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FIG. 1

(57) Abstract: A method and apparatus for processing an image, the method comprising: generating a plurality of data points by
measuring a value of a parameter at a plurality of different locations in an area of terrain (4) (e.g. by using a laser scanner); perform -
ing a segmentation process using the plurality of data points to generate a plurality of image segments, each image segment corres -
ponding to an object (8, 10) or terrain feature (6) (for example, the ground); selecting data points of a particular one of the generated
plurality of image segments; and performing a tracking algorithm using the selected data points to track a particular object (8, 10) or
terrain feature (6) that corresponds to the particular image segment. (2). The measured parameter may be a three dimensional posi-

tion.
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EXTRACTION PROCESSES
FIELD OF THE INVENTION

The present invention relates to extraction and/or segmentation, extraction
and/or segmentation processes, extraction andfor segmentation aigorithms, and
the like. '

BACKGROUND

Data corresponding to the geometry of an area of terrain and any natural
and/or artificial features or objects of the area may be generated. For example, &
laser scanner, such as a Velodyne laser scanner, may be hsed to scan the area of
terrain and generate 3D point‘ cloud data corresponding to the terrain and the
features.

Various algorithms for processing 3D point cloud data of a terrain area are
known. Such algorithms are typically used to construct 3D terrain models of the
terrain area for use in, for example, path planning or analysing mining

environments.

Tracking algorithms that use 3D point cloud data of an area, to track objects
in that area have been developed.

Howéver, conventional approaches typically project the 3D point cloud into
a 2D representation. For example, the Stanford entry into the 2007 DARPA Urban
Challenge comprised a method in which Velodyne data was re-sampled into 2D
“virtual scans” in order to perform segmentation and tracking.

By projecting the 3D point cloud into a 2D representation, conventional
tracking algorithms tend not to exploit all the information available.

SUMMARY OF THE INVENTION

In a first aspect, the present invention pfovides a method for processing an
image, the method comprising: generating a plurality of data points by measuring
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a value of a paraméter al a -plurality' of different locations in an area of terrain;
performing a segmentation process usihg the plurality of data points to generate a
plurality of image segments, each image segment corresponding to an object or
terrain feature; éelecting'data points of a particular one of the generated piurality of
image segment's; and performing a tracking algorithm using the selected data
points to track a particular object or terrain feature that corresponds to the
particular image segment.

The measured parameter may be a three dimensional position.
The tracking algorithm may comprise filtering the selected data points

The ftracking algorithm may comprlse for each selected data point,
determining a vector that is normal to a surface of the image segment that
corresponds to the particular object or terrain feature at that data point.

The tracking algorithm may comprise, for each selected data- point,
determining a range based descriptor for that data point.

The tracking algorithm may further compnse for each selected data point,
determining a coordinate vector.

A coordinate vector for a selected data point may comprise: a vélue or
values corresponding to a time at which that data point was measured; a value or
values corresponding to the position measured for that data point; the range based
descriptor determined for that data poiht; the surface normal determined for that
data point; and an identity value for image segment that that data point belongs to.

The tracking algorithm may comprise determining a centroid of the selected
data points, and tracking the determined centroid.

The segmentation algorithm may comprise: determining a terrain mesh
comptlsln nodes connected by edges, the nodes corresponding to the data
points; for each node, determining a value of a function of the measured
parameter values; selecting at least one node that corresponds to a determined
function value that is below a threshold value; identifying the selected at least one

‘node as corresponding to the particular object or terrain feature; and identifying a
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node other than the selected at least one node as corresponding to the particular
object or terrain feature if: that node corresponds to a determined function value
that is below the threshold value; and that node and the selected at least one node
are connected in the terrain mesh by a route, the route comprising either: a single
edge; or a blurality of edges and one or more nodes. wherein each node on the
route corresponds to a determined function value that is below the threshold value.

The step of identifying a node other than the selected at least one node as

.corresponding fo the particular object or terrain feature may comprise: |dent|fy|ng

the selected at least one node as the current node; and iteratively performmg
steps (i) to (iii); wherein: step (i) comprises |dentifylng a node connected in the
terrain mesh to the current node by a single edge; step (ii) comprises identifying
the node identified at step (i) as corresponding to the particular object or terrain
feature if that node corresponds to a determined function vaiue that is below the
threshold value; and step (iil) comprises identifying the node identified at step (i)
as the current node if, at step (i), the node identified at step (i} is identified as
corresponding to the particular object or terrain feature

The step of, for each node, determining a velue of a function using the
measured parameter values may comprise: for each edge connected to that node:
identifying a node that is at a distance greater than a threshold distance from the
node in question in a direction along that edge; and determining a value of a
gradient between the node in question and the identifted node; and determining a
value of a function of the gradient values.

The function of the gradient values may be a maximum of the absolute

values of the gradient values.

The method may further comprise identifying as carresponding to a different
object of terrain feature to the particular object or terrain feature, each of the

" nodes In the terrain mesh not identified as corresponding to the particular object or

terrain feature

Ina fudher aspect the present invention provides apparatus for processmg
an image, the apparatus comprising: a sensor arranged to measure a value of a
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parameter at a plurality of different locations in an area of terrain so as 1o generate
a plurality of data points; and one or more processors arranged to: perform a
segmentation process using the plurality of data points to generate a plurality of
image segments, each image segment cofresponding to an object or terrain
feature; and perform a tracking algorithm using data points of one of the generated
plurality of image éegments s0 as to track a particular object or terrain feature that,

- corresponds to that image segment.

‘In a further aspect, the present ihvention provides a computer program or
plurélity of computer programs arrangéd such that when executed by a computer
system itthey cause the compute} system to operate in accordance with the
process of any of the above aspects.

