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METHOD FOR THE ROTATION COMPENSATION
OF SPHERICAL IMAGES

PRIOR APPLICATIONS

[0001] This application is a continuation-in-part of Inter-
national Application No. PCT/DE2005/000613, filed on Apr.
7, 2005, which in turn bases priority on German Application
No. 10 2004 017 730.9, filed on Apr. 10, 2004.

BACKGROUND OF THE INVENTION
[0002]

[0003] The invention relates to a method for computer-
assisted stabilization of images, particularly electronically
recorded images (i.e., using a video camera) with respect to
rotations of the camera about a random axis and by ran-
domly large angles. The invention also relates to image
recording systems using a fisheye lens for (hemi)spherical
images, particularly cameras with a 3600 all-around view.

[0004]

[0005] Electronic image stabilization methods are known
and can roughly be broken down into two categories, namely
(1) compensation devices for the actual camera or for the
optical path from object to camera screen and (2) computer-
assisted correction of the recorded images, which inter alia
presupposes an electronic acquisition of the images and
requires reprocessing.

[0006] FExamples for devices of the first category are
described in DE 43 42 717 Al or DE 196 18 979 Al. These
are particularly suitable for compensating blurring in the
case of photographs on film material.

[0007] However, the second category has also acquired
practical significance with modern digital cameras and
increased computer capacity. Existing blur compensation
methods, such as electronic image stabilization in Handy
Cams, can only effect a limited compensation due to the
limited angular aperture of perspective cameras, and as a
result of perspective transformation the image is distorted.
Upon tilting the camera by more than the angular aperture,
it is no longer possible to perform any compensation.

[0008] Tt represents a fundamental difficulty of electronic
reprocessing that a real image of a (three-dimensional) scene
is only acquired by a two-dimensional pixel array. To be able
to conclude from a rotation or translation of the camera,
which has taken place in the meantime solely from a
sequence of images, it is necessary to numerically recon-
struct the 3D scene, and even nowadays, this involves
considerable effort and expenditure, particularly in real time.

[0009] Thus, for the reconstruction of scenes, use of
additional external sensors is sometimes made. It is known
to equip a camera with a fixed mounted acceleration gyro
sensor in order to record the rotation of the camera simul-
taneously with the images (e.g. Suya You, Ulrich Neumann,
and Ronald Azuma: Orientation Tracking for Outdoor Aug-
mented Realitty Registration, IEEE Computer Graphics and
Applications 19, 6 (November/December 1999), 36-42).
Through accelerometers (gyroscope principle) the rotation
sensor measures the relative change to the 3D orientation
between different recording times. In addition, use is made
of further absolute measured quantities, such as the mag-
netic North Pole and gravitation (plumb line) for producing
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an absolute orientation reference. Through the integration of
the relative change over time, an absolute 3D orientation is
determined. The sensor rotation can be described by three
angles (Rx, Ry, Rz) about the three space axes (X, Y, Z)
(Euler angle, see FIG. 1a) or by rotating about a rotation axis
in space (see FIG. 15, axis-angle representation (A, ), also
quaternion representation).

[0010] This makes it possible to decouple the camera
rotation and translation, i.e., both can be determined sepa-
rately.

[0011] A hemispherical image recording system, particu-
larly a camera with a fisheye lens, is also known and forms
a hemisphere of the space on a circular disk in the image
plane. 2D image representation takes place in angle coor-
dinates over the unit sphere. The image center images the
pole of the hemisphere. The spherical surface is parameter-
ized by two angles running along the degree of longitude (8)
and the degree of latitude (¢) of the sphere (see FIG. 2a). A
point (0, ¢) of the spherical surface is imaged by the
spherical imaging on the image plane (X, y), in which (x,, y,)
images the pole (optical axis) (see FIG. 25).

[0012] For example, U.S. Pat. No. 6,002,430 discloses a
spherical image recording system imaging the entire sur-
rounding space, in each case a half-space is recorded by two
hemispherical cameras fitted back to back. Due to the
non-zero spacing of the two cameras, it is obvious to use
fisheye lenses with a 190° viewing angle in order to be able
to seamlessly assemble the two images to form a complete
all-around image. However, there is always (1) a “dead
zone” of the device in the immediate vicinity of the double
camera and which cannot be perceived, together with (2) a
“near zone” in which the parallax shift of the two cameras
is noticeable. The camera center spacing, however, plays no
part when the scene points are sufficiently far apart.

