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Description
Technical field

[0001] The presentdisclosure relates to the calibration
of occupancy grids used to map a vehicle environment.

Background

[0002] With the current development of motor vehicles
which are fully autonomous and/or fitted with ADAS (Ad-
vanced Driver Assistance Systems), many techniques
have been developed for the reliable estimation of the
vehicle environment, on the basis of a large amount of
data coming from one or more sensors of the vehicle. A
widely used approach involves detecting objects or ob-
stacles in the environment of the vehicle, using one or
more sensors, then in fusing the data from various sensor
sources into an occupancy grid containing cells associ-
ated with respective occupancy and/or free space prob-
abilities. The occupancy probability of each cell is calcu-
lated using a suitable sensor model which converts the
data relating to detected objects and additional informa-
tion into occupancy and/or free space probabilities.
[0003] Inorderto provide an accurate and reliable rep-
resentation of the vehicle environment it is necessary to
calibrate the occupancy grid, taking into account the dis-
tinctive characteristics of the sources ofinputinformation.
It follows that each input sensor source requires different
sensor modelling calibration. Moreover, in the occupancy
grid algorithmitself the filtering parameters must be tuned
correctly in order to filter noisy data properly.

Summary

[0004] According to a first aspect of the present disclo-
sure there is provided a computer-implemented method
of calibrating an occupancy grid mapping a vehicle en-
vironment, the method comprising identifying, by a con-
troller, a feature of an occupancy grid mapping a vehicle
environment, wherein the occupancy grid provides a pri-
mary representation of the feature; determining, by the
controller, a quality level of the primary representation of
the feature; determining, by the controller, if the quality
level satisfies a quality criterion; and adjusting, by the
controller, a calibration of the occupancy grid if the quality
levelfails to satisfy the quality criterion, wherein adjusting
a calibration of the occupancy grid comprises adjusting
at least one parameter used to generate the occupancy
grid to cause the quality level to satisfy the quality thresh-
old..

[0005] Determining a quality level of the primary rep-
resentation of the feature may comprise obtaining, by the
controller, reference information providing a secondary
representation of the identified feature, wherein the ref-
erence information is obtained independently of the oc-
cupancy grid; and comparing, by the controller, the sec-
ondary representation of the identified feature with the
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primary representation ofthe feature from the occupancy
grid to determine a disparity between the secondary rep-
resentation and the primary representation.

[0006] Determiningifthe quality level satisfies a quality
criterion may comprise determining if the disparity satis-
fies a tolerance threshold.

[0007] Adjusting a calibration of the occupancy grid
may comprise adjusting at least one parameter used to
generate the occupancy grid to reduce the disparity be-
tween the secondary representation and the primary rep-
resentation.

[0008] Adjusting at least one parameter used to gen-
erate the occupancy grid to reduce the disparity between
the secondary representation and the primary represen-
tation may comprise applying a gradient descent algo-
rithm to the at least one parameter to minimise the dis-
parity.

[0009] The method may further comprise storing, at a
memory, simulation data modelling the dependence of
the disparity on the one or more parameters used to gen-
erate the occupancy grid.

[0010] The reference information providing a second-
ary representation of the identified feature may comprise
positional data of an object corresponding to the feature,
the positional data being obtained from a high definition
map module.

[0011] The reference information providing a second-
ary representation of the identified feature may comprise
dynamic positional data obtained from an object tracker
module.

[0012] The at least parameter may comprise one or
more of: a decay mean lifetime, a free space confidence
level, sensor model type, and a detection uncertainty val-
ue.

[0013] According to a second aspect of the present
disclosure there is provided a computer program product
comprising computer readable instructions that, when
executed by a processor, cause the computer to perform
the method of the first aspect.

