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Description

[0001] This invention relates generally to determining poses of objects, and more particular to objects that are specular,
substantially cylindrical and have thread on such as screws and bolts.

Background of the Invention

[0002] Computer vision systems and methods are frequently used to automate assembly tasks, such as performed
by industrial robots. However, small, shiny or specular objects, which are common in many industrial environments, still
present a great challenge for computer vision applications. Objects with mirror-like, transparent or translucent surfaces
possess material properties that are frequently treated as noise sources, and conventional techniques attempt to suppress
the noise. This means that objects which are either highly specular or have significant translucency cannot be handled
by conventional computer vision techniques because it is difficult to suppress these material.
[0003] Computer vision has been used for bin picking, where the main problem is to determine a pose of an object
and in a bin of identical objects. As defined herein, the 6D pose is the 3D position and 3D orientation of the object.
Development of computer vision systems is a challenge because of specular reflections of metallic surfaces of industrial
parts, and occlusions in a cluttered bin of many identical objects.
[0004] Model-based pose estimation determines 3D model to 2D image correspondences. Unfortunately, 3D-2D point
correspondences are hard to obtain for industrial parts with textureless surfaces. The situation is particularly severe
when multiple identical objects overlap each other in a bin and occlusions can occur.
[0005] Object contours provide rich information about object shapes and poses. Various contour matching methods
are known. However, for specular objects, the contour information is difficult to obtain in a cluttered bin because the
objects do not have appearance of their own in images, but rather the objects reflect the surrounding environment.
[0006] Range sensors are widely used for the pose estimation problem. Range data can be used to generate and
verify object positions and shape of flexible industrial parts, such as cables. However in the presence of specularities,
range sensors fail to produce accurate depth maps, and are comparably more expensive than camera based solutions.
[0007] Active illumination patterns can greatly assist computer vision methods. For example, the brightness of patches
observed with varying illumination condition can be used to estimate the orientation of surface patches, and then matches
them with the 3D model.
[0008] As stated above, specularities have generally been treated as sources of noise in machine vision methods.
Most methods identify specularities and remove them as noise.
[0009] One image invariant method for highly specular and mirror-like surfaces exploits the fact that the surface normals
do not change at regions of zero-curvature. For most industrial objects, this is not a very practical feature because the
objects are typically made up of several planar surfaces and some corners, and the distinctive information about these
objects is present at these corners and junctions.
[0010] MING-YU LIU ET AL: "Pose estimation in heavy clutter using a multi-flash camera", 2010 IEEE INTERNA-
TIONAL CONFERENCE ON ROBOTICS AND AUTOMATION: ICRA 2010; ANCHORAGE, ALASKA, USA, 3-8 MAY
2010, PISCATAWAY, NJ; USA , 3 May 2012 (2010-05-03), pages 2028-2035, XP031743832, ISBN: 978-1-4244-5038-1,
propose a machine vision system that provides robust feature extraction, accurate pose estimation and fast operation
with minimal lag. A multi-flash camera (MFC) provides accurate separation of depth edges and texture edges in heavily
cluttered environments. The problem of object detection and localization is reformulated as one of finding matches
between the depth edges obtained in one or more MFC images to the rendered (from CAD model) depth edges.
[0011] US 2009/0116728 A1 discloses a method that determines a 3D pose of an object in a scene. Depth edges are
determined from a set of images acquired of a scene including multiple objects while varying illumination in the scene.
The depth edges are linked to form contours. The images are segmented into regions according to the contours. An
occlusion graph is constructed using the regions. The occlusion graph includes a source node representing an unoccluded
region of an unoccluded object in scene. The contour associated with the unoccluded region is compared with a set of
silhouettes of the objects, in which each silhouette has a known pose. The known pose of a best matching silhouette is
selected as the pose of the unoccluded object.
[0012] In a method described in US 2009/0297020 A1, a camera acquires a set of coded images and a set of flash
images of a semi-specular object. The coded images are acquired while scanning the object with a laser beam pattern,
and the flash images are acquired while illuminating the object with a set of light sources at different locations near the
camera, there being one flash image for each light source. 3D coordinates of points on the surface of the object are
determined from the set of coded images, and 2D silhouettes of the object are determined from shadows cast in the set
of flash images. Surface normals are obtained for the 3D points from photometric stereo on the set of flash images. The
3D coordinates, 2D silhouettes and surface normals are compared with a known 3D model of the object to determine
the pose of the object.
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Summary of the Invention