In a further aspect, the present invention provides a machine readable |
storage medium storing a computer program or at least one of the plurality of
computer programs according to the above aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic illustration of an example terrain modelling scenario
in which a laser scanner is used to scan a terrain area; '

Figure 2 is a process flowchart showing certain steps of an embodiment of
a segmentation and tracking algorithm;

Figure 3 is a process flowchart showing. certain steps of a segmentation
algorithm,; '

Figure 4 is a schematic illustration (not to scale) of an example terrain mesh
constructed for the terrain area using range data from the laser scannar;

Figure 5 is a process flowchart showing certain steps of the ground
extraction process of the segmentation algorithm;

Figure 6 is a process flowchart showing certain steps of a tracking
algorithm; '
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Figure 7 is a process flow chart showing certain steps of an example of a
method for evaluating the performance of a segmentation algorithm;

Figure 8 is a schematic illustration (not to scale) of e manually determined

~ segmentation of a tree; and ' o ‘

Figure 9 is a schematic illustration (not to scale) of a segmentation of the
tree determined using the segmentation algorithm,

DETAILED DESCRIPTION

The terminology “terrain” and "terrain features” are used herein to refer to a
geometric configuration of an underlying supporting surface of an environment or a
region of an environment. The terminology “6bject" is used herein to refer to any
objects or structures that exist above (or below) this surface. The underlying
supporting surface may, for example, include surfaces such as the underlying

'geologicallterrain in a rural setting, or the artificial support surface in an urban

setting, either indoors or outdaors. The geometric configuration of other objects or
structures above this surface, may, for example, include naturally occurring
objects such as trees or people, or artificial objects such as buildings or cars.

Some examples of terrain and objects are as follows: rural terrain having
hills, cliffs, and plains, together with object such as rivers, trees, fences, buildings,
and dams; outdoor urban terrain having roads and footpaths, together with
buildings, iampposts, traffic lights, cars, and people; outdoor urban terrain such as
a construction site having partially laid foundations, together with objécts such as

- partially constructed buildings. people and construction equipment; and indoor

terrain having a floor, together with objects such as walls, ceiling, psople and
furniture.

- Figure 1 is a schematic illustration of an example terrain modalling scenario
in which a laser scanner 2 is used 1o scan a tefrain area 4. In this scenario, the
laser scanner 2 used to scan a terrain area 4 is .a Velodyne laser scanner. The
laser scanner 2 may be posiiioned at'any appropriate position relative to the
terrain area 4. For example, the laser scanner 2 may be positioned above the
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terrain area 4 looking down, or the laser scanner may be positioned on the terrain

etc.

The laser scanner 2 generates 3D point cloud data for the terrain area 4 in
a conventlonal way. This data is sent from the laser scanner 2toa processor 3.

In this example, the terrain area 4 comprises an area of ground 6 (or terrain

- surface), and two objects, namely a building 8 and a tree 10.

The generated 3D point cloud data for the terrain area 4 (i.e. the range
image, or image taken by the laser scanner 2) is processed by the processor 3
using a - segmentation and tracking algorithm, an embodiment of which is
described in more detail later below with reference to Figure 2.

Figure 2 is a process flowchart shoWing ceﬂaivn steps of an embodiment of
a segmentation and tracking algdrithm pefformed by the processor 3.

At step 100, a segmentation aigorithm is performed on the 3D point cloud

~ data to extract segments correspondmg fo the objects 8, 10.

In this embodiment, the segmentatlon algorlthm is a mesh-based
segmentation algorithm. The segmentation algorithm used in this embodimént is
described in more details later below with reference to Figure 3 to 5. However, in
other embodiments, a different appropriate segmentation algorithm is used to

~ extract the object segments.

At step 5200, a tracking algorithm is performed on each of the extracted
object segments. '

In this embodiment, each of the object segments are tracked using the
tracking algorithm. However, in other embodiments, a sub-set of the object
segments are tracked. '

The tracking algorithm used in this embodiment will be described in more
detail later below after the description of the segmentation algorithm and with
reference to Figure 6. '

Thus, a segmentation algorithm is provided.
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The mesh-based segmentation algorithm tends to provide an explicit

- differentiation between ground and non-ground points. This explicit differentiation

means that, during the performance of the tracking algorithm, 'ground points can

be eliminated from further processing. This tends to greatly reduce the
computational load on the processor 3 as described in more detail later below.

A further advantage provided by the tracking and segmentation algorithm is
that the full 3D point cloud data Is exploited in order to track an object. This is in
confrast to 'convention‘al techniques which typically project 3D point cloud data into
a 2D representation.

A further advantage provided by the tracking and segment‘atidn algorithm is
that objects are not assumed to be of any particular shapé or size. This tends fo -
be in contrast to cohventional method in which objects are assumed to be of a

_ particular size/shape, for example, the DARPA Urban Challenge trackers typically
assumed the only moving entities were cars. :

A further advantage provided by the tracking and segmentation algorithm is

that only weak assumptions about the movement of an object are made (e.g.

' constant velocity but With a high amount of uncertainty). Therefore, the provided

segmentation and tracking algorithm tends to be able to be used to track objects

belouging to different object classes (i.e. without any knowledge of what they are).

For example, using the above provided segmentation and tracking algorithm, a
person is tracked no dlfferently to a'car, a robot, a bicycle, etc.

What will now be descn’béd is the segmentation algorithm (performed at |
step s100 of the segmentation and tracking algorithm of Figure 2) used in this
embodiment.

Figure 3 is a process flowchart showing certain steps of the segmentation
algorithm performed by the processor 3. |

At step s1, a terraln mesh is constructed from the measured range image.

. ~ In this embodiment, the tervain mesh is constructed dsing the procedure
disclosed in "Segmentation of 3D Lidar Data in non-flat Urban Environments using
a Local Convexity Criterion", F. Moosmann, O. Pink, and C. Stiller, IEEE Intelligent
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Vehlcles Symposuum pages 215-220, 2009, which is dlsclosed herein by
reference.

