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Method for determining the pose of a camera

with respect to at least one real object

The present invention relates to a method for determining the pose of a camera with

respect to at least one real object. A camera is operated for capturing a 2-

dimensional image including at least a part of a real object, and in the determination

process, the pose of the camera with respect to the real object is determined using

correspondences between 3-dimensional points associated with the real object and

corresponding 2-dimensional points of the real object in the 2-dimensional image.

Background of the invention

Augmented Reality Systems permit the superposition of computer-generated virtual

information with visual impressions of the real environment. To this end, the visual

impressions of the real world are mixed with virtual information, e.g. by means of

semi-transmissive data glasses or by means of a head-mounted display worn on the

head of a user. The blending-in of virtual information or objects can be effected in

context-dependent manner, i.e. matched to and derived from the respective envi¬

ronment viewed. As virtual information, it is basically possible to use any type of

data, such as texts, images etc. The real environment is detected e.g. with the aid of

a camera carried on the head of the user.

When the person using an augmented reality system turns his or her head, tracking

of the virtual objects is necessary with respect to the changing field of view. The

real environment may be a complex apparatus, and the object detected can be a sig¬

nificant part of the apparatus. During a so-called tracking process, the real object

(which may be an object to be observed such as an apparatus, an object provided

with a marker to be observed, or a marker placed in the real world for tracking pur

poses) detected during initialization serves as a reference for computing the position

at which the virtual information is to be displayed or blended-in in an image or pic

ture taken up by the camera. For this purpose, it is necessary to determine the pose

of the camera with respect to the real object. Due to the fact that the user (and con-



sequently the camera when it is carried by the user) may change his or her position

and orientation, the real object has to be subjected to continuous tracking in order to

display the virtual information at the correct position in the display device also in

case of an altered pose (position and orientation) of the camera. The effect achieved

thereby is that the information, irrespective of the position and/or orientation of the

user, is displayed in the display device in context-correct manner with respect to

reality.

One of the problems in the field of augmented reality is the determination of the

head position and the head orientation of the user by means of a camera that is

somehow associated with the user's head. Another problem may be determining the

position and orientation of the camera inside a mobile phone in order to overlay in

formation on the camera image and show the combination of both on the phone's

display. To this end, in some applications the pose of the camera with respect to at

least one real object of the captured real environment is estimated using the video

flow or image flow of the camera as source of information.

Pose estimation is one of the most basic and most important tasks in Computer Vi

sion and in Augmented Reality. In most real-time applications, it needs to be solved

in real-time. However, since it involves a non-linear minimization problem, it re

quires heavy computational time.

Summary of the invention

It is therefore an object of the present invention to provide a method for determin

ing the pose of a camera with respect to at least one real object which is capable to

be computed by a data processing means with rather low computational time.

The invention is directed to a method for determining the pose of a camera with re-

spect to at least one real object according to the features of claim 1. Further, the in

vention is directed to a computer program product as claimed in claim 12.



According to an aspect, the invention concerns a method for determining the pose

of a camera with respect to at least one real object, the method comprising the steps

of:

- operating the camera for capturing a 2-dimensional (or 3-dimensional) image in-

eluding at least a part of a real object,

- providing correspondences between 3-dimensional points associated with the real

object and 2-dimensional (or 3-dimensional) points of the real object in the 2-

dimensional (or 3-dimensional, respectively) image; for example, the coordinates of

the 3D points may be measured on the real object or come from the 2D technical

drawing of the real object or are determined thanks to a 3D CAD model of the ob¬

ject, while the 2D points coordinates may generally be determined thanks to some

standard image processing techniques such as feature points extraction (corner

points, edge points, scale invariant points, etc.),

- determining an initial estimate of the transformation matrix (that will be later used

to determine the pose) as an initial basis for an iterative minimization process used

for iteratively refining the transformation matrix,

- determining a Jacobian matrix which includes information regarding the initial

estimate of the transformation matrix and reference values of 3-dimensional points

coordinates associated with the real object; for example, the Jacobian matrix may

be estimated numerically using for example the finite difference method or analyti¬

cally by assuming a certain camera projection model (in our case we determine it

analytically assuming the pinhole camera model),

- in the iterative minimization process, in each one of multiple iteration loops de¬

termining a respective updated version of the transformation matrix based on a re-

spective previous version of the transformation matrix and based on the Jacobian

matrix, wherein the Jacobian matrix is not updated during the iterative minimiza¬

tion process, and

- determining the pose of the camera with respect to the real object using the trans¬

formation matrix determined at the end of the iterative minimization process.

