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(54) A METHOD AND APPARATUS FOR ESTIMATING A RANGE OF A MOVING OBJECT

(57) A method for estimating a range of a moving
object (MO) comprising the steps of capturing (S1) im-
ages of a surrounding by a camera (2), processing (S2)
features of captured images to determine a bearing of a
moving object (MO) on the basis of a detected cluster of
features belonging to the moving object (MO) within the
captured images and estimating (S3) a range of the mov-
ing object (MO) on the basis of determined ground fea-
tures belonging to a ground plane (GP) along the deter-
mined bearing of the moving object (MO) which are not
occluded by the moving object (MO).
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Description

[0001] The invention relates to a method and apparatus for estimating a range of a moving object, in particular for
estimating a range of a moving object such as a pedestrian in the vicinity of a vehicle.
[0002] Vehicles are increasingly equipped with driver assistance systems which assist the driver of the vehicle in
performing driving maneuvers. To support the driver vehicles can comprise vehicle cameras which are mounted to the
vehicle’s chassis on different sides. These cameras capture images of the vehicle’s surrounding. From the captured
images, a surround view of the vehicle’s surrounding can be calculated and displayed to the driver of the vehicle. A
vehicle can comprise a front view camera, a rear view camera and two side view cameras to capture images of the
surrounding. The driver assistance system of the vehicle can use the processed camera images to provide assistance
functions to the driver during driving maneuvers. For instance, the driver assistance system can support the driver in
performing a parking maneuver. A conventional driver assistance system can also provide security functions on the
basis of the processed camera images. More and more driving maneuvers are performed semiautomatically or even
fully automatically using driver assistance functions.
[0003] For many use cases, it is important to detect a range of a moving object in the vicinity of a vehicle. This moving
object can comprise for instance a pedestrian or another moving object such as a car or a vehicle moving in the vehicle’s
surrounding. For instance, during a parking maneuver, it is essential that the vehicle’s chassis does not collide with a
pedestrian moving in the vehicle’s surrounding.
[0004] Accordingly, it is an object of the present invention to provide a method and apparatus for estimating a range
of a moving object.
[0005] The invention provides according to a first aspect a method for estimating a range of a moving object comprising
the features of claim 1.
[0006] The invention provides according to the first aspect a method for estimating a range of a moving object comprising
the steps of:

capturing images of a surrounding by at least one camera, processing features of captured images to determine a
bearing of a moving object on the basis of a detected cluster of features belonging to the moving object within the
captured images and
estimating a range of the moving object on the basis of ground features belonging to a ground plane along the
determined bearing of the moving object which are not occluded by the moving object.