This procedure for constructing a terrain mesh exploits the raster scan
arrangement of the data in a range image to generate a mesh topology. This .
procedure advantageously tends to be applicable to any type of range images,
e.g. stereo frames for instance. |

The terminology “raster scan” is used herein to refer to 'a rectangular
pattern of image capture and reconstruction in television. The term is used hereln
to refer to raster graphics, i.e. the pattern of image storage and’ transmission used
in most computer bitmap image systems. In this embodiment, in a raster scan, an
image Is subdivided into a sequence of (e.g. horizontal) strips known as "scan
lines".

Figure 4 is a schematic illustration (not to scale) of an example terrain mesh
12 constructed for the terrain area 4 using range data from the laser scanner 2.

In this embodiment. the terrain mesh 12 is built by first connecting
neighbour retums (i.e. neighbouring data points) in each raster line 14. In this
embodiment, the raster |ines‘ 14 appear as concentric circles. In this embodiment,
the centre 16 of the concentric circles formed by the raster lines 14 is directly
under the laser scanner 2. In this embodiment, the links between.raster lines 14
are Instantiated by connecting data points with the closest yaw angles. The data
points form nodes of the terrain mesh 12 (three such nodes are indicated in Figure
4 by the reference numeral 18), with the raster lines 14 and Imks between the
raster lines connectmg the nodes 18.

- Atstep s2, a ground extraction process is performed on the 3D point cloud
data. The ground extraction process explicitly separates 3D point cloud data
corresponding to the ground 6 from that corresponding to the other objects, i.e. the
building 8, and the tree 10, and is described in more detail later below with
reference to Figure 5.

At step s4 an object segmentation process is performed on the 3D point
cloud data that corresponds to the objects.
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In this embodimeni, non-ground data points, i.e. the data points not
identified as corresponding to the ground 6 at step s2, are connected together to
form clusters of object cells. ‘ o

In this embodiment, this process is performed using a conventional
clustering technique comprising feeding non-ground data points to a 3D grid.
Voxels (the 3D cells of the grid) are then gathered to form a cluster if those cells
are non—-empty and in contact with each other. In other words, this process
comprises assigning to a voxel each non-ground dta point. The voxels are then
clusterad together to form “object clusters” if they are sufficiently close to one
'anotﬁer (e.q. within a specified neighbourhood). The ground oper'ates as a
separator between the object ciusters. This is because, in this émbodiment. deta
points corresponding to the ground are removed prior to voxel clustering.

In this embodiment, the non-ground data points are assigned into voxels
using a voxel grid. This voxel grid may be of any size. Smaller voxels tend to allow
more complex representations of objects that tend to bé more accurate. However,
more memory is required and processing times are generally longer than if a
larger voxel size is used. Furthermore, smaller voxels may lead to over
segmentation because the intrinsic connectivity of objects may not be captured
due to the increased number of empty voxels. '

In this embodiment, the neighbourhood that is used to cluster voxels may
be of any appropriate size. For example, a neighbourhood may be based on the
height of a given voxel above the ground 6. The use of larger neighbourhoods at
relatively larger distances above the ground tends to alleviate the problem of over-
segmenttloh of high, sparse objects while not risking under-segmentation of
objects that are close together and on the ground.

Optionally,; the process of step 84 may require that additional criteria be
satisfied. For example, in other embadiments ‘a variance criterion must be

- satisfied. An example variance criterion requires that for two voxels to be clustered

together, then the x, y, or z variances of the two voxels must be within a given
threshold of each other. This advantageously tends to separate dissimilar objects
into different clusters
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Thus, a segmentation algoﬁthrh is provided. The segmentation algorithm
advantageously segments data points into a ground partition, and separate object
partitions.

In this embodiment, the ierrain mesh 12 is used for ground extraction, and
the rest of the segmentation (i.e. object segmentation) is performed in the voxel
grid. This is in contrast to some conventional techniques in which full segmentation
of a scene (i.e. partitioning of ground and obfects) is performed using a mesh
model. For example, this is in contrast to those techniques disciosed in the
aforementioned “"Segmentation of 3D Lidar Data in non-flat Urban Environments
using a Local Convexity Criterion”, and those used in many conventional graph
based segmentétion methods, |

Figure 5 is a process flowchart showing certain steps of the ground
extraction process of step s2 of the seme_ntation algorithm. '

At step 6, a gradient field for the terrain mesh 12 is computed. .

In this embodiment, for each node 18 in the terrain mesh 12 a gradient is
evaluated for each incoming edge connected to that node.

A so-calied final gradient value for a node 18 is then determined as the-
maximum of the absolute values of the edge gradients determined for that node
18. ' ’

In other words, in this embodiment each node 18 of the terrain mesh 12 has
four edges/links. These edges may‘be for example, identified as UP, DOWN,
LEFT, and RIGHT. The UP edge from a node 18 is the edge that extends from
the node 18 in a direction away from the centre 16. The DOWN edge from a node
18 is the edge that extends from the node 18 in a direction towards the centre 16.
The LEFT edge from a node 18 is the edge that extends from the node 18 in an |
anti-clockwise direction. The RIGHT edge from a node 18 is the edge that extends
from the node 18 in a clockwise direction.

In this embodiment, to compute, for example, the gradient for a node 18
along its DOWN edge, the algorithm traverses the terrain mesh 12 from the node
18 in question to the next node in the DOWN direction (once a predetermined

’
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minimum distance has been traversed). The gradient is then determined as the

absolute difference of the height of the starting and the ending node divided by the .
distance between them. In this embodiment, if the predetermined distance is not

traversed in a given direction, the determined gradient is disregarded.