[0014] According to a third aspect of the present dis-
closure there is provided a system for calibrating an oc-
cupancy grid mapping a vehicle environment, the system
comprising a controller configured to: identify a feature
of an occupancy grid mapping a vehicle environment,
wherein the occupancy grid provides a primary represen-
tation of the feature; determine a quality level of the pri-
mary representation of the feature; determine if the qual-
ity level satisfies a quality criterion; and adjust a calibra-
tion of the occupancy grid if the quality level fails to satisfy
the quality criterion, wherein adjusting a calibration of the
occupancy grid comprises adjusting at least one param-
eter used to generate the occupancy grid to cause the
quality level to satisfy the quality threshold.

Brief Description of the Drawings

[0015] So that the present disclosure may be fully un-
derstood by the skilled person, examples will be de-
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scribed with reference to the accompanying drawings, in
which:

Figure 1 illustrates a vehicle;

Figure 2 is a schematic block diagram of a device
for mapping the surroundings of the vehicle;

Figure 3 is a schematic block diagram of an occu-
pancy grid determiner,

Figure 4A illustrates an occupancy grid;

Figure 4B illustrates a drivable corridor,

Figure 5 illustrates a calibration parameter space;
Figure 6 is an initial grid representation of a traffic
sign;

Figure 7 is a maximume-likelihood approximation of
the traffic sign;

Figure 8 shows the changes to the representation of
the traffic sign with varying parameters; and

Figure 9 is a flow chart illustrating example opera-
tions performed in example embodiments of the
present disclosure.

Detailed Description

[0016] Example embodiments of the present disclo-
sure provide for improved calibration of an occupancy
grid mapping a vehicle environment. One or more fea-
tures represented in the occupancy grid are identified
and the quality of the representation of the one or more
features is measured using one or more key performance
indicators. If the quality of the representation is deter-
mined not to meet a satisfactory level then the calibration
of one or more parameters used to generate the occu-
pancy grid is adjusted so that a satisfactory representa-
tion of the feature on the occupancy grid is obtained.
[0017] Inone embodiment, the representation of a driv-
able corridor is compared with object tracking information
obtained from an object tracking system. The position of
a second vehicle in a lane ahead of the ego-vehicle may
be estimated from the occupancy grid as the terminus of
a drivable corridor ahead of the ego-vehicle. This posi-
tional information may then be compared with object
tracker data obtained from an object tracking system to
determine a disparity between the positional data ob-
tained from the occupancy grid (corresponding to the end
of the drivable corridor) and the positional data obtained
fromthe object tracking system. Since the object tracking
system is assumed to be more accurate than the posi-
tional data obtained from the occupancy grid, the dispar-
ity gives a quality level of the positional data obtained
from the occupancy grid. If the disparity fails to satisfy a
quality criterion (for example if the disparity is above a
threshold) then one or more parameters used to generate
the occupancy grid are adjusted to reduce the disparity
to an acceptable level.

[0018] In another embodiment, a portion of the occu-
pancy grid representing an object (such as a traffic sign)
is compared with positional information obtained from a
high definition (HD) maps module. An ideal representa-
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tion of the object would involve a single cell of the occu-
pancy grid being designated as being occupied. The res-
olution of the representation of the objectin the occupan-
¢y grid is compared to a quality criterion. If the represen-
tation of the object does not satisfy the quality criterion
then one or more parameters used to generate the oc-
cupancy grid are adjusted to improve the representation
of the objectin the occupancy grid to an acceptable level.
[0019] According to various embodiments, the amount
of adjustment of the parameters used to generate the
occupancy grid is based on simulation data. The disparity
level may be plotted as a function of one or more param-
eters used to generate the occupancy grid. As such, the
link between disparity levels and the various parameters
used to generate the occupancy grid can be modelled
from simulation data. An optimisation algorithm such as
a gradient descent algorithm may be employed to deter-
mine the level of adjustment of the parameters that is
required in order to minimise the disparity between the
occupancy information and the reference information.
The parameters are then adjusted, thereby re-calibrating
the occupancy grid.

