot two rays per




Figure 4. Object-local 3D contour points visualized for three view-
points on the unit sphere. Each view captures a different contour
which is used during tracking to circumvent costly renderings.

mented with contour and interior sampling points. The hue repre-
sents the normal orientation for each contour point. Note how we
rotate the orientation of each contour point by our approximation
of the inplane rotation such that the SDF computation is proper.
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Fig. 3. An overview of our region-based pose estimation setting for a single object. Left: The object pose T relative
to a camera based on a color image . and a 3D model of the object. Middle: The object’s silhouette I, generated by
projecting the 3D surface model into the 2D image plane using an estimated pose 7. Right: A combined 2D/3D plot of
the level-set pose embedding ®(x) in form of an Euclidean signed distance transform of the projected silhouette.
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4.1 Rendering Engine

We use the standard rasterization pipeline of OpenGL in order
obtain the silhouette masks /. Since we want to process the
rendered images on the CPU, we perform offscreen rendering
into a FrameBufferObject, which is afterwards downloaded to
host memory. To generate synthetic views that match the real
images, the intrinsic parameters (@) of the camera need to
be included. For this, we model the transformation from 3D
model coordinates X to homogeneous coordinates within the
canonical view volume of OpenGL as V = P(K)LTX € R*.
Here, L is the so-called look-at matrix

1 0 0 0
=10 10 DI i
L=1o o -1 ol R (36)

0 0 0 1

that aligns the principal axes of the real cameras coordinate
frame with those of the virtual OpenGL camera and P(K) is
a homogeneous projection matrix

o 0 1-2= 0
- 0 - 1-24 0 ey
P(]\) = 0 0 Zi+2~ 2ZsZn € R 5
T Zi—Zn  Z;—2n

0 0 -1 0

(37

with respect to the camera matrix K. The scalars w, h are
the width and height of the real image I. and Z,,, Z; are the
near- and far-plane of the view frustum described by P(K).
In case of tracking multiple objects, all 3D models are
rendered in the same scene. Each mesh is rendered with a
constant and unique color that corresponds to its model index
j. This allows to separate the individual foreground regions

and identify their contours C’ as required for computing
the different level-sets. Here, mutual occlusions are natively
handled by the OpenGL Z-Buffer.

As seen in (34), the derivatives used for pose optimization
involve the coordinates of the 3D surface point X’ in the
camera’s frame of reference, corresponding to each pixel x.
In addition to the silhouette mask, we therefore also download
the Z-buffer into a per pixel depth map I : Q@ — [0,1] C R.
Given I, the required coordinates are efficiently determined
via backprojection as X'(x, I;) = D(x, I;) K ~'%, with

D(x.Is) = =,

=— - _ Vxey, (38)
Zs — La(x)(Zs — Zn) d

where X = [r,y,1]T is the homogeneous representation of an
image point x = [z,y]".

In [26] it has been shown that it is beneficial not only to
consider the points on the surface closest to the camera but also
the most distant ones (on the backside of the object) for pose
optimization. In order to obtain the respective coordinates for
each pixel, we compute an additional reverse depth map I},
for which we simply invert the OpenGL depth check used to
compute the corresponding Z-buffer (see Figure Ep Given I},
the farthest surface point X'(x, I}) corresponding to a pixel
x is also recovered as X'(x, I}) = D(x, [})K~'x.

Fig. 6. The two depth map types used within our ap-
proach, where brighter pixels are closer to the camera.
Left: The usual depth map I, corresponding to the closest
surface points. Right: The reverse depth map I} corre-
sponding to the most distant surface points.



Pixel-Wise Weidfrted Repjion-Basel 20D OJ)]ed: Tracking using Cortour (arstants (002])

By projecting 3D model into image plane with a given pose, we obtain the silhouette
mask | s, in which the projected contour segments the image into the foreground region
Qf and the background region Q b . At each projected contour point m i, the search line
| i is sampled along the direction vector n i which is perpendicular to the projected
contour. The j -th sampling pixel of the search line | i is denoted by x ij . s i is the object
contour point. The object pose that transforms a 3D model point in the object
coordinate to the camera coordinate is represented by a 4 x 4 homogeneous matrix

T =
=57

X=l K LT ))

AT s pamme('erfzz(. @ p;EW: W, ws V,; vV, VsJT

Background ()
¢ Object contour Lij

.
N

Projected contour

Foreground Qf

Fig. 2. The silhouette mask 7 generated by projecting the 3D model into
the image plane.
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we build a bundle image | b by simply stacking each search line. As shown in Fig. 3,

each row of | b is the sampling pixels x ijof the search line I i.
~
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Fig. 3. Example of the search lines and the bundle image. (a) The search
lines (green lines) are sampled around the projected contour (red curve).
(b) Part of the bundle image I,, which is built by stacking the search
lines. (c) Foreground probability map 7,, of the bundle image I;,.



we assume that the object contour point s i is in the location where the foreground
probability changes rapidly. Then the candidate point h ij can be computed by 1D
convolution of a 1 x 3 filter kernel f =[-1, 0, 1] at each row of | p .

hi = C]L* ]-P) (50> &

(5 ie dhe luegton o 1o,

The candidate contour point h ij can be extracted if the convolution value is larger
than the threshold .