The use of a predetermined minimum.distance when determining gradient
values for nodes 18 advantageously tends to reduce the effects of noise. In this
embodiment, the nodes the closer to the centre 16 of the terrain mesh 12 are

“closer together than nodes 18 further from the centre 16. Thus, if consecutive

nodes were used for gradients evaluation (i.e. if there were no minimum
bredetermined distance) the determined gradient values would tend to be noisy.
This may, for example, be due to the fact that the distance separating consecutive
nodes is of the same order of magnitude of the noise in their sensed height. .

At step s8, the main ground partition in the terrain mesh 12 is idéntiﬁed.

In this embodiment, the main ground partition is obtained by grow/ing é
cluster of ground nodes from the raster line closest to the centre 16 (i.e. the inner
most circle in Figure 4) to the raster line furthest from the centre 18. This is
performed as follows.

Firstly, on the closest raster line to the centre 16, a lgbel “GROUND" is
assigned to each node in the longest sequence of (adjacent) nodes that each have
a final gradient value below a predetermined threshold (G).

Other nodes on that raster line 14 are then assigned the GROUND label if:
- they are in a further sequence of (adjacent) nodes; and

- each of the nodes of the further sequence has a final gradient value
below the predetermined threshold G; and

- the respective heights of the node in longest sequence and the node in
the further sequehoe that are closest to one another are within a
predetermined range (R).

In other embodiments, the GROUND label may be assigned to the nodes of
the first raster line in a different way. For example, each node 18 on the raster line
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closest to the centre 16 may be identified as GROUND fif its final gradient value
has a norm below a predetermined gradient threshold value.

Then, for the other raster lines 14 (working dutWards from the raster line

- closest to the centre 16), a node 18 is identified as GROUND fif its final gradient

value has a norm below the predetermined gradient threshold value G, and at
least one direct neighbour of it has al‘readybeen identified as GROUND. In this
embodifnent a direct neighbour of a node 18 can be a node 18 in the same raster
line or in the prewous raster line.

In this embodiment, the label GROUND is propagated twice in each scan
line: once along each direction (i.e. each node is traversed twice).

Thus, the iterative growing of the ground partition is performed.

* This process of identifying the main ground partition advantageously tends
to avoid the identification of non-ground flat partitions (such as the roof of the

~ house 8) being mistaken as the ground 6.

At step s10, a smoothing process is performed to avoid ground points being
identified as part of objects 8, 10 at the junctlon between ground and non-ground
sections.

In this embodiment, transitions between the ground 6 and the objects 8,
10 are detected as follows. |

" Fora particular raster line, a number of consecutive nodes that have been
identified as GROUND are selected. In this embodiment, ten such nodes are
selected. Thus, a so-called “buffer” is selected.

in other embodiments, a different number of nodes may be used to form the
buffer, e.g. five nodes.

The mean helght (H) of the nodes in the buffer is determined

"The buffer is then "slid”, or moved around the raster line. towards the next
node. Also, the buffer is slid along each radial line of the terrain mesh 12.

In this embodiment, the n‘ext node that the buffer is slid onto is marked with
the label “TRANSITION" if it does not belong to the ground 6 based on its gradient
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(le. Its final gradient value is above the predetermined threshold G), but its height
is within the predefined range value (R) of the buffer mean height (H):

‘This process is }epeated untit all nodes 18 have been processed as
described. In this embodiment, the buffer is emptied when moving on to the
processing of the next scan or radial line.

In this embodiment, the buffer is slid twice along each raster line (once in a
clockwise direction, and once in an anti-clockwise direction). Also, the buffer is slid
twice alohg each radial line (once moving away from the centre 16, and once
moving back towards the centre 16). This advantageously tends to ide_ntify

L

transitions on all sides of an object.

The process of step s10 advantageously tends to allow for a tighter
segmentation of objects. This can be critical when modelling particularly cluttered
areas of terrain. '

A further advantage of the process of step s10 is that noise/bias ih the

. elevation data tends to be smoothed

Thus, a ground extraction process of the segrhentation algorithm is -
provided.

The identification of. the ground is an integrated part of the segmentation
pracess. This is in contrast to other methods, in which the ground is (typically)
obtained as the output of a classifier applied after segmentation.

Advantages provided by the above described segmentation algorithm is
that the effects of noise on the shorter links of the terrain mesh 12 tend to be

reduced. The averaging out of such noise tends to be provided for by the use of

an adaptive length for the computation of the gradient values used to dgci'de
whether a data point corresponds to the ground. Such an adaptive mechanism is
not provided by conventional algorithms.

- The above described segmentation algorithm advantageously tends to
allow for the reconstruction of the ground 6 under overhanging structures, for
example the canopy of the tree 10.
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Thus, the provided segmentation algorithm advantageously tends to be

~ able to achieve the follqwing tasks. Firstly, the explicit extraction of the surface of

ground 6 is performed, as opposed to extracting 3-dimensional surfaces without
explicitly specifying which of those surfaces correspond to the ground 6. Secondly,
overhanging structures, such as the canopy of the tree 10, are represented.
Thirdly, 3-dimensional ségmentation of the objects 8, 10 is perfarmed.

In this embadiment, full 3D segmentation of the data is obtained once the
3D clustering (step s4) of NON-GROUND data points (i.e. data points that are not

identified as either GROUND or TRANSITION) has been performed.

A further advantage of the segmentation algorithm is that errors that occur
when generating 3-dimensional surfaces corresponding to the ground 6 tend to be
minimised. This is due to the ability of the ground-object approach implemented by
the segmentation algorithm to _separate the objects above the ground.