[0013] The present invention is characterized by a method comprising the features of claim 1 and a system comprising
the features of claim 13, respectively. Preferred embodiments of the method and the system are defined in the respective
dependent claims.
[0014] The embodiments of the invention provide a method and system for identifying 3D objects and their 6D poses
from 2D images. The method and system can be used for computer vision aided robotic assembly. Specifically, the
objects are highly specular, or mirror-like.
[0015] If an illumination source moves, then specular highlights move by a distance that is inversely proportional to a
curvature of a surface. This enables us to extract these regions and use the regions as features of the objects.
[0016] We use a multi-flash camera (MFC) as the moving illumination source. When images from multiple points of
view are acquired, we can triangulate and obtain the 6D poses of the objects. In a robotic system with a gripper arm,
we can perform automated detection and pose estimation of shiny screws or bolts within a cluttered bin, achieving
position and orientation errors less than 0.5 mm and 0.8°, respectively.
[0017] In an example application, the objects are small metallic screws in a cluttered bin. Screws form a most funda-
mental class of objects used in many manufacturing processes. More threaded screws are produced each year than
any other machine part.
[0018] In conventional assembly lines, the screws are placed at a known pose in a part holder and a robot gripper
manipulates the screws. This operation either requires a specially designed hardware for each screw type such as a
part feeder, or is performed manually.
[0019] The majority of screws are metallic and shiny, and therefore, they cannot be handled easily by conventional
machine vision methods. In addition, pose estimation of a screw in a bin is a very challenging problem because of clutter
and occlusions. With our method specular features of the object can be extracted from images of the cluttered bin. We
estimate the poses of the screws by matching the features from the same screw in multiple images. This matching is
particularly difficult because the entire bin contains many instances of the same screw in a wide variety of poses. To
solve this problem, we use the rank-2 constraint from the dependency of three planes intersecting in a single line to
establish correspondences and triangulation for pose estimation.

Brief Description of the Drawings

[0020] Figure 1 is a schematic of a system for determining a pose of an object according to embodiments of the invention;
[0021] Figure 2 is a flow diagram of a method for determining a pose of an object according to embodiments of the
invention;
[0022] Figure 3 is a schematic of an analysis of lines reflected from a cylindrical object according to embodiments of
the invention;
[0023] Figure 4A-4B are schematics comparing specular highlights at high curvature and low curvature regions;
[0024] Figure 4C is a schematic of a bolt with locally spherical regions according to embodiments of the invention;
[0025] Figure 4D is a cross-section of a portion of a thread according to embodiments of the invention; and
[0026] Figure 5 is a schematic of detected specular line segments on a plane joining a center of projection of a camera,
an axis of a screw according to embodiments of the invention.

Detailed Description of the Preferred Embodiments

[0027] System Overview
[0028] Fig. 1 shows a system 100 and method 200 for determining a pose of an object according to embodiments of
our invention. In particular the object is a metallic screw or bolt 102 arranged in a bin 105 of identical screws. For example,
the bin contains about two-hundred, 25 mm M4 screws, see ISO 68-1 and ISO 261.
[0029] We use a 6-axis industrial robot arm 110, on which a multi-flash camera 120 is mounted. The MFC has multiple
point light sources arranged around the lens, and acquires images while illuminating the scene with each light source,
see U.S. Patent 7,738,725, incorporated herein by reference.
[0030] The MFC is calibrated both internally and externally using a checker board pattern. Gripper to camera calibration
is performed so that the robot arm can interact and grasp objects using the gripper.
[0031] Fig. 2 shows the steps of the method 200. The method can be performed in a processor including memory and
input/output interfaces as known in the art. We acquire 210 an image of the bin for each of N illumination sources and
multiple points of view, and extract 220 specular features. Fig. 2 shows the overview of our method 200.
[0032] We identify 230 lines corresponding to the same screw across the images for the multiple points of view, and
estimate the pose of a screw by reconstructing 250 a 3D axis of the screw. Then, the gripper grasps 240 the screw using
the estimated pose and performs subsequent assembly tasks.
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[0033] Specular Feature Extraction
[0034] Reflection Analysis
[0035] Fig. 3 schematically shows our analysis for the camera 120 and light sources 301. A point P is arranged on an
arbitrary one dimensional curve C. Let r be a radius of the osculating circle at the point P. Then the curvature K at P is 

[0036] Consider an ε spherical neighborhood at the point P. If ε is small enough, we assume the curvature in this
neighborhood is constant for the purpose of our analysis. We consider two-dimensional coordinate axes with origin as
the center of the osculating circle O, Y-axis passing through P, and X-axis orthogonal to T. This ε sphere" meets the
curve C at A and B, with 

[0037] Now, consider the ray towards A from a camera on Y-axis. The camera center is at (0, y0), such that y0 