[0007] In a possible embodiment of the method according to the first aspect of the present invention, from the determined
ground features not occluded by the moving object the ground feature having a maximum distance is selected and the
range of the moving object is estimated according to the maximum distance.
[0008] In a possible embodiment of the method according to the first aspect of the present invention, images of a
vehicle’s surrounding are captured by a vehicle camera of a vehicle while the vehicle is moving.
[0009] In a still further possible embodiment of the method according to the first aspect of the present invention,
features in the captured images are detected and matched in each captured image to generate feature tracks between
positions of corresponding features in the captured images.
[0010] In a further possible embodiment of the method according to the first aspect of the present invention, position
coordinates of the features are converted into normalized homogeneous image coordinates using camera calibration.
[0011] In a further possible embodiment of the method according to the first aspect of the present invention, a translation
and rotation of the camera during a time period between captured images is determined on the basis of the vehicle’s
speed, V, the vehicle’s steering angle, α, and on the basis of a wheelbase, W.
[0012] In a further possible embodiment of the method according to the first aspect of the present invention, a three-
dimensional point cloud of features indicating a position of each feature in a three-dimensional space is calculated on
the basis of the normalized homogeneous image coordinates and the calculated translation and rotation of the camera.
[0013] In a further possible embodiment of the method according to the first aspect of the present invention, an essential
matrix is calculated for a motion of the camera on the basis of the determined rotation and translation of the camera.
[0014] In a further possible embodiment of the method according to the first aspect of the present invention, the epipolar
constraint is applied to the tracked features using the essential matrix.
[0015] In a further possible embodiment of the method according to the first aspect of the present invention, the tracked
features are segmented into features belonging to moving objects and into features belonging to static objects on the
basis of an error function, which measures how well the features fulfill the epipolar constraint, wherein the error function
comprises the alegbraic distance, geometric distance, reprojection error or sampson error.
[0016] In a further possible embodiment of the method according to the first aspect of the present invention, the tracked
features are segmented into features belonging to moving objects and into features belonging to static objects on the
basis of other suitable methods, such as measuring the variance of a error function over time.
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In a further possible embodiment of the method according to the first aspect of the present invention, the segmented
features belonging to moving objects are clustered and a convex hull around the segmented features of each cluster is
calculated.
[0017] In a further possible embodiment of the method according to the first aspect of the present invention, an azimuth
bearing of a moving object is determined on the basis of the calculated convex hull around a cluster of segmented
features belonging to the moving object.
[0018] In a further possible embodiment of the method according to the first aspect of the present invention, ground
features are determined by selecting triangulated features belonging to static objects with a height below a threshold
height.
[0019] The invention further provides according to a further aspect an apparatus adapted to estimate a range of a
moving object comprising the features of claim 13.
[0020] The invention provides according to the second aspect an apparatus adapted to estimate a range of a moving
object wherein said apparatus comprises a processing unit adapted to process features of captured images to determine
a bearing of a moving object on the basis of a detected cluster of features belonging to the moving object within the
captured images and adapted to estimate a range of the moving object on the basis of ground features belonging to a
ground plane along the determined bearing of the moving object which are not occluded by the moving object.
[0021] The invention further provides according to a third aspect a vehicle comprising the features of claim 14.
[0022] The invention provides according to the third aspect a vehicle comprising at least one vehicle camera adapted
to capture images of the vehicle’s surrounding and comprising an apparatus according to the second aspect of the
present invention adapted to estimate a range of a moving object in the vehicle’s surrounding.
[0023] In a possible embodiment of the vehicle according to the third aspect of the present invention, the moving object
comprises a pedestrian or another vehicle in the vehicle’s surrounding.
[0024] In the following, possible embodiments of the different aspects of the present invention are described in more
detail with reference to the enclosed figures.

Figure 1 shows a schematic block diagram for illustrating a possible exemplary embodiment of a vehicle comprising
an apparatus for estimation of a range of a moving object according to an aspect of the present invention;

Figure 2 shows a flowchart of a possible exemplary embodiment of a method for estimating a range of a moving
object according to an aspect of the present invention;

Figure 3 shows a schematic diagram for illustrating the operation of a method and apparatus according to the present
invention.