A further advantage is that by separately classifying terrain features, the
terram model produced by performing the segmentation algorithm tends to reduce
the complexity of, for example, path planning operations. Also, high-resolution
terrain navigation and obstacle avoidance, particularly those obstacles with
overhangs, is provided. Moreover, the segmentation algorithm tends to aliow for
planning operations to be performed efficiéntly in a reduced, i.e. 2-dimensional
workspace. '

Also, the provided segmentation algorithm allows a path-planner to take
advaeniage of the segmented ground model. For example, clearance around
obstacles with complex geometry can be determined. This allows for better

. havigation through regions with overhanging features. -

Furthermore, the provided segmentation algorithm advantageodsly tends to
provide that the separation of object in the data facilitates the classification of the

_ objects. Conventional approaches tend to attempt to classify data points wnhout

prior knowledge of their membership to a larger segment.
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What will now be described is the tracking algorithm (performed at step
200 of the segmentation and tracking algorithm of Figure 2) used in this
embodiment. N

In this embodiment, the tracking algorithm is @ combination of three main
elements, namely object modelling, motion estimation, and data association.
These take as their input a segmented 3D point cloud corresponding to an object
(i.e. an 6bject segmentation) obtained by the segmentation algorithm performed at
step 100 and described in more detail above with reference to Figures 3 to 5.

Figure € is a process flowchart showing cerlain steps of a tracking algorithm
in this embodiment at step $200. '

At step s29, points which were labelled as ‘“ground” during the
segmentation algorithm are discarded. This elimination of the ground points from
further processing advantageously tends to greatly reduce computational load.

At step s30 after segmentation, the data corresponding to each of the
object segments is filtered.

In this embodiment, the data is ﬁ!tered through a 870 x 64 pixel range
image.. Further information about this data filtering can be found in "Segmentation
of 3d Lidar data in non-flat urban environments using a local convexity criterion”,
F. Moosmann, O. Pink, and C. Stiller, pages 215 ~220, June 2009, which is
incorporated herein by reference. This tends to re-sample the data to an equal
resolution in both elevation and azimuth, and tends to allow for easier computation
of surface normals and a range-based local descriptor,

At step 832, for each remaining point, a surface normal is computed (i.e. for
each point, a nomal to the surface of the object segment to which that point
belongs is determined). Further information on the computation of surface normals
can be found in "Motion estimation from range images in dynamic outdoor
scenes”, Frank Moosmann and Thierry Fraichard. In Robotics and Automation
(ICRAY), 2010 IEEE International Conference on, pages 142 ~147, 3-7 2010, which
is incorporated herein by reference. |
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At step s34, for each remaining boint, a range-based local descriptor Is
computed. Fqnher information on the computation of range-based local

. descriptors can also be found in "Motion estimation from range images in dynamic
. outdoor scenes”,

At step s36, the filtered object points are projected into a global coordinate
frame. -

The projecting of Velodyne laser scanner returns into a global co-ordinate
frame in real time tends to be a computationally expensive task. However, typically
40% to 70% of all Velodyne returns are classified as "ground”. Thus, the
elimination of the ground-labelled points from the set of points that are processed
when tracking is performed tends to provide that tracking can be performed in real-
time. '

_In this embodiment, this projection of the filtered object points yields at set
of projected points. Each projected point in the set is represented by a 13-
dimensional vector having the following form:

(t,x,y,z,range, descriptor ,normal, segment.id)

where: tis a timestamp' (i.e. the time at which the pointl was measured by

the laser scanner 2). In this embodiment, there is one component in each
13-dimensional vector that indicates the timestamp for a projected point;

x, y; and z represent the global position of the point in the globalt

coordinate frame. In this embodiment, there are three components in each
13-dimensional vector that indicate the global position of a projected point
(x. y, and z); ' ' '

~ range is the range or distance of the point from the laser scanner 2.

In this embodiment, there is one component in each 13-dimensional vector
- that indicate the measured range a projected point.
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descriptor is the range based descriptor for the point determined at
step :834. In this embodiment, there are four components in each 13-
dimensional vector that correspond to the range based descriptor of a
projected point; ' '

normal is the surface normal for the point determined at step s32. In

this embodiment, there are three components in each 13-dimensional
vector that correspond to the surface normal at a projected point; and

ségment.id is the output of the segmentation algorithm for that point -‘
(i.e. the classification for the point). In this embodiment, there is one
component in each 13-dimensional vector that indicate the classification of
a projected point.

‘The use of this 13-dimensional vector tends to be provide that the algorithm
can be performed particularly efficiently. However, in other embddiments, each
projected point is represented by a different appropriate vector.

At step 838, each object segment is tracked using the vectors for that object
segment (determined at step s36 above). '

In this embodiment, any appropriate process for tracking an object segment
may be used. ’

For example, a relatively simple method is as follows. Firstly, for each
object segment, the centroid of that segment (i.e. the mean of the segmented
object’s coordinates) is determined. A conventional process of tracking point
observations is then used. An example of such a process can be fouhd in
"Tracking fnethods in a multi-target environment’, Y. Bar-Shalom, Automatic
Control, IEEE Transactions on, 23(4).618 — 626, August 1978, which is
incorporated herein by reference. . ‘

In some embodiments, a method in which all observations are treated as
exact may be used. Data association may be carried out using, for example, a
"nearest neighbour” process. In other embodiments, Ihdependent- Kalman Filters
are applied to each of the tracks. Also, the position of subsequent observations
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‘may be predicted. Further examples of processes ‘of tracking point observations

can be found in “Probabilistic data association techniques for target tracking in

-clutter’, T. Kirubarajan and Y. Bar-Shalom, Proceedings of the IEEE 92(3) 536 -
657, March 2004, which is incorporated herein by reference.