[0020] Such an arrangementis advantageous for sev-
eral reasons. The occupancy grid may be recalibrated
automatically. This is useful in situations where the ve-
hicle environmentchanges, forexample when the vehicle
experiences a change in weather or light conditions. It is
possible to perform the re-calibration without detailed
knowledge of the ground truth for the entire vehicle en-
vironment. Instead, one or more features are identified
from the occupancy grid and ground truth information for
those particular features are analysed to determine the
quality level of the occupancy grid. As such, example
embodiments are more computationally efficient than pri-
or approaches.

[0021] Figure 1 shows a vehicle 10 equipped with a
device 20 for mapping the environment of the vehicle 10
according to one or more embodiments of the present
disclosure. The device may have various components
mounted on the vehicle 10 at different locations, but for
the sake of simplicity the device 20 is depicted as a single
component mounted on the vehicle. The device 20 in-
cludes one or more sensors for sensing objects and/or
free space in the surroundings of the vehicle 10. For ex-
ample, the device 20 includes one or more radar sensors,
lidar sensors, ultrasonic sensors and/orimaging sensors
for detecting objects in the surroundings of the vehicle
10. The device 20 is configured to map the environment
of the vehicle 10 according to the methods disclosed
herein.

[0022] In the device 20, the sensors are mounted on
the vehicle 10 such that they are able to sense objects
within a field of view F of the vehicle surroundings, and
in particular to sense the distance to objects in a plurality
of directions from the vehicle 10 in the field of view. For
example, sensors may be mounted at the front corners
of the vehicle 10. The field of view is depicted as extend-
ing in the frontward direction of the vehicle 10, although
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the field of view could extend in any direction of the ve-
hicle. Further, the field of view could be a partial view of
the vehicle’s surroundings, or it could be an entire pan-
oramic view of the surroundings. It will be appreciated
that the number, position and orientation of the sensors
of the device 20 can be selected to achieve the desired
field of view.

[0023] Figure 2 is a schematic block diagram illustrat-
ing components of the device 20 in accordance with one
embodiment.

[0024] The device 20 includes an occupancy grid de-
terminer 200 configured to implement logic to determine
an occupancy grid mapping the vehicle environment. The
device 20 includes sensor systems including a radar sys-
tem 210, a lidar system 220 and a camera system 230.
In some embodiments, the device 20 may include an
ultrasound system (not shown).

[0025] The radar system 210 includes one or more ra-
dar antennas configured to emit radar signals, for exam-
ple modulated radar signals, e.g. a Chirp-Signal. A signal
may be acquired or detected at one or more antennas
and is generally referred to as a return signal. The return
signal(s) may result from a reflection of the emitted radar
signal(s) on an obstacle. The one or more antennas may
be provided individually or as an array of antennas,
wherein atleast one antenna ofthe one or more antennas
emits the radar signal(s), and at least one antenna of the
one or more antennas detects the return signal(s). The
detected or acquired return signal(s) represents a varia-
tion of an amplitude/energy of an electromagnetic field
over time.

[0026] The lidar system 220 is similarly configured to
emit signals to the surroundings of the vehicle 10 and to
detect reflected signals from the surroundings of the ve-
hicle and therefore detect objects in the surroundings.
[0027] The camera system 230 includes one or more
cameras that are mounted on the vehicle 10 to provide
images and/or video of the road surface along which the
vehicle 10 is driving. The one or more cameras are po-
sitioned such that image and/or video data is captured
of the vehicle surroundings. For example, cameras may
be located around the vehicle to obtain a 360-degree
field of view of the vehicle surroundings. The camera
system 230 may include processing means that is con-
figured to analyse images and/or video obtained by the
cameras to extract information therefrom. For example,
deep learning and neural networks may be employed to
analyse the images and/or video to perform segmenta-
tion analysis to identify objects in the vehicle’s surround-
ings.

[0028] The device 20 includes an object tracker 240.
The object tracker 240 is operable to identify dynamic
objects from image data obtained by one or more sensor
systems such as the radar system 210, lidar system 220
and/or the camera system 230. The object tracker 240
is operable to obtain the shape, dimensions, speed and
orientation of dynamic objects in the vehicle’s surround-
ings from radar, lidar and image data. For example, the
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objecttracker240 may be operable to track other vehicles
or pedestrians in the vehicle environment. The object
tracker 240 may identify the shape of an identified object
using segmentation analysis of a camera image and
identify the object as a car. The object tracker 240 tracks
the object in the field of view of the vehicle 10 and can
extractinformation regarding the behaviourofthe tracked
object such as the speed of the tracked object.