This implies that the ray coming from camera center can be considered parallel to the y-axis 302 as shown in Fig. 3.
This ray subtends an angle θ with the normal at A and is reflected at the angle θ from the normal.
[0038] Symmetrical analysis holds true for the point B. This shows that if the light source is placed anywhere within a
cone of [-2θ 2θ], then, the camera receives specular reflection from this ε neighborhood. For a fixed cone [-2θ 2θ], the
size of the ε neighborhood is inversely proportional to the curvature of the point, ε = (2/k)sin(θ/2), by using a distant
camera assumption.
[0039] As the curvature increases, the reflections are visible within a small neighborhood of the point, see Fig. 4A. In
contrast, when the curve is almost flat, i.e., the curvature is close to zero, the reflection is not visible within the neighborhood
of the point, see Fig. 4B. Below, we describe methods that exploit this fact to detect features points on the high curvature
regions of the object. This analysis assumes mirror-like reflection. When the specular lobe is considered, this cone of
rays can be increased by an additional 2 σ, where σ is the width of a specular lobe.
[0040] The analysis can be extended for a two dimensional surface S. The principal curvatures are defined as the
minimum and maximum values of the curvature measured along various directions at a given point. A Gaussian curvature
K of a surface is a product of principal curvatures as 

[0041] Similarly, for a two dimensional surface, the reflections are visible within a smaller neighborhood of the point
as the Gaussian curvature of the point increases. Both principal curvatures have to be large to observe the reflection
within a small neighborhood. For example, a sphere with small radius is a surface with both its principal curvatures large
(k1 = k2 = 1/r) for all the points on the sphere. Therefore, the reflection is visible within a small neighborhood. In contrast,
the Gaussian curvature of a point on a cylindrical object is zero because the surface bends only in one direction. Hence,
the reflection may not be visible within an immediate neighborhood.
[0042] MFC Based Feature Extraction
[0043] The feature extraction process determines points on the specular surface that have a large Gaussian curvature,
which has bending in both directions, i.e., along both principal curvatures, with normals towards the camera. Although
the second requirement seems like a restriction, in fact the high curvature regions span a large set of surface normals.
These features provide sufficient information for 3D reconstruction and pose estimation which are described below.
[0044] The MFC is an active illumination based camera that contains eight point light sources (LEDs) arranged in a
circle around the camera. As the different LEDs around the camera flash, the specular highlights on the surface move
depending upon the local curvature. From the analysis above, it is clear that the specular highlights remain in a very
local neighborhood for all points that have high surface curvature.
[0045] We exploit this cue to detect pixels that correspond to the high curvature regions on the object having normals
towards the camera. These pixels serve as a feature that is both characteristic of the 3D shape of the object and its
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relative pose with respect to the camera.
[0046] The steps of our specular feature extraction process are as follows. We acquire eight images corresponding
to the eight flashes. This is repeated for three points of view. One image without a flash is also acquired. The ambient
image with no flash is then subtracted from each flash image to remove effects of ambient illumination. Thus, there are
a total of 25 images (3x8) +1.
[0047] An image Ii is acquired, after ambient light subtraction, during the flashing time of the ith LED. A minimum
intensity at each pixel in the images Ii are used to construct a minimum illumination image Imin(x, y) = miniIi(x, y). The
minimum illumination image is similar to a surface albedo. Because the surfaces we are considering are highly specular
and the specular highlights move across the images, the minimum illumination image appears to be dark for all the
specular regions.
[0048] We determine ratio images of the ambient subtracted images to the minimum illumination image, RIi = Ii / Imin.
Ideally, ratio values in non-highlight regions remain close to one. While the ratio values in regions having a specular
highlight is much greater than 1. This information is utilized to detect the highlight regions (specularities) in each flash
image.
[0049] As described above, with the changing flash positions, specular highlights at high curvature regions stay within
a small neighborhood as shown in Fig. 4A, whereas the highlights shift by a large amount in low curvature (flat) regions
as shown in Fig. 4B.
[0050] We select the ε neighborhood, and determine the number of flash images in which a specular highlight are
observed within the ε neighborhood. For pixels corresponding to high curvature regions, the specular highlight remains
within the ε neighborhood, and therefore, a specular highlight is observed in all MFC images within this ε neighborhood.
[0051] For pixels corresponding to low curvature regions, the specular highlights move outside the ε neighborhood,
and therefore the number of images in which the specular highlight is observed within the ε neighborhood is less than
eight. Pixels that correspond to Lambertian surfaces are filtered automatically because of normalization with respect to
the minimum image.
[0052] Pose Estimation
[0053] Specular Features on Screws and Bolts
[0054] Screws and bolts are generally objects substantially cylindrical in shapes. As defined here, substantially cylin-
drical includes conic objects as well as any object wherein the circular diameter of the object is substantially smaller
than its length, and the object is symmetric about its axis.
[0055] As described above, the curvature in a direction perpendicular to the axis of the object is high, but in the direction
parallel to the axis is small. This renders the Gaussian curvature of the object to be small. Let us now consider the effect
of adding threads on the surface.
[0056] Threads
[0057] The threads are typically approximated as a helix (or a conical spiral), provide high degree of curvature to all
the points on the object body even in a direction almost parallel to the axis. This ensures that the specular highlights
are visible in the ε neighborhood independent of the illumination direction. The specular features are extracted as
described above.
[0058] Thus, the effect of the thread is to make a local region of the screw or bolt appear substantially spherical 420,
with a high degree of curvature or a high rate of change of the surface normals. This phenomenon is shown in Fig. 4C.
For example, if 180° of curvature are visible over 50 to 10 pixels in an image, the degree of curvature is high, whereas
if the curvature is spread over 100 pixels, then the degree of curvature is small.
[0059] Fig. 4D further illustrates this effect for a small cross-sectional part of a thread, where k1 and k2 are the principal
curvatures, and the region 420 appears spherical.
[0060] As shown in Fig. 1, the shape of the screw is substantially cylindrical. As stated above by our definition cylindrical
objects include conic objects. The lines 501 on the surface of the cylinder represent the specular feature detected. The
value π represents the line formed by these lines with the centers of the cameras C1 and C2. The specular features are
detected on high curvature regions having normals directed towards the camera. Approximating the screw shape with
a helix, the points on the helix facing towards the camera are arranged along a line. In addition, this line lies on a plane
joining a center of the camera and an axis of the screw.