Further examples of appropriate process for tracking an object segment use
all points belonging to a segmented object as an observation (as opposed to just
the centroid of the abject segment), and use this as a track’s appearance model.
Further information on such a process may be found in “Motion estimation from
range images in dynamic outdoor scenes”,

- An example approach that uses poin{ clouds as observations involves
creating a track with a static appearance model (e.g. those pbints corresponding a
first observétion)., The track's model is then registered with subsequent
observations using Point-Plane lterative Closest Point (ICP) process. Further
information about the Point-Plane ICP process can be found, for example, in
"Object modelling by registration of multiple range imageS", Y. Chen and G.
Medioni, In Robotics and Automation, 1991, Proceedings, 1991, I|EEE
International Conference on pages 2724 -2729 vol.3, Aprit 1991, which is
incorporated herein by reference. A result of the Point-Plane ICP process is the
determination of the objeét’s 6 degrees of ‘freedom displacement. This ICP tends
to require no explicit data association. Some form of data associatlon'may be
performed however as segmented objects that do not get matched to an exlstmg
track must be instantiated as new tracks. '

A matching process which exploits the results of the ICP process may be
performed as follows. Firstly, as part of the ICP algorithm, links are formed
between the pairs of point clouds being registered. Using these links between the
track’s model and the segmented point cloud, the segment.id of each rﬁatched
point is then determined. A single segment is determined using a majority vote
over these segment.id values and gives a single segment, This segment is then’

associated with the track.
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In other embodiments a track's appearance model is replaced with a new
observation at each iteration. This tends to ensures that the appearance difference
betweén the track and the actual object is refatively small. Thus, a good ICP match
tends to be possible, - |

A further example of a process for tracking én object segment is a so-called
“dynamic mapping” process. This process is described in greater detail ih “Motion
estimation from range images in \dynamlc outdoor scenes”. In this approach, points
from each observation are accumulated into the appearance model. Points are
accepted or rejected based on their measurement uncertainty so as to avoid

accumulating an infinite number of points. An advantage of this mathod is that,

over time, a more complete representation of the object being tracked is formed.

The above‘ mentioned appearance modeliing techniques can be used in
tracks with or without Kalman Filter estimation.

A further example of a process for tracking an object segment comprises a
process of handling scene under- and over-segmentation. Scene under- or over-
segmentation may. for example, occur when two objects approaching one another
merge into one ob]eCt in the segmentation result. Further details regarding an
example of such an approach can be found in "Tracking people with a 360-degree
lidar”, John Shackleton, Brian VanVoorst, and Joel Hesch, Advanced Video and
Signal Based Surveillance, IEEE Conference on 0:420--426, 2010, which is
incorporated herein by reference.

Thus, a process of segmentation (fo produce an object segment from an
image) and tracking (fo track that object ;egme‘rﬂ through a sequence of images)
is provided.

Apparatus, including the processor 3, for implementing the arrangements
described herein, and performing the method steps described herein, may be
provided by configuring or adapting any suitable apparatus, for example one or
more computers or -other procesasing apparatus or processors, and/or providing
additional modules. The apparatus may comprise a computer, a network of
computers, or one or more processors, for implementing instructions and using
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data, including instructions and data in the form of a compijter program or plurality

~of -computer programs stored in or on a-machine readable storage medium such

as computer memory, a computer disk, ROM, PROM etc., or any combination of
these or other storage media. '

In the above examples, the 3-dimensional point c!oud data for the terrain’
area was provided by a Velodyne laser scanner. However, in other examples the
data is provided by one or more different means instead of or in addition to the
laser Scanner. for example by SICK and Riegi sensors. Moreover, in other
examples the data on the terrain area is not laser scanner data and is instead a -
different appropriate type of data, for example' data generated by a stereo camera
oraradar. o

In the above examples.' the terrain area is outdoors and comprises a
building and a tree. However, in other examples the terrain area is a different
appropriate area comprising any number of terrain features. In particular, the
terrain features are not limited to trees and buildings. A

In the above embodiments, the main ground partition in the terrain mesh 12
is identified as described above at step s8. Firstly, on the closest raster line to the
centre 16, a label “"GROUND" is assigned to certain nodes. Then, for the other
raster lines 14, a node 18 is identified as GROUND if its final gradient value has a
norm below the predetermined gradient threshold value G, and at least one direct
neighbour of it has alréady been identified as GROUND. However, in other
embodiments, nodes in the other raster lines are identified if one or more different
criterla are met, instead of or in addition to the criteria of the node's final gradient
value having a norm below the predetermined gradient threshold value G, and at
least one direct neighbour of the node having already been identified as
GROUND.

For example, In other embodiments, in addition to any of the above
mentioned criteria, nodes in a given raster line will only be labelied as GROUND if
the previous raster line (i.e. the directly adjacent raster line that is closer to the
mesh centre) contains at least one node that has been identified as GROUND. -
This process of “growing” the ground partition iteratively from the image's centre
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outwards is advantageously stopped as soon as no more ground nodes are
identified in the current scan line. This technique tends to avoid attempting the
identification of ground nodes when the connectivity to ground partition is no
longer direct.

Also, in other embodiments a node 18 is identified as GROUND if its final
gradient value has a norm below the predetermined gradient threshold value G,
and at least one direct neighbour of it has already been identified as GROUND,

~and, in addition, the difference between the range of the node (i.e. distance

between the sensor and the node) and the range of a direct neighbour of the node
that has already been identified as GROUND must be positive (to some tolerance

level). In other words, in addition to the criteria used in the above embodiments, in

order for a node to be classified as GROUND, a direct neighbour of the node that
has already been identiflied as GROUND must be closer to the sensor. This latter
criterion advantageously tends to avoid the label GROUND being propagated from
the background of thé scene along artificially fiat links. Due, for example, to self

‘occlusions a back face of an object is typically not observed in 3D scans. This

tends to imply that some of the links in the corresponding mesh “fall off* the
apparont side of objects and connect to the background. Such links often
corréspo‘nd to small slopes and as a corisequenoe to flat gradients. Such flat links
tend to allow the GROUND label to be propagated from the background onto

. foreground objects. This tends to materialise as ground points in the middle of

object segments. Thus, use of this latter criterion tends to result in a more
accurate extraction of the ground. '

In other embodiments, the flat links that causé ground extraction artefacts,
such as that described above, are discarded based on their lengih. In such
embodiments an additional threshold for the length of a fiat link is defined.