Wobbility of (ortowr  Foirt

For o sumplvgy porst K, he [oft owan g ¢ dobwmed s [ X5, Koy Xij3)
Vlzfj;ﬂ' @K‘B‘ ( Kl‘,j—ﬂ ’ \(r‘\;‘ﬂ, 5 X,‘J‘,{—_g p)

PChi 1e) =T Pbcx;;)xﬁ ot Pt Cxs3)
the prolmhilety Ky & 8u v&ny
Hoct e cadd poort lv,j elngs tp the contour

POzl ) =T  Pitky T PEC&Y
e be[mgﬁ X € Oyg Xy € By

fo the Poegrowdl cletter point
ho bolmys 06 P4 Ky € Dy
fo 4he hckgrawd  (lutter poit

The nsmalized  probusbiy Bt Gio comdidite ot Wy bolw & e Dbbrt (attae pport .

P Chg )= PChy Lc)
PChs 1cO+ Plhy IF) =+ plhg | B

Weight Tomchin wbwy Cortowy  (onctyents

We () = { explR Cl= PLs|CY, HSi+d
exp (R J otherwrse
If P(s i | C) is small, the search line | i is likely to be influenced by partial occlusions or

ambiguous colors, then we reduce the weights of all sampling pixels x ij on the search
lineli.



where k 1 is a negative constant that controls the rate of decay, so that the weight
function w c (x ij ) decays exponentially with 1 — P(s i | C).

Wi (i) = 4 PR D (x5.65)) A SED  Diku.s) =lXG -G I/ N
explk) ) ptherwice gt
WA/L['?)Q[[

Since sampling pixels far from the object contour are more likely to be influenced by
partial occlusions and cluttered backgrounds, we reduce the weights of the sampling
pixels far from the object contour.
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TABLE 3
Average runtime (in ms) of each step for one frame on RBOT dataset.
Please see the text for more explanations.

Method RD PP SL CS DT PO HU | Total
[25] 185 4.6 - - 2.1 2.2 6.2 33.6
Ours 186 44 15 0.7 - 1.9 6.2 S9.0
RD: rendermy

PP pixelwise pogterior probabilety caulotiom
SL: sawch |me 4am|>lm/g

C4: o[pj@g& contony pD.‘n-LS mh,w_@

DT: signed distonce  tvomstorm

PO : poe optimizction

HU: hrS‘ngmm M.P—p{&d?e
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intensity in red indicates the magnitude of the pixel-wise posterior py; for each pixel.
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3. levwte over all fmmes
3.1 ExewteMeaswed TrackingCycle

To find the final pose, the process is repeated 7 times, starting each time with the retrieval of a new template view.

The first and second iterations use a scale of s = 5 and s = 2, respectively. For all other iterations, the scale is set to
s = 1. Examples of different scales are shown in Fig. 1. The specified scales have the effect that in the first iteration
a large area with low resolution is considered while short lines with high resolution are used in later iterations.
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Fig. 2 Correspondence line defined by a center ¢ and a
normal vector n. The illustration shows pixels along the cor-
respondence line as well as the foreground region ws in yellow @

and the background region wy, in blue. The contour distance

d points from the correspondence line center to an estimated {Y;Uj Sa Soumple,
contour, indicated by a dashed line.
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Fig. 3 Example of the relation between the unscaled space
r along the correspondence line and the scale-space rs. Neigh-
boring 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 con-
tour 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.
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Fig. 4 Smoothed step functions hf and hjp that model

the conditional line coordinate probabilities p(r | d, m¢) and
p(r | d,my). The functions h¢(x) = % i %mn_l (%) and

hy(x) = % + %Lml*' (#) used by ‘Zh(mg et nl.l (1:2()2(”);)
and [Tjaden et al. (2018) are illustrated by dash-dotted gray
lines. The definitions h¢(x) = % - %t,;ulh (3;*1.) and hy(z) =
%+% tanh (ﬁ) from our previous work (Stoiber et al. 2()2()p
are shown as dashed yellow lines. In both plots, the slope pa-