In an embodiment of the invention, the iterative minimization process involves the

algorithm of Gauss-Newton or the algorithm of Levenberg-Marquardt.



In a further embodiment of the invention, the iterative minimization process in¬

volves a compositional update process in which the respective updated version of

the transformation matrix is computed from a multiplication between a matrix built

with update parameters of the respective previous transformation matrix and the

respective previous transformation matrix.

In a further embodiment, Lie Algebra parameterization is used in the iterative mini¬

mization process.

Further embodiments of the invention are set forth in the dependent claims.

Brief Description of the Drawings

Aspects of the invention will be discussed in more detail in the following by way of

the Figures illustrating embodiments of the invention, in which

Fig. 1 shows a schematic visualization of a scene comprising a real object ob¬

served by a camera and a camera image displaying a 2-dimensional repre¬

sentation of the real object,

Fig. 2 shows a process according to the Gauss-Newton algorithm adapted for de¬

termining a transformation matrix T which is appropriate for determination

of the pose of the camera according to Fig. 1,

Fig. 3 shows a possible computational implementation of the process according

to Fig. 2,

Fig. 4 shows a process according to the Levenberg-Marquardt algorithm adapted

for determining a transformation matrix T which is appropriate for deter-

mination of the pose of the camera according to Fig. 1,

Fig. 5 shows a possible computational implementation of the process according

to Fig. 4,



Fig. 6 shows a possible implementation of the Gauss-Newton algorithm for non¬

linear pose estimation where the Jacobian matrix is pre-computed and the

update is done in a compositional fashion,

Fig. 7 shows a further possible implementation of the Gauss-Newton algorithm

for non-linear pose estimation where the pseudo-inverse matrix is pre-

computed as well,

Fig. 8 shows a possible implementation of the Levenberg-Marquardt algorithm

for non-linear pose estimation where the Jacobian matrix J and the matrix

JTJ are pre-computed and the update is done in a compositional fashion,

Fig. 9 shows a further possible implementation of the Levenberg-Marquardt algo¬

rithm for non-linear pose estimation where the Jacobian J and the matrix

JTJ are pre-computed and the update is computed using the pseudo-inverse,

Fig. 10 shows a further possible implementation of the Levenberg-Marquardt algo¬

rithm for non-linear pose estimation where some more pre-computations

have been done,

Fig. 11 shows a set of equations m x L Pi* = 0 as referred to in more detail below.

Detailed description of embodiments

Fig. 1 shows a schematic visualization of a scene comprising any kind of a real ob¬

ject 3 (in the present example in the form of a cube) comprising 3D points Pi*

which is observed by a camera 1. The camera 1 is coupled with a data processing

means 2, which may be any kind of computational processor which is appropriate

for processing digital images provided by the camera 1. For example, the camera 1

and the processor 2 may be included in the same device, such as a mobile telephone

or any other mobile device, or may be incorporated in respective distributed devices

coupled in wired or wireless manner. The camera generates one or more camera im

ages 4 displaying a 2-dimensional representation 5 of the real object 3 having 2D

points pi. The representation of the object in the image is not restricted to the ap-



pearance of the object as a photometric response to the light of the visible spectrum

reflected from the object (which corresponds to the standard image acquired by

standard commercial cameras). The representation of the object can also be its re

sponse to other portions of the electromagnetic light. It can also be for example an

image obtained with infrared camera, thermal camera or even a Time Of Flight

(TOF) camera. In the case of Time Of Flight camera, the depth of the image points

can be directly measured: these cameras emit a modulated infrared light and deliver

an amplitude image (which is the amplitude of the reflected signal at every pixel)

and a distance image (which is the phase shift between the emitted and the reflected

signal). Another camera system may combine 2 cameras to acquire an image includ¬

ing 3D depth information. Also other systems are imaginable, which provide image

information combined with 3D or depth-data (e.g. a combination of a TOF-camera

and a color camera or a color camera with a laser-scanner).

In this way, an appropriate camera may capture a 3-dimensional image and a trans

formation matrix may be provided which includes information regarding a corre

spondence between 3-dimensional points associated with the real object and corre

sponding 3-dimensional points of the real object as included in the 3-dimensional

image.

In a tracking process, the aim is to determine the pose of the camera 1 with respect

to the real object 3, the pose being computed using the transformation matrix T be¬

tween the camera coordinate system 11 and the world coordinate system 13 associ¬

ated with the real object 3 . The information thus obtained serves as reference for

computing the position at which virtual information is to be displayed or blended-in

in an image 4 taken up by the camera. Continuous tracking of the real object 3 is

performed when the relative position and/or orientation between the user or the

camera 1 and the real object 3 changes.