[0013] In the field of so-called “augmented vision”, the
aim is to fade additional information into the visual field of
people, as in the case of complex operations. The people are
equipped with transparent display lenses or spectacles which
are able to fade texts or graphics into a real view comparable
with the heads-up display (HUD) known from military
aircraft. In order to be able to automatically determine the
necessary precise knowledge of the position of the lens in
3D space, it is possible to rigidly connect to the lens in
all-around viewing cameras. The real time analysis, i.e., the
movement of the known marking points in the recorded
image, makes it possible to determine the position of the lens
in the operating space. However, for external applications,
much more complex image analyses are needed to be able to
obviate the use of such markings.

[0014] Tt is helpful to be able to separately analyze the
rotation and translation influences on the image of the
unknown scene. It is therefore obvious to also use rotation
sensors here. However, no method has been published as to
how it is possible to use additional rotation data for real time
rotation stabilization of the spherical image.

[0015] The problem of the invention is, therefore, to real
time process the electronically recorded image of a spherical
camera in such a way that when displayed on a screen (i.e.,
of a PC) the camera remains invariant with respect to
random rotations.
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SUMMARY OF THE INVENTION

[0016] Thave developed a method for producing a rotation
compensated image sequence allowing simplified recon-
struction of spherical images recorded sequentially by an
electronic camera placed randomly in a scene. The camera
provided with a rotation sensor for associating color and/or
brightness values of the camera pixel field indicated by
rectangular or polar coordinates, resulting from a projection
of a spherical image from a spherical lens. The method
includes the steps of first determining the calibrating
matrixes for the spherical lens, then calculating the rotation
matrixes from the measured data of the camera rotation
sensor. Thereafter, association between the pixel coordinates
of the sequential images from the calibrating and rotation
matrixes is determined. Thereby, compensating the camera
rotation with the associated pixel coordinates. Lastly, recon-
struction of the color and/or brightness values of the new to
old pixel coordinates relating to the calculated association
can be achieved.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The detailed description of the invention, contained
herein below, may be better understood when accompanied
by a brief description of the drawings, wherein:

[0018] FIG. 1q) illustrates camera rotation by means of
three Euler angles (Rx, Ry, Rz) rotating about three space
axes (X, Y, 7);

[0019] FIG. 1) illustrates camera rotation by means of
axis-angle coordinates through quaternion representation;

[0020] FIG. 2a) illustrates a diagrammatic representation
of the hemispherical geometry;

[0021] FIG. 2b) illustrates a two-dimensional representa-
tion of FIG. 2a) shown with specified coordinates;

[0022] FIG. 3 illustrates a diagrammatic curve of the
calibration function k(6) of a camera fisheye lens.

DETAILED DESCRIPTION OF THE
INVENTION

[0023] The fundamental prerequisite for performing the
method according to the invention is the rigid coupling of a
spherical camera with a 3DoF (Degree of Freedom) rotation
Sensor.

[0024] In order to simplify explanations, reference is only
made hereinafter to a single fisheye camera which images a
hemisphere. For all-around viewing, the method is simulta-
neously used for both cameras, and the inventively stabi-
lized images are then joined together in a known manner.

[0025] The camera pixel plane requires a two-dimensional
coordinate system in 3D space. The pixel plane orientation
is random. Technical CCD chips normally have square
pixels in a rectangular arrangement, so the Cartesian coor-
dinate system (x, y) is the natural choice. Its origin is
typically in a corner pixel.

[0026] Through the spherical projection of the fisheye,
object points are imaged on a hemisphere (of radius one)
around the camera center on a circular disk in the pixel
plane. The natural coordinates of the image are then planar
polar coordinates (r,¢). The optical camera axis is perpen-
dicular to the pixel plane through a central pixel with
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coordinates (X,, y,). Each object point on the hemisphere
appears under an angle (8) to the optical axis and is also
characterized by its azimuth (¢) position. The fixing of ¢=0
is arbitrary.