[0029] The device 20 includes a high definition (HD)
maps module 250. The HD maps module 250 is operable
to obtain up-to-date HD map data of the environment in
which the vehicle 10 is travelling. The HD maps module
250 may download HD map data for use offline. The HD
maps module 250 may also have a network connection
to obtain HD map data online.

[0030] The device 20 includes a GNSS module 260
may be configured to obtain the vehicle’s current position
using the global positioning system (GPS), GLONASS,
Galileo or any other satellite navigation system. Position-
ing data obtained by the GNSS module 260 may be used
to plot the position of the vehicle 10 on an HD map ob-
tained by the HD maps module 250.

[0031] The device 20 includes input/output (I/0O) 270
to allow the device 20 to interact with other systems. For
example, the device 20 may interact with a vehicle control
system 1000 that is operable to control the movement
(such as steering, acceleration and braking) of the vehi-
cle 10. Thus, information obtained by the device 20 may
be used by the vehicle control system 1000 to drive the
vehicle 10 along a given route.

[0032] Figure 3 shows a schematic block diagram of
the occupancy grid determiner 200 for mapping the en-
vironment of the vehicle 10 according to one or more
embodiments. The occupancy grid determiner 200 in-
cludes a controller 301, memory 302, and input/output
303.

[0033] The controller 301 includes an acquisitioning
unit 310, an occupancy/free space mapping unit 311, and
an occupancy grid calibration unit 312.

[0034] The acquisitioning unit 310 is configured to ac-
quire sensor data (e.g. range and range rate data) from
the one or more sensors (such as the sensors of the
camera system, radar system and/or lidar system) and
compute the location of one or more objects in the vehi-
cle’s surroundings from the sensor data. In particular, for
embodiments including a radar, lidar or ultrasound sen-
sor, the acquisitioning unit 310 may acquire the return
signal (e.g. detected at the one or more antennas) and
may apply an analogue-to-digital (A/D) conversion there-
to. The acquisitioning unit 310 may convert a delay be-
tween emitting the signal(s) and detecting the return sig-
nal(s) into range data indicating the distance between an
object and the vehicle 10, and the direction of the object
isalso calculated from the return signal(s) (e.g. from com-
paring multiple signals from different antennas). The de-
lay, and thereby the range data, may be acquired by cor-
relating the return signal(s) with the emitted radar sig-
nal(s). Alternatively oradditionally, the acquisitioning unit
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310 may acquire image data from one or more stereo
cameras and perform a stereo algorithm on the image
data to calculate the distance to an object and the vehicle
10.

[0035] Theacquisitioning unit 310 is further configured
to acquire reference information from a secondary source
such as the object tracker 240 or the HD maps module
250 and to provide the reference information to the cal-
ibration unit 312.

[0036] The occupancy/free space mapping unit 311 is
configured to acquire the coordinates of the detected ob-
jects or free space calculated by the acquisitioning unit
310, and to calculate an occupancy grid in the earth frame
of reference based on the data. More specifically, the
occupancy/free space mapping unit 311 includes a sen-
sor model which takes the acquired detection data from
the acquisitioning unit 310 as an input and generates an
occupancy grid from the data (it will be appreciated that
any sensor model may be used - for example any physical
model, deterministic model orinverse sensor model). For
example, the occupancy/free space mapping unit 311
may receive a plurality of detections from the acquisition-
ing unit, each detection including a range value and an
azimuth (indicating the distance and direction of the de-
tected object or free space with respect to the vehicle).
The detections may then be converted into a set of oc-
cupancy and/or free space probabilities for cells in an
occupancy grid. The occupancy/free space 311 is con-
figured to use an appropriate sensor fusion modelto com-
bine sensor data obtained from differenttypes of sensors,
such as radar, lidar and image data.