Given the coordinates of the set of 3D points Pi* (expressed in the world coordinate

system 13, for the sake of simplicity, in the Fig. 1 the world coordinate system is

chosen superimposed with the real object coordinate system) and the coordinates of

their 2D projections p j in the image (expressed in the image coordinate system 14),

the objective is to determine the camera pose in the world coordinate system 13: the



position and the orientation of the camera 1 in the world coordinate system 13.

(Remark: with a Time Of Flight camera or stereo camera, it is possible to get the

depth of the 2D projections, we then have access to the complete 3D coordinates of

the considered points in the coordinate system attached to the camera).

The coordinates of the 3D points Pi* can for example be manually measured on the

real object or coming from the 2D technical drawing of the real object or deter¬

mined thanks to 3D CAD model of the object. While the 2D point coordinates p i are

generally determined thanks to some standard image processing techniques such as

feature extraction (corner points, edge points, scale invariant points, etc.). The

correspondences between the Pi* and p are obtained thanks to standard computer

vision method generally based on geometric properties of the 3D points and the use

of special geometric spatial distribution of the points and their neighbourhood. It

can also be based on some knowledge of the appearance of the 3D points in the im-

age based on a manually labelled set of images called keyframes (we then have dif¬

ferent possible appearance of the object and the 3D points lying on it in images ac¬

quired under different viewpoints). In that case, approaches using for example de¬

scriptors (e.g. David G. Lowe: "Distinctive Image Features from Scale-Invariant

Keypoints In: International Journal of Computer Vision", Vol. 60, Nr. 2, pages 91-

110, 2004) or classifiers (e.g. V . Lepetit and P. Fua, Keypoint Recognition using

Randomized Trees. IEEE Transactions on Pattern Analysis and Machine Intelli

gence, Vol. 28, Nr. 9, pages 1465-1479, 2006) could be used to establish the corre

spondences. For example, correspondences between the 3D points and 2D points

are established between the real object and the keyframes (2D< 3D). And in order

to establish the correspondences between the real object and the image in hand (im¬

age 4), only 2D< 2D correspondences are then needed. In case, a textured 3D CAD

model of the object is available, it can be used during the process of determining the

correspondences for example by synthetically generating the keyframe images in¬

stead of acquiring them with a camera.

The position of the camera is also called translation of the camera and it can be rep¬

resented using a (3x1) vector t as known by the skilled person. The orientation of

the camera is also called rotation of the camera and it can be represented with a

(3x3) rotation matrix R as also known by the skilled person. The rotation matrix R



is a matrix that belongs to the so-called Special Orthogonal group SO(3) which is

known to the person skilled in the art. The SO(3) group is the group of (3x3) matri¬

ces verifying: Rτ R = Id and det(R) = 1, Id is the identity matrix (which is a (3x3)

matrix with ones on the main diagonal and zeros elsewhere and det stands for the

determinant of the matrix).

The camera pose in the world coordinate system 13 can be written using a (4x4)

matrix

T [R t]

[0 1]

This matrix T is called the transformation matrix and it is in the Special Euclidean

group SE(3). It has 6 degrees of freedom: 3 degrees of freedom for the translation

and 3 degrees of freedom for the rotation.

The above is basically known to the skilled person and is described in, e.g., "Rich¬

ard Hartley and Andrew Zisserman, Multiple View Geometry in Computer Vision",

Cambridge University press, second edition, 2003 (see for example Chapter 3,

pages 65-86).

The image projection can be summarized as follows:

At a certain pose T of the camera, a 3D point Pi* = [Xi*,Yi*,Zi*,l] expressed in

the world coordinate system 13 (where Xi* is the coordinate along the x-axis, Yi*

is the coordinate along the y-axis and Zi* is the coordinate along the z-axis) is first

projected on the normalized plane as a "normalized" points nij = [xi,yi,l] =

[Xi/Zi,Yi/Zi,l] where [Xi,Yi,Zi,l] = T[Xi*,Yi*,Zi*,l], and where xi, yi are the co¬

ordinates of the 2D point in the normalized plane. The normalized plane is the plane

orthogonal to the z-axis of the camera coordinate system (corresponding to the opti¬

cal axis of the camera) and the distance between this plane and the optical center of

the camera is 1 distance unit. It is only a mathematical concept allowing the expres¬

sion of the point coordinates as a simple projection of the 3D points without the

need of the camera intrinsic parameters (see below). (Remark: with a Time Of



Flight camera or a stereo-camera, it is possible to get the 3D coordinates of the

transformed points in the coordinate system attached to the camera, i.e. it is possible

to measure directly [Xi,Yi,Zi,l]).

