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Abstract. We presert a tracking approach for textured surfaceswhich
recovers the object motion in 6 degreesof freedom. We assumean arbi-
trary but known surface shape, and an image of the object at a known
referencepose.We extend the 2-D tracking framework of Hager et al. [1]
to tracking in 3-D and under full perspective projection. The algorithm
is evaluated to ground-truth motion and shows high accuracy. Thanks
to problem-speci c optimizations we achive tracking at video-rate.

1 Intro duction

Three-dimensionalposeestimation of objects is a recurrent problem in robotics,
computer graphics, and computer vision. Especially applications for visual ser-
voing, augmerted reality, and human-madine interfacesbene t from real-time
tracking methods for arbitrary objects in 6 degreesof freedom(DoF). While the
task seemsto be solved for 2-D motion [1], researt is still ongoingin the eld
of 3-D tracking in video images.

Existing solutions are mainly based on the localization of a-priori known
arti cial or natural landmarks. Many approacdes rely on the correspondence
between edgeson the object and edgesin the perceiwed intensity image [2],
which are generallyabsen for free form surfaces.Other approachesemploy range
images computed by stereo algorithms [3] with all uncertainties and problems
assaiated with surfacereconstruction methods. Also optical o w coupledto 3-D
surfacemodelsis usedfor posetracking [4].

Someapproaches exist which apply a distortion model to a referenceimage
to recover the rigid object movemert. Diehl et al. [5] developed a fast method for
tracking of 4 DoF motion of planar objects. Cernusci-Frias et al. preseried in [6]
a model for estimating the parameters of simple parameterized surface models.
The approac is basedon an orthographic imaging model and the method has
beenewaluated only for up to 4 DoF geometric surfaces.

The approad of Seppet al. [7] is capableof tracking arbitrary shaped surface
patchesin 6 DoF in stereoimageswithout any prior knowledgeof surfacetexture
and under varying illumination conditions. This universality provesto be com-
putational much more expensive than approachesthat assumea referenceimage
of the object. For instance, La Cascia et al. [8] have deweloped an algorithm
which determinesa head's poseby minimizing the residual error of the surface



texture seenfrom a single camerato a referenceimage. Their approac di ers

from [1] in the numerical approximation of the Jacobian matrix of the surface
texture. Also Jurie et al. [9] approximate the Jacobian matrix by using simula-
tions of the surfacetexture under small posevariations. The tracking approad
of Belhumeur et al. [10] requires se\eral imagesof the object taken at di erent

posesto establishthe basisvectorsfor an optical- o w subspace.The coe cien ts
to thesevectorsare mapped onto a 6-DoF object motion under the orthographic
projection model. Lately, Buenaposadaet al. [11] preseried a tracking method
for planar objects under full perspective projection in real-time.

We extend the a ne tracking model of Hager et al. [1] to arbitrary shaped
objects under full perspective projection. The increasedcomputational require-
ments are tamed by applying problem-speci ¢ optimizations. Therefore, track-
ing in real-time is achieved not only for planar objects but also for general 3-D
shapes.

2 Tracking Framew ork

Our approad is basedon the framework for e cien t tracking developed by Hager
et al. [1] for 2-D motion. Accordingly, tracking is formulated as a minimization
problem for a least-squaresobjective function.

2.1 2-D Tracking Mo del

Let I (u;t) be a brightness value at image position u 2 IR? and time t. The
region to be tracked is de ned by the set of two-dimensional coordinates X =
fXo;X1;:;Xn 0. For avector 2 M of motion parameters, an image region is
warped to a template

L5 ) =1(F(x; )it) 82X ; 1)

where the motion model is expressecby the parametric function f : IR> M !
IR2. In the following, the warped image is denoted by the column vector

I(; t) = I(xo;;t);l(xl;;t);:::;I(xN;;t)T : (2)

The goal of the tracking processis to nd a posevector wich minimizes the
dissimilarity betweenthe warped image and the referenceimage, which is

o()= I(;t) I %t® % t>¢°: ©)

A linearization of | around ; t simplies this noncorvex objective function (3)
and leadsto the set of linear equations

GO TGY =1GoH T % G t+ ) (4)

which has to be solved at ewery tracking iteration for the poseincremernt
to the previous poseestimation . Here, | (; t) denotesthe jacobian of | and
I(; t+ ) isthe current image warped under the previous poseestimation



The e ciency for solving this system of equations is closely related to the
e ciency for computing the jacobian | (; t). Hager et. al rewrite the jacobian
under the image-constancyassumption! (x; ; t) = | x; %;t° and obtain