[0061] For example, a surface is highly curved if the degree of curvature  where r is a radius of a

curved region at a particular point, and D is a distance between a center of the curved region and the camera.
[0062] We represent the specular features on the screws with line segments. For parametric shape fitting we use a
variant of the well known "RANdom SAmple Consensus" (RANSAC) method. RANSAC is an iterative method to estimate
parameters of a model from a set of observed data, which contains outliers. It is a non-deterministic and produces a
reasonable result with a certain probability based on the number of iterations.
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[0063] The RANSAC method initially hypothesizes a variety of lines by selecting a small subset of points and their
directions. The support of a line is given by the set of points which satisfy the line equation within a small residual and
form a continuous structure. The line segment with the largest support is retained and the procedure is iterated with the
reduced set until the support becomes smaller than a few points. The RANSAC method provides inlier points for each
line segment. Then, we refine each line segment using least square estimation on the inlier points.
[0064] Pose Estimation
[0065] To estimate the pose of a screw, we reconstruct the 3D line corresponding to the axis of the screw, which
uniquely determines the position and orientation (pose) of the screw. We determine the specular features from multiple
camera points of view. As above, the detected specular line segments lie on the plane πi joining the center of projection
of the ith camera, and the axis of the screw as shown in Fig. 5. The reconstruction of the 3D line corresponding to the
axis of the screw is given by the intersection of these planes.
[0066] 3D line Reconstruction Using Three Points of View
[0067] Correspondences between a 3D parametric line and its corresponding projections in images acquired for
multiple points of view are well known. We apply geometric constraints to the line (parametric shape) to determine lines
corresponding to the same screw across three points of view, and to reconstruct the 3D line.
[0068] Geometry of Line Projection
[0069] Consider a line L in 3-space, which is imaged in three points of view. Let li be a projection of L in view i and Pi
be the projection matrix of view i. Using the projection matrix, an image point can be back-projected to a ray passing
through the camera center in a world coordinate system. Both end-points of the line in the image plane can be back-
projected as individual rays. Alternatively, the back projection of an image line li corresponds to a plane in view i as πi 

where A-D are arbitrary constants.
[0070] Determining Correspondences
[0071] Because there are multiple screws in the bin, we need to identify the lines corresponding to the same screw
from different points of view. We use a property that three arbitrary planes do not generally meet at a single line to obtain
our correspondences. This geometric intersection constraint is expressed by the requirement that a 4 x 3 matrix defined
by the coefficients of three planes 

should have rank two. This geometric constraint is satisfied if the determinants of four 3x3 sub-matrices of Equations
(5) are zero. In practice, due to noise in image measurements even for lines in correspondence, the determinants of
these sub-matrices are not zero but small. Therefore, we determine the sum of the four determinant values for each
triplet of lines as the correspondence cost, and select the minimum cost.
[0072] Reconstruction of the 3D Line
[0073] After determining the three lines corresponding to the same screw, we determine the 3D line passing through
the axis of the screw. The line equation in 3D is 