Then mj is projected into the camera image as p i = [ui,vi,l] = K m where the matrix
K is the (3x3) camera intrinsic parameter matrix

K= [fx s uO]

[0 fy vθ]

[0 0 1]

The parameters fx and fy are respectively the horizontal focal length on the x-axis

and the vertical focal length on the y-axis, s is the skew (this parameter is different

from 0 in case the pixel elements of the camera sensor array do not have perpen-

dicular axes), u0 and vθ are the coordinates of the principal point in pixels in the

image (the principal point is the intersection of the optical axis with the image

plane). For more details, see "Richard Hartley and Andrew Zisserman, Multiple

View Geometry in Computer Vision", Cambridge University press, second edition,

2003 (see for example Chapter 6, pages 153-177).

There is also the phenomenon of the camera distortion. But here we will consider

that the camera is calibrated and that the intrinsic parameters are known. The im

ages are also considered undistorted.

Therefore, it is possible when having an image point p i = [ui,vi,l] with coordinates

expressed in an undistorted image to get its corresponding "normalized" point m as

follows: mi = K 1 pi. An illustration of the projection can be seen in Figure 1.

From now on, instead of considering corresponding points Pi* pi, we will con-

sider corresponding points: Pi* mj since having p allows to directly get m using

the formula above.



Having a set of corresponding 3D-2D points, the pose of the camera may be solved

non-linearly using, for example, the algorithm of Gauss-Newton or using the algo¬

rithm of Levenberg-Marquardt, which are basically known to the skilled person and

are described, e.g., in P. Gill, W . Murray und M. Wright: "Practical Optimization",

Academic Press, pages 134 - 137, 1981.

Initial estimate of transformation matrix T

Both algorithms (Gauss-Newton or Levenberg-Marquardt) require an initial esti-

mate Tl of the transformation matrix T (see the respective initial step in the proc

esses as shown in Figs. 2-5). The initial estimate Tl is used as an initial basis for the

subsequent iterative minimization process for iteratively refining the initial trans¬

formation matrix Tl to a final transformation matrix T used for determining the

camera pose.

The following is an embodiment of how we obtain the initial estimate Tl of trans¬

formation matrix T :

Linearly solving for the matrix L = [al a2 a3 bl]

[a4 a5 a6 b2]

[a7 a8 a9 b3]

Every correspondence Pi* < m , gives us a set of equations m x L Pi* = 0 (x is the

cross product operator), as shown in Fig. 11.

It is then possible by stacking up all the Ci matrices to write the system as a linear

problem C l = Owhere the unknown is the vector 1(see Fig. 11).

In order to solve this problem, one can perform the SVD decomposition of the ma-

trix as C = Uc Sc Vcτ , where Uc and Vc are two orthogonal matrices and Sc is di¬

agonal matrix in which the entries of the diagonal correspond to the singular values

of the matrix C. The last column of the matrix Vc corresponds to the least-square

solution of the linear problem.



In order to have a better conditioning of the matrix C, we may first normalize the

3D points such that their mean is [0 0 0 1] and their standard deviation is sqrt(3)

and we should normalize the 2D points such that their mean [0 0 1] and their stan¬

dard deviation is sqrt(2). After solving the system, then, we should de-normalize the

obtained solution.

The above is basically known to the skilled person and is described in, e.g.: Richard

Hartley and Andrew Zisserman, "Multiple View Geometry in Computer Vision",

Cambridge University press, second edition, 2003 (see for example Chapter 7,

pages 178-194).

When having 1 it is possible to build the matrix L. However, the matrix L is not

guaranteed to be in SE(3) since the matrix

A = [al a2 a3]

[a4 a5 a6]

[a7 a8 a9]

is not guaranteed to be a rotation matrix.

One can approximate the matrix A by a rotation matrix Ra as follows:

- Perform the SVD decomposition of A = Ua Sa Vaτ (where again Ua and Va

are orthogonal matrices and Sa is a diagonal matrix in which the diagonal

entries correspond to the singular values of the matrix A)

- Ra = Ua Da Vaτ where Da = [ 1 0 0 ]

[0 1 0 ]

[0 0 det(UaVa T) ]

The matrix Ra is a rotation matrix as it verifies Ra Raτ = Id and det(Ra) =

1.