LG t)=1x x; %t f,000 )F () (5)

which is a term independet of the current image. Further simpli cations apply,
if a factorization

f G )f G )= () () (6)
can be found, where dependsonly on the surfacepoints and  dependsonly
on the current poseestimate. The set of linear equations (4) then reads

() MiMo () = ()TMZ I %t e+ ) o (D)
where My can be computed at startup basedon the referencetemplate, that is
Mo= Ix Xo; %t0  (Xo); Ix X1, Ot0  (x1);  lx xn; O%t0  (xy) |

®)

2.2 3-D Tracking Extension

In our model, the three-dimensional surface patch to be tracked is modeled as
an arbitrary setof three-dimensionalpoints X = fxg;Xq;::; XN g. The rigid body
transformation for a point x 2 IR® is described by

g(X; )=R( 0; 15 2)X+t( 35 4; 5) 9)

whereR( ¢; 1; 2) isarotation matrix andt( 3; 4; s) the translation for the
posevector =f o; 1; 2; 3, 4; 50.A point in spaceis mapped to the image
under the full perspective projection

0 1
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h(x)= -—+—;-2 ; = @kJ A 10
(x) kI x"kI x ' k% (10)

for the matrix K 2 IR® 3 of intrinsic cameraparameters.The modelf for motion
of the 3-D surfacepoints in the 2-D image plane is de ned by

f(x; ) =h(a(x; )) : (11)

Note that function f is not invertible and therefore, the 2-D tracking model does
not apply any longer. We examinethe derivatives of the surface-texture images

Ix(X; 5 1) = Ta(h(a(x; ))it) ha(g(x; )) Gu(x; ) (12)
I (x5 1) = Ta(h(a(x; )):t) ha(g(x; ) G(x; ) - (13)

where 11, hy, and g; denote the derivative of the corresponding function with
respect to the rst argumert. Therefore, the counterpart to (5) reads

LG =1 x; %t g b )aa(x; ) (14)



where |, is now a three-dimensional derivative of the surface texture. In our
tracking-model approad, the derivativesfor g are

&(x; )=R( o 15 2) (15)
g (X )= R xR xR x[lz 3 ; (16)

where subscript argumerts denote the assaiated partial derivative. Analogous
to (6) a factorization of g, 1(x; )g (x; ) can be found, where

0 1 0 ooo1
xT 0 0|x" 0 Olx" 0 0[100 5800
(x)=@0 x™T 0[0 x™T 0|0 x” 0|010A: ()_%o%sz 0§
T T T
0 0x"|0 0xT|0o 0x"|o01 cocR
(17)

Here and in the following, O denotesa zero submatrix of appropriate sizeand
s=vecR *( o; 1; 2R, (0; 1; 2) (18)

with vec() being the operator which concatenatesall rows of the matrix argu-
mert to a column vector.

2.3 3-D Tracking Optimizations

The matrix Mg in (7) isof sizeN 30and ( ) isofsize30 6, where usually
N 30. Therefore, the right-hand side of (7) requires the major computation
eort. The analysis of the structure of the matrices (x) and ( ), howewer,
leadsto the following optimizations.
First, thanks to the repetitiv e structure of (x) the matrix My can be written
as
Mo= LojLojLojLo (19)

Where the N 9 matrix Lg and the N 3 matrix Lg corresmnd to

lx xo; t° F(X) |x Xo; ; 0 0 1
0
%Ix X2; Ot F(X1)§ Lo %'x x2; % § F(X)—@OXT 0A:
T
Iy Xn; %t0 F(xy) e Xn: 910 0 0x
(20)

Then, consideringthe sparsity of (), we can substitute on the left-hand side
of (7)

0 1

Lilo o8 Lilo s1§ Lilo 2§ LiLo RT
T T :(B@ s Lilo ;18] Lilo s8] LiLo RT§.
() MoMo () sl LiLo &5, LiLo RTA”
R L{Lo RT

(21)



wherethe redundant ertries of the symmetric matrix are omitted. Furthermore,
on the right-hand side of (7) we can simplify

Mo ()= LojLostjlosjLoR * (22)

Sincethe matrices Ly and Lo are computed only oncefor the referenceimage, the
above problem-speci ¢ optimizations reducethe number of operations involved
in the computation of the linear equation system (7) substartially (seeTable 1).

before optimizations |after optimizations
#m ult. #add. #m ult. #add.
()" M{Mo ()| 6480 2462 459 390
()" M 180N 174N 36N 30N

Table 1. Number of oating point multiplications and additions for the computation
of (7) prior and after sparcity optimizations. N denotesthe number of surface points.