[0025] As can be seen in the schematic block diagram of Figure 1, a vehicle 1 comprises in the illustrated embodiment
an apparatus 3 adapted to estimate a range of a moving object MO in the vehicle’s surrounding. The apparatus 3 can
form part of a driver assistance system of the vehicle 1. The vehicle 1 comprises in the illustrated exemplary embodiment
different vehicle cameras 2-1, 2-2, 2-3, 2-4. The vehicle 1 can drive with a velocity or speed V in a specific direction as
illustrated in Figure 1. In the example illustrated in Figure 1, a moving object MO is within the field of view FoV of vehicle
camera 2-3 mounted on the left side of the vehicle’s chassis.
[0026] The moving object MO shown schematically in Figure 1 can be for instance a pedestrian or another vehicle
moving in the vicinity of the vehicle 1. The apparatus 3 receives from the different vehicle cameras 2-i digital camera
images. The apparatus 3 comprises a processing unit adapted to process features of captured images to determine a
bearing B of the moving object MO on the basis of a detected cluster of features belonging to the moving object MO
within the captured images of the respective vehicle camera, i.e. a single vehicle camera 2-3 in the illustrated example
of Figure 1. The processing unit is further adapted to estimate a range of the moving object MO on the basis of ground
features belonging to a ground plane in an area or bearing range along the determined bearing B of the moving object
MO which are not occluded by the moving object MO. The range of the moving object MO is the distance of the moving
object MO to the vehicle’s chassis in the illustrated example of Figure 1. The number of vehicle cameras 2-i can differ
in different vehicles. The vehicle 1 shown in Figure 1 can be for instance a car or a truck moving on a road or moving
on a parking space.
[0027] Figure 2 shows a flowchart of a possible exemplary embodiment of a method for estimating a range of a moving
object MO according to an aspect of the present invention. In the illustrated embodiment, the method comprises three
main steps S1, S2, S3.
[0028] In a first step S1, images of a surrounding are captured by a camera.
[0029] In a further step S2, the features of captured images are processed to determine a bearing B of a moving object
MO on the basis of a detected cluster of features belonging to the moving object MO within the captured images of the
camera.
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[0030] Finally, in step S3, a range of the moving object MO is estimated on the basis of determined ground features
belonging to a ground plane in a bearing range around the determined bearing B of the moving object MO which are
not occluded by the moving object MO.
[0031] In a possible embodiment, images are captured by vehicle cameras of a vehicle 1. The images of the vehicle’s
surrounding are captured by at least one vehicle camera 2 of a vehicle 1 while the vehicle 1 is moving. The camera
images are taken at different times. The camera images include a ground plane around the vehicle and may include at
least one moving object MO such as a pedestrian or another vehicle. In a possible embodiment, the camera images are
captured at a predetermined frame rate which can comprise for instance 1 to 50 frames per second. The frame rate can
depend on the used hardware platform, the CPU load, in particular how many other algorithms are running on the same
processing unit. The camera 2 captures a sequence of camera images wherein the gap between two camera images
can vary between 1/50th of a second and one second for the above-mentioned frame rates. At a velocity or speed of
up to around 60 km/h, this means that many of the features captured in a first camera image are still visible in the second
(next) camera image. This is important because two views or camera images of the ground features or ground plane
around the vehicle 1 are necessary so that the three-dimensional feature positions can be calculated when using Structure
From Motion, SFM, to triangulate static features. With increasing speed, V, of the vehicle 1, the frame rates of the frames
captured by the vehicle camera can be increased. Depending on the velocity, V, of the vehicle 1, features visible in a
first image are still visible in the second image of the camera image sequence so that ground plane features can be
reconstructed when using Structure From Motion, SFM, to produce a three-dimensional point cloud of detected features.
[0032] Features in the captured images can be detected and matched in each captured image to generate feature
tracks between positions of corresponding features in the captured images. Features can be detected and matched in
each camera image to produce a list of features x1, and x2, wherein x1 is a list of positions of features in a first image
and x2 is a list of positions of the same features in the second (next) camera image. Features that cannot be matched
are discarded. The features can be calculated and detected by a feature detector such as Harris corner detector, FAST
or SIFT. The two lists of the features in the first camera image and of the features in the second camera image form
feature tracks or feature correspondences.
[0033] In a possible embodiment, coordinates of the features can be converted into normalized homogeneous image
coordinates using camera calibration. For a pin-hole camera model with a focal length f, this can be expressed as follows: 

wherein

  are the three-dimensional coordinates of a point P in a three-dimensional space,

f is the focal length of the camera, which is known from camera calibration,

and wherein  are the normalized homogeneous coordinates, i.e. a projection of point P onto the image plane.