The matrix Tl = [Ra b]

[0 1]

is a then a possible solution to the pose Tl.



This pose was first obtained through a linear system and then forcing the upper left

(3x3) matrix to be a rotation matrix.

Non-linear iterative minimization process

Now, we have an initial estimate of the transformation matrix T and we are ready

for a non-linear estimation. Both Gauss-Newton and Levenberg-Marquardt algo¬

rithms can be used. See the flow diagrams of Figs. 2-4 for a general description of

these algorithms.

The standard Gauss-Newton implementation can be seen in Fig. 2 . In Fig. 2, the

task "Solve the system: J d = e" can be done in several ways. There are very effi¬

cient algorithms to find the vector d knowing the Jacobian matrix J and the error

vector e. In Fig. 2, the task "Compute the new matrix T" depends on the parame-

terization and the update (as described in more detail below). Therefore, it can also

be done with several ways. One possible implementation is depicted in Fig. 3. Here,

the vector containing the update parameter is solved using the pseudo-inverse Jp of

the Jacobian matrix J : Jp = (JTJ) ' j T and the update is done using a compositional

approach, i.e. by building an update matrix ∆T(d) depending on the update parame-

ter d and then by multiplying the old matrix T with the update matrix ∆T(d).

Similarly, a standard Levenberg-Marquardt implementation can be seen in Fig. 4,

and one possible implementation is depicted in Fig. 5 where the update is solved

using the pseudo-inverse and using a compositional approach.

Both algorithms iteratively update (refine) the pose estimation: T ♦—update (T,d),

where d is a (6x1) vector containing the 6 update parameters of the translation and

the rotation and the update function depends on the parameterization chosen for d.

The parameterization

Generally, the translation is parameterized using the natural R3 parameterization.

The 3 first entries of d represent the translation. However, for the rotation one can

choose a parameterization based on the Euler angles or on the axis-angle represen-



tation or on the quaternion representation. Respectively, the 3 last entries of d are

either the Euler angles or the axis-angle representation of the rotation. The vector d

= [dl, d2, d3, d4, d5, d6] contains 3 entries for the translation [dl, d2, d3] and 3

entries for the rotation [d4, d5, d6].

When, the rotation is parameterized using quaternions, the vector d has 7 entries

and the last 4 parameters represent the quaternion representation of the rotation. For

example, in case we use Euler angles for parameterizing the rotation, we would

have the matrix T in the following form

T =

[cos(d6)*cos(d5) -sin(d6)*cos(d4)+cos(d6)*sin(d5)*sin(d4) sin(d6)*sin(d4)+cos(d6)*sin(d5)*cos(d4) d1]

[sin(d6)*cos(d5) cos(d6)*cos(d4)+sin(d6)*sin(d5)*sin(d4) -cos(d6)*sin(d4)+sin(d6)*sin(d5)*cos(d4) d2]

[-sin(d5) cos(d5)*sin(d4) cos(d5)*cos(d4) d3]

One can use Lie Algebra parameterization. This parameterization is often used in

the robotic community. The principles of parameterization, as described below, are

known to the skilled person, and are described in the literature as follows:

In "Tracking people with twists and exponential Maps", Bregler and Malik, in

IEEE Computer Society Conference on Computer Vision and Pattern Recognition

(CVPR), Santa Barbara, California, pages 8-15, 1998, the above described parame¬

terization was introduced for tracking people.

In "Real-Time Visual Tracking of Complex Structures", Tom Drummond and R o

berto Cipolla, IEEE Transactions on Pattern Analysis and Machine Intelligence,

vol. 24, no. 7, pages 932 - 946, July 2002 it was used for parameterizing increments

in the context of edge based tracking.

Recently in "Motilal Agrawal, A Lie Algebraic Approach for Consistent Pose Reg¬

istration for General Euclidean Motion", International Conference in Computer Vi¬

sion, pages 1891 - 1897, 2005 it was used to register local relative pose estimates

and to produce a global consistent trajectory of a robot.