[0027] The special nature of fisheye projection is that
ideally the angle (0) is linearly imaged on the circular disk
radius. In practice this is very readily fulfilled for small
angles, but for 60—90° imaging is typically non-linear. FIG.
3 shows in exemplified manner the calibrating function k(6),
which indicates the particular conversion factor of angles
(e.g. radians) on pixel coordinates and has to be determined
once for each lens.

[0028] Due to the aforementioned linearity, the spherical
image can be described by the polar coordinates (8,p).

[0029] On ignoring the discreet pixel problem, an object
point on the hemisphere at coordinates (6,p) in the pixel
plane has the pixel coordinates:

X, =Xo+k(0)x6 cos() and y,=po+k(0)x6 sin(¢) 0y

[0030] If on rotating the camera the object angle coordi-
nates change, e.g. from (8,¢) to (0',¢"), then the object image
also moves from (X, ¥p) 10 (%' y,)). On leaving the
permitted pixel coordinates, the CCD chip, then as a result
of camera rotation, the object has passed out of the field of
view. However, it is then certainly in the field of view of the
second, rearwardly directed camera.

[0031] The principle of the inventive image stabilization
consists of the direct calculation of the coordinate shifis (x,,
¥p)—>(%,s y,) for all the image points from additional
rotation data and in the canceling thereof by recopying the
color values of (x.', y,) to (%, y,). This recopying is
nowadays implemented in all standard graphic cards and
optimized for real time applications, e.g. for rotating a
virtual camera in a computer-generated space.

[0032] Thus, the invention deals solely with the imaging
(X, ¥p)—(%,'s ¥,"), which is to be rapidly determined from
a rotation sensor data. As the camera rotation can be
naturally described by a 3x3 rotation matrix, it is appropriate
to formulate the problem three-dimensionally and for this
purpose additionally a z-axis is defined along the optical
axis, i.e. perpendicular to the pixel plane. Moreover, a z'-axis
is introduced into the rotated camera coordinate system and
it is possible to write

*p Xp
Po=| 3 |= M[ yp
1 1

[0033] Intheabove M=M(6",¢",0,¢) is a 3x3 matrix, which
is dependent on the new and old angle coordinates of the
object point on the hemisphere after and before camera
rotation. The invention now provides a way of rapidly
obtaining this matrix, which is important for real time image
stabilization.
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[0034] Equations (1) can be summarized as a matrix
equation

xp k& 0 xp Y deosy 3
BP=[yP]=[ ) yo][ 0sirw]=l<(0)5‘,

1 0 0 1 1

in which K is a 3x3 calibrating matrix (with calibration

function k(6) and Fl is the standard representation of the
pixel point (X, y¥,) in polar coordinates (0,9). The matrix K
is only to be set up and stored once for all 0. It is always
invertible and the standard representation

=K @

has the advantage that the 3D-position ? of the associated
object point on the hemisphere can be indicated directly
from the angle coordinates and therefore from the standard
representation. According to the known definition of spheri-
cal polar coordinates for the unit sphere we obtain

P, sindcosg ®)
pP=|P, :[sin&simp]:
P, cosd
si® 0 0 deose
[ 0 si® 0 ][ dsing | = A@p, = ALK Dp,
0 0 cosd 1
with
(0= sind
sid) = =5

so that A(6) is an invertible matrix for 8=90°, 180°.

[0035] Case 6=180° is excluded here through the afore-
mentioned specification of a hemispherical camera. It would
admittedly be possible to image a 360° all-around view on
a single circular disk, but this would be disadvantageous due
to the distortions associated therewith. In particular, the rear
pole of the object sphere, i.e. at 8=180°, would be imaged on
the entire edge of the circular disk.

[0036] However, case 6=90° can occur and due to
(A™Y),,=1/cos0 leads to an undefined (infinite) matrix com-
ponent. However, this component is only an artifact of the
description. It can be taken away during implementation and
its origin is indicated hereinafter.

[0037] After setting up the equation (5) it is particularly
advantageous to multiply the exact known matrix function
A(0)from the outset with the matrix K=!(0) to be determined
only once and to store it in a table for all 6. The product
matrix A K™ can also be inverted with

(4K t=ka™ (6)
and should be calculated in this way and tabulated.