3 Exp erimental Results

We shaw in the following two typical experiments with realworld surfacepatches.
Our setting consistsof a camerawith a 56:5 horizontal and with a 48:8 vertical
aperture angle, and with known distortion coe cien ts. The resolution is set to
PAL with 576 lines per 768 columns at 25Hz The camerais mounted on a
passive manipulator which is synchronized with the capturing deviceto deliver
the exact position and orientation of the camera.The illumination on the object
is constart aswe move the camerawhile the object stands still.

The rst surfacepatch to betrackedis an 5:7cm 4cm  4cmedgeof a book.
The patch is sampled at intervals of 1mm leading to 4756 three-dimensional
surfacepoints.

The rst step of the experiment consistsof taking a referenceimage of the
surface patch and determining its initial pose.For this purpose,we manually
select4 coplanar points on the surfaceat known object coordinates and employ

Fig. 1. Reference images superimposed by the outlines of the surface patch to be
tracked. Left: surface patch for the book. Right: surface patch for the bottle.
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Fig. 2. Left: history of the mean squared error for an exemplary camera motion of the
book (top) and bottle (bottom). Middle: tracked model points for a rotation closeto
selfocclusion. Right: tracked model points in a closeupwith an arbitrary rotation.

a least-squaresminimization method to calculate the surface pose. Figure 1
shows the referenceimage with the localized surface points.

Given the referenceimage and referenceposeof the surface patch, we bring
the cameraonceagain closeto the referenceposeto start the tracking procedure.

Thanks to our e ciency optimizations, we measureonly 4 5msfor a single
iteration of the tracking algorithm on a standard Pertium4 computer running
at 2GHz. This correspondsto a high tracking rate of 200Hz The 4 5msalso
include the correction of 4756 screencoordinates for the lens distortion with a
polynomial of degree3. We perform 5 minimization stepsper full frame to cope
with the substartial object displacemen betweenframes. The remaining time is
usedfor the online visualization.

Figure 2 shaws the mean squarederror achieved at the end of ead frame for
an exemplary motion.

The secondsurface patch to be tracked is part of the label of an ordinary
1:5] soda bottle. The body of the object is modeled as a cylinder with a radius
of 4:615cm The patch itself is of size 6:7cm  6:7cm which is equivalent to a
segmen of 83:17 of the cylindrical body. We choose the origin to be in the
certer of the surfacepatch with the y-axis pointing to the top of the bottle and
the z-axis pointing in the direction of the surface normal. The surface patch is
sampledat intervals of 1mm leading to 4624 three-dimensional surface points.

The accuracyof the tracking results and the pull-in range of the minimization
method strongly depends on the objective function in the local neighbourhood
of the true pose. The plots shown in Fig. 3 reveal the preciselocation of the
minimum of this patch with respect to all parametersfor the referencepose.
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Fig. 3. Mean squarederror over the bottle referencepatch plotted around the reference
posefor rotations and translations along the x-, y-, z-axis.

Figure 4 shaws the estimated tra jectories of a tracking sessiontogether with
the real movemert of the surfacepatch. Real motion is calculated basedon the
referenceposeand the cameramovemert asmeasuredby the passive manipulator
mertioned above. The tracked translation shons a mean error of 3mm while the
tracked parametersfor object certered rotation reveal someoutliers but only a
mean error of 1 over the sequence.
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Fig. 4. Trajectories for an exemplary motion of the bottle surface patch. The solid line
depicts the ground-truth motion while the dotted line shows the tracked motion.

Two tracked posesfor ead of the exemplary surfacepatchesare documerted
in the snapshotsof Fig. 2 and demonstrate good tracking results even for a pose
closeto selfacclusion.



4 Conclusion and Outlo ok

We presert an extension of the tracking model of Hager et al. [1] capable of
tracking arbitrary shaped surfacesat a rate up to 200Hzon a standard personal
computer.

The tracking results are validated to ground-truth motion with a passiwe
medanical arm which measureghe cameraposewhile the object remains xed.
The tracked motion shows a mean residual error of 1 in rotation and 3mm in
the translation parameters.

Currently, our method works primarily in settings with stationary object and
moving camera, that is, under constart illumination conditions. Sudh settings
are usually encourtered in visual serwing applications. Future work is directed
towards the extensionto moving objects, where illumination changeshave to
be considered. Since image variation can be decomposedinto poseand illumi-
nation changes[10] the algorithm can be augmeried by a simple compensation
algorithm like [1] for complex shapesor [10] for nearly corvex objects.
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