When using this parameterization, the matrix T has the following form:



T = [ R(d4,d5,d6) t(dl sd2,d3,d4,d5,d6)]

[ 0 1 ]

where the rotation matrix is written using the Rodriguez formula :

R(d4,d5,d6) = Id + sin(θ) [u]x + ( 1 - cos(θ)) [u] x
2

θ is the angle of the rotation (θ =||[d4,d5,d6]||) and [u] x is the skew matrix of the

rotation axis u = [ux, uy, uz] = [d4,d5,d6]/ θ

[U] x =

[ 0 -uz uy ]

[ uz 0 -ux ]

[ -uy ux 0 ]

And the translation matrix depends on all the parameters of the update vector

t(dl ;d2,d3,d4,d5,d6) = (Id+ (l-cos( θ)) [u]x / θ + (1- sin(θ) / θ)* [u] x
2)*[dl, d2, d3]

This parameterization has many advantages compared to the standard one (Euler

Angles for the rotation and R3 for the translation). One of the advantages that con¬

cerns this invention is that the Jacobian matrix (the derivative of the update matrix

with respect to the update parameters d) has a very simple and cheap (in terms of

computational costs) expression.

The update of the transformation matrix T

For every parameterization, one can either choose an additional update or a compo

sitional update. The additional update builds an updated matrix T by adding the old

parameters with the new parameters. The compositional update computes the up¬

dated matrix T as the multiplication between a matrix built with the update parame¬

ters ∆T(d) and the old matrix T. The update can then be written as:

T <- ∆T(d) T



The different update methods are basically known to the skilled person and are de¬

scribed, for example, in: Lucas-Kanade 20 Years On: A Unifying Framework",

Simon Baker and Iain Matthews, International Journal of Computer Vision, vol. 56,

no. 3, pages 221-255, 2004 where the different possible updates are explained in the

context of markerless tracking.

The iterative minimization process

In every iteration, we transform the reference 3D points Pi* with the estimated

transformation matrix T (which in the first iteration is set to Tl, as described above).

We get the equation Pi = T Pi* = [Xi,Yi,Zi,l].

Then, the obtained 3D points Pi are projected into a mej = [Xi/Zi,Yi/Zi]. It is impor-

tant to see that me depends on the estimation of T.

For every correspondence, we compute [e;x, e x] = [xi,yi] - mej, where [xi,yi] are the

two first entries of the "normalized" point m which was explained above.

Stacking all the correspondences together results into the geometric error vector, i.e.

the vector e = [ei x, e iy, e2x, e2y, . . . e x, e y] where N is the total number of points.

The non-linear estimation iteratively minimizes the squared norm of this error vec¬

tor.

For that, we also need to compute the Jacobian matrix which is the first derivative

of the mej with respect to the rotation and translation increments. The dimension of

the Jacobian matrix is then (2N x 6).

The lines 2*i and (2*i+l) of the Jacobian matrix can be written as: ∆ (mej) / ∆d

The Jacobian matrix can be computed numerically using the finite differences me¬

thod. Alternatively, it can be computed analytically. For both approaches, the para¬

meterization of the incremental matrix plays an important role in the complexity of

the Jacobian computation. For example, in the case of a rotation update parameter-



ized using the Euler angles, several trigonometric functions (e.g. cos and sin) need

to be computed and recomputed at every iteration. The way of updating the estimate

(additional or compositional) plays also an important role in the complexity of the

algorithm.

According to embodiments of the invention, the following considerations are made:

In Fig. 6, a possible implementation of the Gauss-Newton algorithm for non-linear

pose estimation is shown where the Jacobian matrix is pre-computed after the initial

step of determining the initial estimate of the transformation matrix Tl and the up¬

date is done in a compositional fashion. With respect to the standard process as

shown in Fig. 3, according to this aspect of the invention the iteration process does

not return to the (time consuming) computing of a new Jacobian matrix based on a

new transformation matrix Tnew, but returns to the step of computing the error vec-

tor e . According to the invention, keeping the Jacobian matrix fixed and not updat¬

ing it during the iterative minimization process provides still very good results. The

computed Jacobian matrix right after the linear solution of the transformation ma¬

trix T obtaining matrix Tl is a good approximation that allows to reach the mini¬

mum of the cost function with much lower computational power.

In Fig. 7, it is shown that in case we use the Gauss-Newton algorithm for non-linear

pose estimation, if the update is solved using the pseudo-inverse Jp, the pseudo-

inverse Jp can be pre-computed as well. Therefore, with respect to the process of

Fig. 6 the computational load in the iteration loop can be further decreased, particu-

larly when solving the system J d = e in an efficient manner with using equation d =

Jp e and pre-computing Jp.