rameter s, = 1 is used. For the proposed functions in Eq. ({12}

and |D solid red lines correspond to oy, = l‘ and s, = 1,

while dotted blue lines show the functions for «y = l‘ and

ap g:8p =1 ap ;]; y8p — 0 sn — 0. In addition to visualizing the definitions from our
previous work, the dashed yellow lines illustrate the proposed

functions for ay, = % and s, = 1.
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Fig. 4 Smoothed step functions hy and hy, that model
the conditional line coordinate probabilities p(r | d,m¢) and
p(r | d,my). The functions h¢(xz) = % — %tnn_l (%) and
hy(z) = % + %t,zm_] (#) used by |Zhong et al. 12()2()l)|)

and [Tjaden et al| (2018) are illustrated by dash-dotted gray
lines. The definitions h¢(x) = % - %tnnh (ﬁ) and hy,(z) =

3+ 3 tanh (31—.) from our previous work (Stoiber et al.l, 2()2()[)

are shown as dashed yellow lines. In both plots, the slope pa-

> rameter s;, = 1 is used. For the proposed functions in Eq.

T and , solid red lines correspond to oy, = % and sy, = 1,

while dotted blue lines show the functions for a) = % and

ap = 3,8, =1 h=%5,—0 sn — 0. In addition to visualizing the definitions from our

previous work, the dashed yellow lines illustrate the proposed

functions for ay, = % and sy, = 1.
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Fig. 5 First-order derivatives of the log-posterior with re-
spect to the contour distance d for different slope and am-
plitude parameters s, and aj. The solid red line shows the
derivative for ap, = % and sy, = 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 ay, = %
and sy = 1. This produces a linear first-order derivative. Fi-
nally, using a; = % and s;, — 0 results in a perfect step

function illustrated by the dotted blue line.
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Fig. 6 Posterior probability distributions for different slope
and amplitude parameters s, and ay. The solid red line shows
the function for o = % and sy, = 1, which leads to a very
flat distribution. Note that the function was computed nu-
merically. Using ay, = % and sy = 1 results in a Gaussian
distribution shown by the dashed yellow line. The parame-
ters ap = % and s — 0 yield a Laplace distribution for the
posterior probability that is illustrated by a dotted blue line.
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Fig. 8 Correspondence lines defined by a center ¢; and a
normal vector n;. Variated contour distances d; are measured
along the correspondence lines from the centers ¢; to the pro-
jected 3D model points ¢ 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 indi-
cated by a dotted line. The current estimate of the contour
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 §2}, 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.
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Fig. 9 Discrete posterior probability distribution with noisy
measurements. For global optimization, the distribution is ap-
proximated by a normal distribution N(ds; | pi,o?). The
normal distribution and its mean p; are illustrated in blue.
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approximate the first-order derivative, are colored in red.
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Fig. 5 First-order derivatives of the log-posterior with re-
spect to the contour distance d for different slope and am-
plitude parameters s, and aypn. The solid red line shows the
derivative for ap = % and sy, = 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 a, = %
and sy = 1. This produces a linear first-order derivative. Fi-
nally, using a; = % and sy, — 0 results in a perfect step
function illustrated by the dotted blue line.
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Fig. 6 Posterior probability distributions for different slope
and amplitude parameters sy, and ay,. The solid red line shows
the function for a, = £ and sy = 1, which leads to a very
flat distribution. Note that the function was computed nu-
merically. Using o) = % and sy = 1 results in a Gaussian
distribution shown by the dashed yellow line. The parame-
ters an = % and sy — 0 yield a Laplace distribution for the
posterior probability that is illustrated by a dotted blue line.
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Algorithm 1 Tracking Step

1: Update camera image

2: for:=1,2,...,7do 4=[g5 > 1|, 1,17

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; | wsi,lsi)
¢ for = 1,2 do

8: Calculate gradient g and Hessian H

9: Estimate variation § and update pose ¢T'm
10: end for

11: end for

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

1. continuous distances from the sparse viewpoint model are used to reject
correspondence lines with distances that are below 6 segments.

2.an offset of one pixel, the first 18 pixels are considered in both the positive
and negative direction of the normal vector.

3. the posterior probability distribution p(d si | w si,l |) is evaluated at 12
discrete values d si € { -5.5, 4.5, ...,5.5}. dictibvronnuwn = 12

4. In the calculation, we use 8 precomputed values for the smoothed step

functions h f and h b, corresponding to x%{ -3.5,-2.5,...,3.5}. {wmcﬁm_nwvw =&
=Vs; —ds:

5.Also, a minimal offset Ari is chosen such that the line coordinates r i point

to pixel centers while the scaled line coordinates r si ensure matching

values for x = r si — d si . In our case, this means that r sic Z.

6. 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 a s = 1.3.
As regularization parameters, we use Ar =5000 and At = 500000.
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