Also, in other embodlments the GROUND label is not propagated when the
data become too sparse.

An optional additional process of analysing and .evaluating the
segmentation resulting from performing - the above described segmentation
algorithm may be performed.
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Figure 7 is a brocess flow chart showing certain steps of an example of a
method of evaluating the performance of a segmentation algorithm.

In this example, the performance of the segmentation algorithm is
evaluated by examining how well the segmentation algorithm segments a
particular object (in this example, the tree 10).

A_t step s12, a segmentation for the tree is manually determined, i.e. a user
hand-picking data points that correspond to the tree 10.

In other examples, voxels of data points may be selected instead of single .
data points, and the evaluation may be performed based on the selected voxels.

Figure 8 is a schematic illustration (not to scale) of a maﬁually determined
segmentation of the tree. The boxes of Figure 6 comrespond to data points
selected by a user.

At step s14, the data points in the segmentation produced by the
segmentation algorithm that correspond to those selected by the user (at step 512)
are identified.

Thus, a segmentation of the tree 10 as determined by the segmentation
algorithm is identified. '

Figuré 9 is a schematic illustration (not to scale) of a segmentation of the

_ tree determined using the segmentation algorithm.

The data points in Figure 9 (indicated by boxes) are those that correspond
to the data points selected by the user. In this example, the data pointé have been
identifled as belonging to class-A, class-B, or class-C by the segmentation
algorithm. Thus, the data points have been assigned corresponding “identification
value” A, B, or C. These identifications are show in Figure 9. The identification
values (A, B, or C) may, for example, indicate separate objec{s.

In other words, in this example the segmentation algorithm produced a
flawed segmentation of the tree 10, and has Identified the-tree 10 as being made
up of muttiple partitions. In this example, a partition is a group or cluster of data
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points that have the same identification value, that are connected o each other by .
data points having the same identification value.

At step s16, for each separate partition in the identified segmentation of the
tree 10 as determined by the segmentation algorithm. the number of data points in
that partition (i.e. partition size) is determined. Also, the identification value of
each partition ig determined.

. In this example, the determined infoﬁnation (i.e. partition size and
identification value) may are stored. For example, the information may be stored in
a list. ‘

The determined information for the segmentation shown in Figure 9 is as
follows: '

Partition ID value No. of data pginté

B 12

A 30

B 12

A 3 )
. = v o]

At step s18, the largest partition (i.e. the partition that has the largest
number of data points) is identified as a “match”. : '

At step s20, the partition(s) not identified as a “match” are identified as
"errors”. ' '

Thus, in this example the parttion that has identification value A, and
contains 30 data points, is identified as "match”. The remaining four partitions are

" identified as “errors”.
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At step 822, a “score” Is determihed using the number of data points In the

partition identified as a match' and the number of data points in the partitions
identified as “errors”.

In this example, the score is determined using the following formula:

*
score = 100* N ey
Nmalch + Nenm
where: N,.. is the nu‘mber of data points in the partition identified as
“match”; and ‘
10 N.,... is the total number of data paints in the partitions identified as

*errors”.

Thus the score is the percentage of the total number of data points that are
ina partltion identified as a match. / .

In this example, the score Is:

* 13
scorezwzﬁﬁ
. . 54

f

In this example, a score of 95% or more is considered to be a\ good
segmentation of the tree 10. A score of less than 95% but more than 85% is
20 considered to be a mediocre segmentation of the tree. A score of less than 85% is
cbhsidered to be poor and at about 70% or less is considered to be a failure on
behalf of the segmentation algorithm to generate a segmentation of the tree 10.
Thus, In this example, the score of 55.6% means that the segmentation algorithm
has failed to produce an adequate segmentation for the tree 10. In other

2s examples, different score criteria may be used.



WO 2012/122588 PCT/AU2012/000248

15

20

25

-25.

Thus, a method of evaluating the performiance of asegmentation algorithm
is provided. '

An advantage provided by the above described evaluation process is that a
value corresponding to how well the segmentation aigorithm segments an objéct is
determined. These values may be advantageously used to compare the
performance of a plurality of different segmentation algorithms. Also; these values

-may be advantageously used to compare the performance a segmentation

algorithm in multiple operating conditions.

An advantage provided by the above described segmentation evaluation
process is that the algorithm can be used as a cost f_unction, eg. in éonjunction
with conventional optimisation methods. This rriay, for ekample. be used to find
optimal parameter values for a segmentation algorithm with free parameters. [t
may also be advantageously used to determine a most appropriate algorithm, e.g.
from a library of possible segmentation methods. For example, a relatively simple
approach to opﬁmisation may be used, whereby parameter values' for a

segmentation algorithm with free parameters are. sampled from a parameter

space. The ‘segmentation metric is then calculated for that set of sampled values.
This may be repeated. for different sampled values, and a best performing
parameter value set may be selected as optimal. Additionally other more efficient
optimisation techniques can be used instead of (uniform) sampling.

in this exampie. the . performance of the segmentation algorithm .is
evaluated by evaluating how well the segrhentation algorithm segments a
particular object (in this example, the tree 10). However, in other examples the
performance of the segmentation algorithm is evaluated by evaluating how well
the segmentation -algorithm segments a different object or terrain feature.