[0034] For non-pin-hole camera models (such as cameras with fisheye lenses), similar equations can be used.
[0035] Position coordinates of the features can be converted into normalized homogeneous image coordinates using
camera calibration. Intrinsic calibration describes the properties of the camera lens so that pixels map to rays of light
from the camera. Extrinsic calibration describes the position and orientation of the camera mounted on the vehicle’s
chassis. This means that image pixel coordinates can be converted into normalized homogeneous image coordinates.
Using camera calibration to map a pixel coordinate to a ray of light in three-dimensional space is a well-known technique
in the field of computer vision.
[0036] In a possible embodiment, a translation and rotation of the vehicle camera 2 during a time period between
captured images is determined on the basis of the vehicle’s speed, V, the vehicle’s steering angle, α, and on the basis
of a wheelbase, W.
[0037] The change in the position of the camera 2 between a first image and a subsequent second image can be
calculated in a possible embodiment by integrating the speed and steering data of the vehicle 1 over a time period
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between the frame of the first image and the frame of the second image.
[0038] Given a wheelbase, W, a speed, V, and a steering angle, α, the change in rotation Δϕ of the vehicle 1 over a
time period Δt, i.e. the period of time between capturing the first and second images, is as follows: 

[0039] The resulting motion matrix can be expressed as follows: 

[0040] Using the known position of the vehicle camera 2 on the vehicle 1, this can be converted into a translation and
rotation of the camera [Rcamera/tcamera].
[0041] In alternative embodiments, the change in position of the camera 2 can be also determined by using visual
egomotion or using GPS. Different methods for determining the change in position can also be fused together. In a
possible implementation, a Kalman filter can be used to combine GPS data with visual egomotion of the vehicle 1 to
determine a change in position.
[0042] In a possible embodiment, a three-dimensional point cloud of features indicating a position of each feature in
a three-dimensional space can be calculated on the basis of the normalized homogeneous image coordinates and the
calculated translation and rotation of the camera 2. Structure From Motion, SFM, can be performed to generate a three-
dimensional point cloud. The position of each feature in the three-dimensional space can be calculated using the nor-
malized homogeneous coordinates and the knowledge of the camera translation and rotation. The three-dimensional
point cloud can be produced from a sequence of images. This point cloud can be a composite of three-dimensional
points produced from several hundred image frames. It is possible to generate a three-dimensional point cloud on the
basis of at least two subsequent image frames. In a possible embodiment, the three-dimensional point clouds can be
stored for a predetermined period of time. If three-dimensional points in the cloud become obscured by an object this
information can provide further clues as to where a moving object MO is located. In other possible embodiments, also
radar or Lidar can be used to calculate a three-dimensional point cloud of features indicating a position of features in a
three-dimensional space around the vehicle 1.
[0043] In a possible embodiment, an essential matrix E can be calculated for a motion of the camera 2 on the basis
of the determined rotation and translation of the respective camera. 