where X0 is a point on the line and X1 is the direction of the line. The direction of the line is determined as being
perpendicular to all the plane normals if possible. This can be obtained by solving AX1 = 0. The optimum solution, in a
least squares sense, is given by the right singular vector corresponding to the smallest singular value of matrix A. We
select X0 as the point which is closest to the three planes. This point can be found via the least squares solution of AX0 = -b.
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[0074] Degenerate Configurations
[0075] If two planes are close to being parallel, the rank of the matrix in Equation (5) is close to two, regardless of the
other plane, leading to difficulty in determining correspondence. Therefore, we ignore such pairs of planes by checking
the angle between the normals of the two planes. This primarily happens when the axis of screw is aligned with the
translation between two camera positions. If we randomly select three camera viewpoints, all three translational directions
between camera pairs become degenerate directions. To avoid this, we move the camera on a straight line so that there
is only a single degenerate direction. In addition, we change this direction of motion to handle screws with varying poses
during subsequent picking.
[0076] 3D line Reconstruction Using Two Points of View
[0077] Because two non-degenerate planes from two points of view always intersect on a line, determining corre-
spondences using two points of view is typically difficult. However, the correspondence can be determined if we assume
that the 3D lines are located around some plane in the world coordinate system.
[0078] Therefore, we use the Z = Z0 plane, together with the two viewing planes, and determine the correspondence
cost in the same way as the three view case. This cost favors screw whose Z position is close to Z0, and whose angle
is close to horizontal. After determining the correspondence, we reconstruct a 3D line as the intersection of two viewing
planes without using the Z = Z0 plane.
[0079] Position Estimation
[0080] After reconstructing the 3D line using Equation (6), we determine the segment of the line corresponding to the
screw by back-projecting the end points of 2D lines in each view, and determining the intersection point between the
back-projected viewing ray and the reconstructed 3D line. We further validate the reconstructed line segment by com-
paring the length of the reconstructed line segment with the physical length of the screw. The center of the line segment
is selected as the 3D gripping position.
[0081] Finally, we determine the end point of the line segment corresponding to the head of the screw. We first
determine the maximum images in all the points of view which are simply a pixel-wise maximum over the eight images.
The head of the screw is a smooth region with relatively lower curvature compared to the screw body. Therefore the
specular highlights on the screw head moves in a larger neighborhood with the alternating flashes producing brighter
patches in the maximum image compared to the screw tail.

Effect of the Invention

[0082] The invention can be used to determine the pose of specular objects. Regions of high curvature in the highly
specular objects produce specular reflections largely independent of the position of the illumination sources, which can
be used as distinct features for object detection and pose estimation.
[0083] We use an inexpensive multi-flash camera to reliably detect such specular features. We use screws as an
example part and develop two view and three view based methods for pose estimation using triangulation. The method
is implemented for an industrial robot, and has a very high position and angular accuracy for 3D pose estimation.
[0084] We do not treat specularities as noise, but rather as a feature that can and does enhance our ability to detect,
recognize and interact with specular objects. For regions of high curvature on a specular object, this lead to a very
consistent and robust feature that can be used to reliably perform machine vision tasks.
[0085] Because high curvature regions in an object have normals that span a wide angular extent, these regions
almost always produce specular reflections irrespective of the lighting position. The detection of these specular reflections
serve to indicate regions of very high curvature on the surface of the object.
[0086] The use of a multi-flash camera aids in the detection and extraction of these specular features. These high
curvature regions provide a distinct signature for industrial objects, which can be used for object detection, recognition
and pose estimation.
[0087] Although the invention has been described by way of examples of preferred embodiments, it is to be understood
that various other adaptations and modifications can be made within the scope of the invention as defined by the
appended claims.

Claims

1. A method for determining a pose of an object (102), wherein the pose is a position and orientation of the object
(102), wherein the object (102) is specular, comprising:

acquiring a plurality of sets of images (210) of the object (102) with a camera (120), wherein the object (102)
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has a curved region, wherein a degree of curvature of the curved region is  where r is a radius

of the curved region at particular points and D is a distance between a center of the curved region and the
camera (120), and wherein the camera (120) is at a different point of view for each set of images, and wherein
each image in each set is acquired while the scene is illuminated from a different direction;
extracting (220) a set of features of the object (102) in the form of specular highlight regions from each image
on the basis that the specular highlights move by a distance inversely proportional to said degree of curvature
if a source of illumination moves, wherein the features correspond to the particular points on the curved region
having normals towards the camera (120);
fitting (230) a parametric shape to the particular points for each image; and
applying (250) geometric constraints to the parametric shape, to determine the pose of the object (102).

2. The method of claim 1, wherein the camera (120) is arranged on an arm (110) of a robot, and further comprising:

gripping (240) the object (102) according to the pose.

3. The method of claim 1, wherein the camera (120) has a set of point light sources (301) arranged around a lens.

4. The method of claim 1, wherein the object (102) is arranged in a bin (105) with a plurality of identical objects (102).