[0038] During camera rotation the rotation sensor imme-
diately supplies measured data for the angles rotated about
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each of the axes with typical clock rates of 100 to 200
measurements per second, an angular resolution of typically
0.050 and a short-term precision of 0.1 to 0.3°. From this it
is immediately possible to set up in per se known manner a
3x3 rotation matrix, which commits the coordinate trans-
formation of a random point in space into the now rotated,
camera-linked coordinate system. This also applies to each

object point of the unit sphere, particularly for T. In the
rotated coordinate system it has the representation

T-RT (7

and as equation (5) naturally also applies in the rotated
coordinate system, we obtain

D p=KI0)47! @) P=K(O+)4™ (@)RAOK ' ©)F »
[0039] Comparison with equation (2) shows that the
matrix M occurring there is identical to the matrix product
in equation (8). This is effectively calculated as a product
from 3x3 matrixes for each pixel, namely two tabulated
matrixes and a measured rotation matrix, which applies to
the entire image at a fixed point in time.

[0040] Equation (8) also explains how the infinite matrix

component (A™')_, arises. An object point T at 0'=90° is
located in the camera center plane about which rotation has
taken place, 1.e. at P'=0. Also

) 3’)
Py = K@A@)P with pp =| vp
L)

>

which only applies if (A™"),, is striving towards infinity. The
choice of the z-component one on elevating the pixel
coordinates into the third dimension is an arbitrary, but
comfortable fixing in equation (2) and gives rise to the
description problem for 6'=90°.

[0041] The execution of the 3x3 matrix products can
nowadays take place at a very high speed with modern
hardware implementation. Through the precalculation of the
mapping in tables the rotation compensation of the image
can be performed in real timable manner, i.e. keeping step
with the clock rate of image recording. Typical image
recording rates are 15 to 30 images per second. With the aid
of this mapping the color values can be read from their new
positions and recopied to their old positions.

[0042] On rotating the camera about the camera center, in
the absence of camera translation, there is a static, spherical
image in the computer and optionally on the monitor. If the
camera center position is additionally modified, the image
reveals a rotation-free scene shift from which the translation
state of the camera can be reconstructed in simplified form.

[0043] If image stabilization is to take place particularly
rapidly or if very large images have to be stabilized, in an
advantageous embodiment of the inventive method mapping
is to be performed for only a selection and not all of the
pixels. On more particularly choosing the node points of a
“triangular mesh” network placed above the image, admit-
tedly initially only the network points are recopied, but
modern graphic cards also have a so-called “Fragment
Shader” which is able to interpolate color values between
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known support points. This is typically used in the texturing
of computer graphics. In many applications (particularly in
the field of human vision) it will not be a matter of the
pixel-precise stabilization of the image, so that the reduction
of the method to a few network nodes can lead to significant
speed advantages.

Having thus described the present invention in the detailed
description of the preferred embodiment, what is desired
to be obtained in Letters Patent is:

1. Method for producing a rotationally-compensated
image sequence allowing for a simplified reconstruction of
images to be recorded sequentially by an electronic camera
randomly moved in a scene, the method provided with a
rotation sensor and which results from an association of
color and/or brightness values of pixels of a camera pixel
field indicated by rectangular coordinates, the steps of the
method comprising:

a) using polar coordinates of a fisheye projection of a
spherical image of a spherical lens;

b) determining calibrating matrixes for the spherical lens:

c) calculating rotation matrixes that describe a relative
camera rotation, said rotation matrixes determined
from measured data of said rotation sensors;

d) calculating an association between pixel coordinates of
an image point in successive images from said calcu-
lating matrixes and said rotation matrixes;

e) calculating pixel coordinates corresponding to the said
calculated association while compensating camera
rotation; and
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1) re-copying said color and/or brightness values of new
to old pixel coordinates corresponding to said calcu-
lated association.

2. The method according to claim 1, further comprising:

a) providing a second camera; and

b) imaging a remaining hemispherical angle that is
directly counter to a first camera imaging, said remain-
ing hemispherical angle being a 180 degree hemi-
spherical angle.

3. The method according to claim 1, further comprising

standardizing a Z-component of said pixel coordinates equal
to 1 such that:

%) (8"
pp = K@)A @)P with gy =| yp

1

4. The method according to claim 2, further comprising
standardizing a Z-component of said pixel coordinates equal
to 1 such that:

%) (8)
Pp = K®)A @P with gy =| ¥p
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