[0044] The essential matrix E can then be used in a cost function to measure how well the features meet the epipolar
constraint.
[0045] This cost function can then be used to segment the features. Suitable cost functions comprise a measurement
of the alegbraic distance, geometric distance, reprojection error or sampson error.
[0046] In a possible embodiment, the tracked features can be segmented into features belonging to a moving object
MO and into features belonging to a static object SO on the basis of the calculated error. For instance by comparing the
calculated error with a threshold value εthreshold. The value of the threshold value εthreshold can depend on the accuracy
of the optical flow and can depend on the accuracy and latency of the estimates of the camera position.
[0047] In a possible embodiment, the segmented features belonging to moving objects MO can be clustered and a
convex hull around the segmented features of each cluster can be calculated. In a possible implementation, the seg-
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mented features can be clustered by applying a density-based spatial clustering of applications with noise (DBSCAN)
algorithm to the segmented features. The convex hull is then calculated around the segmented features of the moving
object MO.
[0048] Figure 3 shows an example of a cluster with a convex hull around a moving object MO. In the illustrated example,
the moving object MO is a pedestrian moving on a parking space with different parking lots on the ground. In the illustrated
example, a baby carriage is also positioned on the ground comprising static feature points. In the illustrated example of
Figure 3, a plurality of detected features belonging to a ground plane GP are illustrated. The ground features can be
determined by selecting triangulated features belonging to static objects with a height below a threshold height. The
threshold value of the value can be adjusted. The baby carriage BC illustrated in Figure 3 also forms a static object SO
having structural components which can be used to detect features such as intersections of the structure of the baby
carriage BC. Further, the lines on the ground plane GP can also be used for detecting features f of the ground plane
GP. Some features in the illustrated example are segmented as belonging to a moving object MO. These features are
segmented to form a cluster and a convex hull H is calculated around the segmented features of the respective cluster.
The bearing B of the moving object MO, e.g. the pedestrian illustrated in Figure 3, is determined on the basis of the
detected cluster or features belonging to the moving object MO. In a possible embodiment, an azimuth bearing of a
moving object MO can be determined on the basis of the calculated convex hull H around a cluster of segmented features
belonging to the respective moving object MO. In a possible embodiment, a range of azimuth bearings can be determined
by taking the minimum and maximum bearings of the points of features included in the convex hull H. Alternatively, a
minimum or maximum of azimuth bearings B1, B2 of the convex hull H itself can be used. In a further possible embodiment,
the size of the moving object MO can also be taken into account. For example, the minimum or maximum of the lower
half of the respective moving object can be used if the object is not substantially rectangular.
[0049] Figure 3 shows a determined azimuth bearing range or area of the moving object MO between bearings B1,
B2 with respect to the camera 2 of the vehicle 1. As can be seen in Figure 3, there are several features of the ground
plane GP within the estimated bearing range in front of the moving object MO which are not occluded by the moving
object MO, i.e. pedestrian. In the example of Figure 3, there are four features f1, f2, f3, f4 belonging to the ground plane
GP within the determined bearing range of the moving object MO, which are not occluded by the moving object MO.
The range, i.e. distance, of the moving object MO, i.e. pedestrian, can be estimated on the basis of the determined
ground features belonging to the ground plane GP along the determined bearing B of the moving object MO which are
not occluded by the moving object MO. The bearing B can be calculated as an average value of the minimum bearing
B1 and the maximum bearing B2. In a possible embodiment, from the determined ground features the ground feature
having a maximum distance is selected. In the illustrated example of Figure 2, feature f4 located within the bearing range
between B1, B2 and comprising a maximum distance to the vehicle camera 2 is selected and the range of the moving
object MO is derived from this maximum distance. Ground points, i.e. ground plane features, can be determined by
searching for triangulated features with roughly zero height. Alternatively, a ground plane GP can be fitted to the trian-
gulated points using for instance a RANSAC algorithm or least squares approximation to find features belonging to the
ground plane GP. The range of the moving object MO can then be estimated by considering all triangulated static three-
dimensional ground points within the azimuth bearing range of the moving object MO and selecting those ground plane
features comprising the maximum distance from the vehicle camera 2.
[0050] Cameras with fisheye lenses can produce a dense three-dimensional point cloud for ground plane features
close to the vehicle 1. Therefore, the estimate of the range of the moving object MO gets more accurate as the moving
object MO gets closer to the vehicle 1. The calculated estimate is always closer than the real distance to the moving
object MO, reducing therefore the chances of overestimating a distance and the danger of colliding with the moving
object MO. In the simple example of Figure 3, the distance to the moving object MO is estimated on the basis of the
distance between the camera 2 and feature f4 belonging to the ground plane GP as the ground plane feature within the
bearing range being farthest away from the vehicle camera 2 but not occluded by the moving object MO.
[0051] The method according to the present invention makes use of the fact that two-dimensional features can be
tracked throughout the camera image and a three-dimensional ground plane can be reconstructed as the vehicle 1
moves. A moving object MO moving across the ground plane GP occludes three-dimensional points on the ground
plane. This occlusion can be used to estimate a range of the moving object MO. The method can be used to estimate
a range of different kinds of moving objects MO such as other vehicles or pedestrians. It is not required that the moving
object MO is a rigid object. It is also not necessary that many features can be tracked on the object. With the method
according to the present invention, a range of any moving object MO moving on a ground plane in a vehicle’s surrounding
can be estimated. The method can be used in any situation where there is a need to track non-rigid objects that are
moving on a ground plane using a single camera 2 mounted on a moving vehicle 1. The method can be used for detection
of pedestrians, for a backup warning or for automatic breaking. A backup warning system can be implemented in which
a three-dimensional model is created of static objects SO and additionally moving objects MO are tracked and clustered
in the two-dimensional image, wherein a range can be estimated from occluded points on the three-dimensional ground
plane. A warning can be automatically produced and output to a driver of the vehicle 1 when a moving object MO is
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detected that could result in a collision with the vehicle 1.