5. The method of claim 1, wherein a curvature K at the particular point is K = 1/r , where r is said radius.

6. The method of claim 5, wherein the curvature is Gaussian and a product of principal curvatures k1k2 of said object.

7. The method of claim 3, wherein the illumination is from the set of point light sources (301), and each set of images
include an ambient image acquired with ambient light, and further comprising:

subtracting the ambient image from each other image in the set;
determining a minimum illumination image after the subtracting; and
determining a ratio image from the minimum illumination image to detect specularities.

8. The method of claim 1, wherein the object (102) is a screw, and the curved region corresponds to a conical and
spiral-shaped thread.

9. The method of claim 1, wherein the object (102) is a bolt, and the curved region correspond to a helical thread.

10. The method of claim 1, wherein the parametric shape is a line, and the line lies on a plane joining a center of the
camera (120) and an axis of the object (102).

11. The method of claim 1, wherein the fitting uses a variant a RANdom SAmple Consensus method (RANSAC).

12. The method of claim 1, wherein the geometric constraints are rank two constraints arising from a dependency of
three planes intersecting in a line and is used to determine the pose of the object (102).

13. A system for determining a pose of an object (102), wherein the pose is a position and orientation of the object
(102), wherein the object (102) is specular, comprising:

a camera (120) for acquiring a plurality of sets of images of the object (102), wherein the object (102) has a

curved region, wherein a degree of curvature of the curved region is  where r is a radius of

the curved region at particular points and D is a distance between a center of the curved region and the camera
(120), and wherein the camera (120) is at a different point of view for each set of images, and wherein each
image in each set is acquired while the scene is illuminated from a different direction;
means for extracting (220) a set of features of the object (102) in the form of specular highlight regions from
each image on the basis that the specular highlights move by a distance inversely proportional to said degree
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of curvature if a source of illumination moves, wherein the features correspond to the particular points on the
curved region having normals towards the camera (120);
means for fitting (230) a parametric shape to the particular points for each image; and
means for applying (250) geometric constraints to the parametric shape, to determine the pose of the object (102).

14. The system of claim 13, wherein the object (102) is arranged in a bin (105) with a plurality of identical objects (102).

15. The system of claim 13, further comprising:

an arm (110) of a robot, wherein the camera (120) is arranged on the arm (110); and comprising:

means (240) for gripping the object (102) according to the pose.

Patentansprüche

1. Verfahren zum Bestimmen einer Pose eines Objekts (102), wobei die Pose eine Position und eine Orientierung des
Objekts (102) aufweist und das Objekt (102) spiegelnd ist, umfassend:

- Erfassen einer Mehrzahl von Sätzen von Bildern (210) des Objekts (102) mit einer Kamera (120), wobei das
Objekt (102) einen gekrümmten Bereich umfasst und ein Krümmungsgrad des gekrümmten Bereichs r/D <<
0,01 ist, wobei r ein Radius des gekrümmten Bereichs an bestimmten Punkten und D ein Abstand zwischen
einem Mittelpunkt des gekrümmten Bereichs und der Kamera (120) ist, und wobei die Kamera (120) für jeden
Satz von Bildern eine unterschiedliche Ansicht aufweist und jedes Bild jedes Satzes bei einer Beleuchtung der
Szene von einer anderen Richtung aufgenommen wird;
- Extrahieren (220) eines Satzes von Merkmalen des Objekts (102) in Form von spiegelnden Glanzlichtbereichen
aus jedem Bild basierend darauf, dass, wenn eine Beleuchtungsquelle sich bewegt, die spiegelnden Glanzlichter
sich um einen Abstand umgekehrt proportional zum genannten Krümmungsgrad bewegen, wobei die Merkmale
den bestimmten Punkten auf dem gekrümmten Bereich entsprechen, die Flächennormalen in Richtung der
Kamera (120) besitzen;
- Anpassen (230) einer parametrischen Form an die bestimmten Punkte für jedes Bild und
- Anwenden (250) von geometrischen Bedingungen auf die parametrische Form zum Bestimmen der Pose des
Objekts (102).

2. Verfahren nach Anspruch 1, wobei die Kamera (102) an einem Arm (110) eines Roboters angeordnet ist, und ferner
umfassend:

Greifen (240) des Objekts (102) in Abhängigkeit von der Pose.

3. Verfahren nach Anspruch 1, wobei die Kamera (120) einen Satz von um eine Linse angeordneten Punktlichtquellen
(301) aufweist.

4. Verfahren nach Anspruch 1, wobei das Objekt (102) in einem Behälter (105) mit einer Vielzahl von identischen
Objekten (102) angeordnet ist.