In Fig. 8, a possible implementation of the Levenberg-Marquardt algorithm for non¬

linear pose estimation is shown where the Jacobian matrix J and the matrix JTJ are

pre-computed and the update is done in a compositional fashion. With respect to the

standard process as shown in Fig. 5, according to this aspect of the invention the

iteration process does not return to (time consuming) computing of a new Jacobian

matrix based on a new matrix Tnew, but returns to the step of computing the error

vector e or the step of solving the system (JτJ+λ Id) d = Jτ e, respectively. According



to the invention, keeping the Jacobian matrix fixed and not updating it during the

iterative minimization process provides still very good results.

In Fig. 9, a possible implementation of the Levenberg-Marquardt algorithm for non-

linear pose estimation is shown where, both, the Jacobian matrix J and the matrix

JTJ = Q are pre-computed and the update is computed using the pseudo-inverse.

Therefore, with respect to the process of Fig. 5 the computational load in the itera¬

tion loop can be significantly decreased.

In Figure 10, a possible implementation of the Levenberg-Marquardt algorithm for

non-linear pose estimation is shown where the update is computed using the

pseudo-inverse, where the Jacobian matrix J and the matrix J J are pre-computed

and the update is computed using the pseudo-inverse, and where some more pre-

computations have been done (such as the eigenvalue decomposition of JTJ, which

is basically known to the person skilled in the art) in order to have a simpler matrix

to inverse in the main loop.

According to aspects of the invention, a proper parameterization of the transforma¬

tion matrix T may be chosen, wherein multiple kinds of parameterizations can be

chosen. According to an embodiment, we decide to parameterize the matrix ∆T us¬

ing the Lie Algebra se(3) associated to the Lie group SE(3) (see above).

The Jacobian computation complexity is then very much reduced. We get a simple

and an analytic expression of the Jacobian matrix. In addition, when using the com-

positional update approach, parts of the obtained Jacobian matrix can be pre-

computed. This reduces the run-time processing. See the effect of such parameteri

zation in the simplification of one Jacobian computation in the context of planar

markerless tracking in: "Integration of Euclidean constraints in template based vis¬

ual tracking of piecewise-planar scenes", Selim Benhimane and Ezio Malis, in Pro-

ceedings of the 2006 IEEE/RS J International Conference on Intelligent Robots and

Systems, October 9 - 15, pages 1218 - 1223, 2006, Beijing, China. The cost func¬

tion error in this paper was based on photometric error between a reference template

and current template. It was not based on geometric error as we are considering in

this invention.



In addition to that, the non-linear estimation remains very time consuming and run¬

ning it on hardware with very limited computational power, such as on mobile de¬

vices, makes it impossible to have the pose estimation to be performed in real-time

especially with a very high number of points. According to the invention, with

keeping the Jacobian matrix fixed and not updating it during the iterative minimiza¬

tion process (either using the Gauss-Newton method or using Levenberg-Marquardt

method) provides still very good results. The computed Jacobian matrix right after

the linear solution is a good approximation that allows reaching the minimum of the

cost function with much lower computational power.

According to an embodiment of the invention, the different aspects as described

above may also be combined in a method for determining the pose of a camera. For

example, using both the Lie Algebra parameterization during a non-linear estima-

tion based on a compositional update reduces the computational cost of the pose

estimation problem. Using a fixed Jacobian matrix, as explained with respect to

Figs. 6-10, reduces the computational cost without deteriorating the result.

The method may be implemented in a computer program adapted to be loaded into

the internal memory of a computer. Such computer may further include, e.g., a stan¬

dard processor 2 as shown in Fig. 1 and may be coupled with a camera, such as

camera 1 shown in Fig. 1, for taking images of a real environment. The computer

program product having the computer program stored therein comprises software

code sections by means of which the steps according to any of the aforementioned

embodiments of the method according to the invention are performed when said

program or product is running on said computer. In a further embodiment, the me¬

thod may also be integrated or embedded in a chip used in connection with process¬

ing camera images. For example, such embedded chip may be coupled with or in¬

corporated in the processor 2 or camera 1.
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Claims

1. A method for determining the pose of a camera with respect to at least one real

object, the method comprising the steps of:

- operating the camera (1) for capturing a 2-dimensional image (4) including at least

a part of the real object (3),

- providing a transformation matrix (T) which includes information regarding a cor¬

respondence between 3-dimensional points (Pi*) associated with the real object (3)

and corresponding 2-dimensional points (p,) of the real object (5) as included in the

2-dimensional image (4),

- determining an initial estimate of the transformation matrix (Tl) as an initial basis

for an iterative minimization process used for iteratively refining the transformation

matrix,

- determining a Jacobian matrix (J) which includes information regarding the initial

estimate of the transformation matrix (Tl) and reference values of 3-dimensional

points (Pi*) associated with the real object (3),

- in the iterative minimization process, in each one of multiple iteration loops de¬

termining a respective updated version of the transformation matrix (T) based on a

respective previous version of the transformation matrix (T) and based on the Jaco¬

bian matrix (J), wherein the Jacobian matrix is not updated during the iterative

minimization process, and

- determining the pose of the camera (1) with respect to the real object (3) using the

transformation matrix (T) determined at the end of the iterative minimization proc-

ess.