Claims

1. A method for estimating a range of a moving object (MO) comprising the steps of:

(a) capturing (S1) images of a surrounding by a camera (2) ;
(b) processing (S2) features of captured images to determine a bearing of a moving object (MO) on the basis
of a detected cluster of features belonging to the moving object (MO) within the captured images; and
(c) estimating (S3) a range of the moving object (MO) on the basis of determined ground features belonging to
a ground plane (GP) along the determined bearing of the moving object (MO) which are not occluded by the
moving object (MO).

2. The method according to claim 1 wherein from the determined ground features not occluded by the moving object
(MO) the ground feature having a maximum distance is selected and the range of the moving object (MO) is estimated
according to the maximum distance.

3. The method according to claim 1 or 2 wherein images of a vehicle’s surrounding are captured by a vehicle camera
(2) of a vehicle (1) while the vehicle (1) is moving.

4. The method according to any of the preceding claims 1 to 3 wherein features in the captured images are detected
and matched in each captured image to generate feature tracks between positions of corresponding features in the
captured images.

5. The method according to any of the preceding claims 1 to 4 wherein position coordinates of the features are converted
into normalized homogeneous image coordinates using camera calibration.

6. The method according to any of the preceding claims 3 to 5 wherein a translation and rotation of a vehicle camera
(2) during a time period between captured images is determined on the basis of the vehicle’s speed, V, the vehicle’s
steering angle, α, and a wheelbase, W.

7. The method according to claim 5 or 6 wherein a 3D point cloud of features indicating a position of each feature in
a three-dimensional space is calculated on the basis of the normalized homogeneous image coordinates and the
calculated translation and rotation of the camera (2).

8. The method according to claim 7 wherein an essential matrix, E, is calculated for a motion of the camera (2) on the
basis of the determined rotation and translation of the camera (2).

9. The method according to any of the preceding claims 4 to 8, wherein the errors related to an epipolar constraint of
the tracked features are calculated and wherein the tracked features are segmented into features belonging to
moving objects (MO) and into features belonging to static objects (SO) on the basis of the calculated errors.

10. The method according to claim 9 wherein the segmented features belonging to moving objects (MO) are clustered
and a convex hull (H) around the segmented features of each cluster is calculated.

11. The method according to claim 10 wherein an azimuth bearing of a moving object (MO) is determined on the basis
of the calculated convex hull (H) around a cluster of segmented features belonging to the moving object (MO).

12. The method according to any of the preceding claims 1 to 11 wherein ground features are determined by selecting
triangulated features belonging to static objects (SO) with a height below a threshold height.

13. An apparatus adapted to estimate a range of a moving object (MO),
said apparatus (3) comprising:

a processing unit adapted to process features of captured images to determine a bearing of a moving object
(MO) on the basis of a detected cluster of features belonging to the moving object (MO) within the captured
images and adapted to estimate a range of the moving object (MO) on the basis of ground features belonging
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to a ground plane along the determined bearing of the moving object (MO) which are not occluded by the moving
object (MO).

14. A vehicle (1) comprising at least one vehicle camera (2) adapted to capture images of the vehicle’s surrounding
and comprising an apparatus (3) according to claim 13 adapted to estimate a range of a moving object (MO) in the
vehicle’s surrounding.

15. The vehicle (1) according to claim 14 wherein the moving object (MO) comprises a pedestrian or another vehicle
in the vehicle’s surrounding.
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