5. Verfahren nach Anspruch 1, wobei eine Krümmung K bei dem bestimmten Punkt K=1/r ist und r der Radius ist.

6. Verfahren nach Anspruch 5, wobei die Krümmung eine Gaußsche Krümmung und ein Produkt von Hauptkrümmun-
gen k1k2 des Objekts ist.

7. Verfahren nach Anspruch 3, wobei die Beleuchtung vom Satz von Punktlichtquellen (301) erfolgt, und jeder Satz
von Bildern ein mit Umgebungslicht erfasstes Umgebungsbild beinhaltet und ferner umfassend:

- Subtrahieren des Umgebungsbildes von jedem anderen Bild im Satz;
- Bestimmen eines Bildes der minimalen Beleuchtung nach dem Subtrahieren und
- Bestimmen eines Verhältnisbildes aus dem Bild der minimalen Beleuchtung zum Detektieren von Spiegelun-
gen.
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8. Verfahren nach Anspruch 1, wobei das Objekt (102) eine Schraube ist und der gekrümmte Bereich einem konischen
und spiralförmigen Gewinde entspricht.

9. Verfahren nach Anspruch 1, wobei das Objekt (102) ein Bolzen ist und der gekrümmte Bereich einem schrauben-
förmigen Gewinde entspricht.

10. Verfahren nach Anspruch 1, wobei die parametrische Form eine Linie ist und die Linie auf einer Ebene liegt, welche
einen Mittelpunkt der Kamera (120) mit einer Achse des Objekts verbindet.

11. Verfahren nach Anspruch 1, wobei für das Anpassen eine Variante des Verfahrens der Übereinstimmung mit einer
zufälligen Stichprobe herangezogen wird (RANdom SAmple Consensus, RANSAC).

12. Verfahren nach Anspruch 1, wobei die geometrischen Bedingungen solche zweiten Ranges sind und aus einer
Abhängigkeit von drei sich in einer Linie schneidenden Ebenen hervorgehen, welche zum Bestimmen der Pose des
Objekts (102) benutzt wird.

13. System zum Bestimmen einer Pose eines Objekts (102), wobei die Pose eine Position und eine Orientierung des
Objekts (102) aufweist und das Objekt (102) spiegelnd ist, umfassend:

- eine Kamera (120) zum Erfassen einer Mehrzahl von Sätzen von Bildern (210) des Objekts (102), wobei das
Objekt (102) einen gekrümmten Bereich umfasst und ein Krümmungsgrad des gekrümmten Bereichs r/D <<
0,01 ist, wobei r ein Radius des gekrümmten Bereichs an bestimmten Punkten und D ein Abstand zwischen
einem Mittelpunkt des gekrümmten Bereichs und der Kamera (120) ist, und wobei die Kamera (120) für jeden
Satz von Bildern eine unterschiedliche Ansicht aufweist und jedes Bild jedes Satzes bei einer Beleuchtung der
Szene von einer anderen Richtung erfasst wird;
- Mittel zum Extrahieren (220) eines Satzes von Merkmalen des Objekts (102) in Form von spiegelnden Glanz-
lichtbereichen aus jedem Bild basierend darauf, dass, wenn eine Beleuchtungsquelle sich bewegt, die spie-
gelnden Glanzlichter sich um einen Abstand umgekehrt proportional zum genannten Krümmungsgrad bewegen,
wobei die Merkmale den bestimmten Punkten auf dem gekrümmten Bereich entsprechen, die Flächennormalen
in Richtung der Kamera (120) besitzen;
- Mittel zum Anpassen (230) einer parametrischen Form an die bestimmten Punkten für jedes Bild und
- Mittel zum Anwenden (250) von geometrischen Bedingungen auf die parametrische Form zum Bestimmen
der Pose des Objekts (102).

14. System nach Anspruch 13, wobei das Objekt (102) in einem Behälter mit einer Vielzahl von identischen Objekten
(102) angeordnet ist.

15. System nach Anspruch 13, ferner umfassend:

einen Arm (110) eines Roboters, an dem die Kamera (120) angeordnet ist und der Mittel (240) zum Festhalten
des Objekts (102) in Abhängigkeit von der Pose umfasst.