2 . A method for determining the pose of a camera with respect to at least one real

object, the method comprising the steps of:

- operating the camera (1) for capturing a 3-dimensional image (4) including at least

a part of the real object (3),

- providing a transformation matrix (T) which includes information regarding a cor¬

respondence between 3-dimensional points (Pi*) associated with the real object (3)



and corresponding 3-dimensional points (p;) of the real object (5) as included in the

3-dimensional image (4),

- determining an initial estimate of the transformation matrix (Tl) as an initial basis

for an iterative minimization process used for iteratively refining the transformation

matrix,

- determining a Jacobian matrix (J) which includes information regarding the initial

estimate of the transformation matrix (Tl) and reference values of 3-dimensional

points (Pi*) associated with the real object (3),

- in the iterative minimization process, in each one of multiple iteration loops de-

termining a respective updated version of the transformation matrix (T) based on a

respective previous version. of the transformation matrix (T) and based on the Jaco¬

bian matrix (J), wherein the Jacobian matrix is not updated during the iterative

minimization process, and

- determining the pose of the camera (1) with respect to the real object (3) using the

transformation matrix (T) determined at the end of the iterative minimization proc

ess.

3. The method of claim 1 or 2, wherein

the iterative minimization process involves the algorithm of Gauss-Newton or the

algorithm of Levenberg-Marquardt.

4 . The method of one of claims 1 to 3, wherein

the iterative minimization process involves a compositional update process in

which the respective updated version of the transformation matrix (T) is computed

from a multiplication between a matrix (∆T(d)) built with update parameters of the

respective previous transformation matrix and the respective previous transforma

tion matrix (T).

5. The method of one of claims 1 to 4, wherein

the iterative minimization process involves the algorithm of Gauss-Newton, the it¬

erative minimization process in each iteration loop comprising the steps of:

- determining an error vector e,

- determining an update vector d by solving the system: J d = e, with J being the J a

cobian matrix,



- determining a respective updated version of the transformation matrix based on a

respective previous version of the transformation matrix at the beginning of the re¬

spective iteration loop and based on the update vector d,

- wherein after determining the respective updated version of the transformation

matrix the iterative minimization process returns to determining a new error vector

e based on the respective updated version of the transformation matrix.

6. The method of claim 5, wherein

the update vector d is computed from: d = (JTJ) ' j Te = Jpe with Jp being computed at

the beginning of the iterative minimization process and kept fixed in multiple itera¬

tion loops during the iterative minimization process.

7. The method of one of claims 1 to 4, wherein

the iterative minimization process involves the algorithm of Levenberg-Marquardt,

the iterative minimization process in each iteration loop comprising the steps of:

- determining an error vector e,

- determining an update vector d by solving the system: (Jτ J+λ Id) d = Jτ e, with J

being the Jacobian matrix,

- determining a respective updated version of the transformation matrix based on a

respective previous version of the transformation matrix at the beginning of the re¬

spective iteration loop and based on the update vector d,

- wherein after determining the respective updated version of the transformation

matrix the iterative minimization process returns to determining a new error vector

e based on the respective updated version of the transformation matrix or determin-

ing a new update vector d .

8. The method of claim 7, wherein

the update vector d is computed from: d = (Q+λ Id) J e, with Q = J J being com¬

puted at the beginning of the iterative minimization process and kept fixed in mul-

tiple iteration loops during the iterative minimization process.

9. The method of one of claims 1 to 8, wherein

in the iterative minimization process Lie Algebra parameterization is used.



10. The method of one of claims 5 to 8, further comprising

- determining an update matrix ∆T(d) using the update vector d,

- wherein the update matrix ∆T(d) is parameterized using Lie Algebra.

11. The method of claim 10, wherein

the update matrix ∆T(d) is parameterized using Lie Algebra se(3) associated to the

Lie group SE(3).

12. A computer program product adapted to be loaded into the internal memory of a

computer, which is coupled with a camera for taking images of a real environment,

and comprising software code sections by means of which the steps according to

any of claims 1 to 11 are performed when said product is running on said computer.
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