In this example, ségmentation algorithm evaluation is performed based on
data points selected by a user. However, in other examples the data points may
be selected by a different appropriate method, for example a different
segmentation algorithm.,
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In other examples, voxels of data points may be selected instead of single
data points, and the evaluation may be berformed based on the selected voxels.
In this case, since all points in a voxel have the same identification value, vdxels
can be marked as “match” or “error” when the status of any point within the voxel
is determined. Voxel match scores tend to be more volatile than the point match
score. This is because partitioning of large dense objects like the ground and walls
of bulldings Is more consiétent than smaller, sparser objects like trees, people and
cars. The quality of partitioning of smaller, sparser, more difficult to partition
objects is usually better represented by the voxel score because of .less
domination by ground and wall points. o '

it should be noted that certain of the process steps depicted in any of the
above described flowcharts may be omitted or such process steps may be
performed In differing order to that presented above and shown in the Figures,
Furtl:\ermore. although all the process stebs'have, for convenience and ease of
understanding, been depicted as discrete temporally-sequential sfeps.
nevertheless some of the process steps may in fact be performed simultaneously
or at least overlapping to some extent temporally. '
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CLAIMS
1. A method for processing an image, the method comprising:

generating a plurality of data points by measuring a value of a paraméler at

a plurality of different locations in an area of terrain (4);

performing a segmentation process using the plurality of data points to
generate a plurality of image segments, each image segment‘ corresponding to an
object (8, 10) or terrain feature (6); '

, selecting data points of a particular one of the generated plurality of image |
segments; and '

perfofming a tracking algorithm us_ing-the selected data points to track a
particular object (8, 10) or terrain feature (6) that corresponds to the particular
image segment.

2. A method according to claim 1, wherein the ‘meavs'ured parameter is a three

dimensional position.

3. A method according to claim 1 or 2, wherein the tracking algorithm
comprises filtering the selected data points. _ ’ ‘

4, A method according to any of claims 1 to 3, wherein the tracking algorithm

. comprises, for each selected data point, determining a vector that is normal to a

surface of the image segment thai cokresponds to the particular object or terrain
feature at that data point. '

8. A method according to any of claims 1 to 4, wherein the tracking algorithm
comprises, for each selected data point, determining a range based descriptor for
that data point.
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6. A method according to ¢laim 5 when depeﬁdent on claim 4, wherein:

the tracking algorithm further comprises, for each selected data point,
determining a coordinate vector; and

a coordinate vector for a selected data point comprises:

a value or values_ corresponding to a time at which that data point
was measured;

a value or values corresponding to the position measured for that _
data point;

the range based descriptor determined for that data point;
the surface normal determined for that data point; and

an identity value for image segment that that data point belongs to.

7. A method according to any of claims 1 to 6, wherein the tracking algorithm
comprises determining a centroid of the selected data points, and tracking the

‘determined centroid.

. 8. A meth(’)db according to any of claims 1 to 7, wherein the segmentation

algorithm comprises:
deiermining a terrain mesh (12) comprising_'n'od'es (18) connected by.
edges, the nodes (18) corresponding to the data points;

for each node (18), determining a value of a function of the measured
parameter values; '

Selectin at least one node that corresponds to a determined function value
that is below a threshold value;

identifying the selected at least one node as corresponding to the particuiar
object (8,10) or terrain feature (6); and '



WO 2012/122588 PCT/AU2012/000248

-29-

identifying a node other than the selected at least one node as
corresponding to the particular object (8,10) or terrain feature (8) if:

that node corresponds to a determined function value that is below
the threshold value; and )

5 that node and the selected ai least one node are connected in the
terrain mesh (12) by a route, the route comprising either:

a single edge; or
a plurality of edges and one or more nodes, wherein each node on

the route éorresponds to a determined function value that is below the
10 threshold value. ' '

9. A methed according to claim 8, wherein the step of identifying a node other
than the selected at least one node as corresponding to the particular object (8,10)
or terrain feature (6) comprises:

15 identifying the selected at least one node as the current node; and
iteratively pén‘orming steps (i) to (iii); wherein:
step (i) comprises identifying a node connected in the terrain mesh to
the current node by a single edge;
step (i) comprises identifying the node identified at step (i) as
20 comesponding to the particular object (8,10) or terrain feature (8) if that

node corresponds to a determined function value that is below the threshold
. value; and

step (iii) comprises identifying the node identified at step (i) as the

cument node if, at step (i), the node identified at step (i) is identified as
25 - corresponding to the particular object (8,10} or terrain feature (6).
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10. - A method according to claim 8 or 9, wherein the step of, for each node (18), -
determining a value of a function using the measured parameter values
comprises:

for each edge cohnec’ted to that node:

identifying a node that is at a distance greater than a threshold
distance from the node in question in a direction along that edge; and N

determining a value of a gradient between the node in guestion and
the identified node; and

determining a value of a function of the gradient values.

11. A method according to claim 10, wherein the function of the gradient values

* i3 @ maximum of the absolute values of the gradient values.

12. A method according 1o any of claims 8 to 11, wherein the method further
comprises identifying as corresponding to a different object (8, 10) or terrain
feature (6) to the particular object (8, 10) or terrain feature (6), each of the nodes
in the terrain mesh (12) not identified as 'gorresponding to the particular object (8,

10) or terrain feature (6).

13.  Apparatus for processing an image, the apparatus comprising:

a sensor (2) arranged to measure a value of a parameter at a plurality of

different locations in an area of terrain (4) so as to generate a plurality of data

points; and
one or more processors (3) arranged to:

perfoirn a segmentation process using the plurality of data points to
generate a plurality of image segments, each image segment _
corresponding to an object (8, 10) or terrain featurs (6); and '



WO 2012/122588 : o ' PCT/AU2012/000248

-31-

perform a tracking algorithm using data points. of one of the
generated plurality of image segments so as to track a particular object (8,
" 10) or terrain feature (6) that corresponds to that image segment.

5 14. A computer program or plurality of computer programs arranged such that
when executed by a computer system itthey cause the computer system to
operate in accordance with the process of any of claims 1 to 12.

15. A machine readable storage medium storing a computer program or at least -
10 one of the plurality of computer programs according to claim 14. |
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