Revendications

1. Procédé destiné à déterminer la pose d’un objet (102), dans lequel la pose est une position et une orientation de
l’objet (102), dans lequel l’objet (102) est spéculaire, comprenant :

l’acquisition d’une pluralité d’ensembles d’images (210) de l’objet (102) avec une caméra (120), dans lequel
l’objet (102) présente une région incurvée, dans lequel un degré de courbure de la région incurvée est

 où r est un rayon de la région incurvée au niveau de points particuliers, et D est une distance

entre un centre de la région incurvée et la caméra (120), et dans lequel la caméra (120) se situe au niveau d’un
point de vue différent pour chaque ensemble d’images, et dans lequel chaque image de chaque ensemble est
acquise tandis que la scène est éclairée à partir d’une direction différente ;
l’extraction (220) d’un ensemble de caractéristiques de l’objet (102) sous la forme de régions de surbrillances
spéculaires à partir de chaque image sur la base que les surbrillances spéculaires se déplacent d’une distance
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inversement proportionnelle audit degré de courbure si une source d’éclairage se déplace, dans lequel les
caractéristiques correspondent aux points particuliers sur la région incurvée présentant des normales vers la
caméra (120) ;
l’adaptation (230) d’une forme paramétrique aux points particuliers de chaque image ; et
l’application (250) de contraintes géométriques à la forme paramétrique, afin de déterminer la pose de l’objet
(102).

2. Procédé selon la revendication 1, dans lequel la caméra (120) est agencée sur un bras (110) d’un robot, et comprenant
en outre :

la saisie (240) de l’objet (102) selon la pose.

3. Procédé selon la revendication 1, dans lequel la caméra (120) présente un ensemble de sources de lumière ponc-
tuelles (301) agencées autour d’un objectif.

4. Procédé selon la revendication 1, dans lequel l’objet (102) est agencé dans un contenant (105) avec une pluralité
d’objets identiques (102).

5. Procédé selon la revendication 1, dans lequel une courbure K au niveau d’un point particulier est K= 1 / r, où r
représente ledit rayon.

6. Procédé selon la revendication 5, dans lequel la courbure est gaussienne et un produit des principales courbures
k1 k2 dudit objet.

7. Procédé selon la revendication 3, dans lequel l’éclairage provient de l’ensemble de sources de lumière ponctuelles
(301), et chaque ensemble d’images comprend une image ambiante acquise avec la lumière ambiante, et compre-
nant en outre :

la soustraction de l’image ambiante de chaque autre image de l’ensemble ;
la détermination d’une image à éclairage minimum après la soustraction ; et
la détermination d’une image de rapport à partir de l’image à éclairage minimum afin de détecter des spécularités.

8. Procédé selon la revendication 1, dans lequel l’objet (102) est une vis, et la région incurvée correspond à un filetage
conique et en forme de spirale.

9. Procédé selon la revendication 1, dans lequel l’objet (102) est un boulon, et la région incurvée correspond à un
filetage hélicoïdal.

10. Procédé selon la revendication 1, dans lequel la forme paramétrique est une ligne, et la ligne se trouve sur un plan
passant par un centre de la caméra (120) et un axe de l’objet (102).

11. Procédé selon la revendication 1, dans lequel l’adaptation utilise une variante d’un procédé de consensus d’échan-
tillons aléatoires (RANSAC).

12. Procédé selon la revendication 1, dans lequel les contraintes géométriques sont des contraintes d’ordre deux
résultant d’une dépendance de trois plans qui se coupent en une ligne et que l’on utilise pour déterminer la pose
de l’objet (102).

13. Système destiné à déterminer la pose d’un objet (102), dans lequel la pose est une position et une orientation de
l’objet (102), dans lequel l’objet (102) est spéculaire, comprenant :

une caméra (120) destinée à acquérir une pluralité d’ensembles d’images de l’objet (102), dans lequel l’objet

(102) présente une région incurvée, dans lequel un degré de courbure de la région incurvée est 

où r est un rayon de la région incurvée au niveau de points particuliers, et D est une distance entre un centre
de la région incurvée et la caméra (120), et dans lequel la caméra (120) se situe au niveau d’un point de vue
différent pour chaque ensemble d’images, et dans lequel chaque image de chaque ensemble est acquise tandis
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que la scène est éclairée à partir d’une direction différente ;
des moyens pour extraire (220) un ensemble de caractéristiques de l’objet (102) sous la forme de régions de
surbrillances spéculaires à partir de chaque image sur la base que les surbrillances spéculaires se déplacent
d’une distance inversement proportionnelle audit degré de courbure si une source d’éclairage se déplace, dans
lequel les caractéristiques correspondent aux points particuliers sur la région incurvée présentant des normales
vers la caméra (120) ;
des moyens pour adapter (230) une forme paramétrique aux points particuliers de chaque image ; et
des moyens pour appliquer (250) des contraintes géométriques à la forme paramétrique, afin de déterminer la
pose de l’objet (102).

14. Système selon la revendication 13, dans lequel l’objet (102) est agencé dans un contenant (105) avec une pluralité
d’objets identiques (102).

15. Système selon la revendication 13, comprenant en outre :

un bras (110) d’un robot, dans lequel la caméra (120) est agencée sur le bras (110) ; et comprenant :

des moyens (240) pour saisir l’objet (102) selon la pose.
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