[0037] The calibration unit 312 is configured to identify
features of the occupancy grid for which the quality of
the representation provided by the occupancy grid is
measured. The calibration unit 312 determines the qual-
ity level for the identified one or more identified features
and further determines if the quality level is satisfactory.
For example, the position of an identified object in the
occupancy grid is compared, by the calibration unit 312,
with the position of the object obtained from the object
tracker 240. A disparity between the two measured po-
sitions is obtained. If the quality level is not satisfactory,
for example if the disparity is greater than or equal to a
threshold then the calibration unit 312 determines to re-
calibrate the occupancy grid. The calibration unit 312 us-
es simulation data that models the dependence of the
disparity on various parameters used to generate the oc-
cupancy grid. The calibration unit 312 may be configured
to use an optimisation algorithm such as a gradient de-
scent algorithm to identify parameter values that result
in a minimisation of the disparity value. The calibration
unit 312 adjusts the parameters to the identified param-
eter values, thereby re-calibrating the occupancy grid.
[0038] The memory 302 includes working memory
(e.g. arandom access memory) and an instruction store
storing code 3021 defining a computer program including
computer-readable instructions which, when executed
by the controller 301, cause the controller 301 to perform
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the processing operations described herein. The instruc-
tion store may include a ROM (e.g. in the form of an
electrically-erasable programmable read-only memory
(EEPROM) or flash memory) which is pre-loaded with
the computer-readable instructions. Alternatively, the in-
struction store may include a RAM or similar type of mem-
ory, and the computer-readable instructions can be input
thereto from a computer program product, such asa com-
puter-readable storage medium such as a CDROM 320
etc. ora computer-readable signal 330 carrying the com-
puter-readable instructions. The memory 302 also stores
simulation data 3022 that is used by the calibration unit
313 to determine the amount of calibration of certain pa-
rameters used to generate the occupancy grid.

[0039] An exemplary occupancy grid is shown in Fig-
ure 4A. The occupancy grid includes a grid of cells. The
cell positions are defined using an occupancy grid coor-
dinate system. The coordinate system may be a right-
handed coordinate system, the origin being attached, for
example at a corner of the grid. The coordinates of the
bottom right cell may be designated as (0,0,0) with the
coordinates of each neighbouring cell increasing by one
in the direction of movement from the first cell. Clearly,
any other cell in the occupancy grid may be designated
as the origin having coordinates (0, 0, 0). The z-axis is
defined in 2D applications to correctly define the direction
of rotation, but may also be used to define the positions
of cells in a 3D grid for 3D applications. The occupancy
grid may be defined in an earth frame of reference, a
vehicle frame of reference or another frame of reference.
For example, the occupancy grid may be generated in
the vehicle frame of reference, and as such the coordi-
nates of the occupancy grid each correspond to a fixed
coordinate in the vehicle frame of reference. Each cell
may take an occupancy value indicating whether that po-
sition is occupied by an object or not. For example, in the
illustrated example in Figure 4A, the darker cells, such
as cell 40 indicate that the cell is occupied by an object
(and corresponds to the position where the sensors de-
tect an object). On the other hand, the white cells 41
indicate that the cell is not occupied by an object and
may be designated as free space. The white cells 41
shown in Figure 4 may be modelled as a drivable corridor
in frontofthe vehicle 10. Finally, the grey cells 42 indicate
that there is no knowledge of the occupancy of that cell
(for instance because another object lies in between that
cell and the sensors, such that no signal reaches the
position corresponding to that cell. The occupancy value
for each cell is calculated from the detections of the ac-
quired by the acquisitioning unit 310 from the various
sensor systems of the device 20. For example, based on
the range, azimuth and uncertainties of the detections,
the occupancy evidence for each cellis calculated, which
describes the probability that each cell is the origin of a
detection (i.e. contains the location of the detection). The
occupancy grid may be a Bayesian occupancy grid
wherein the probability of the cell occupancy is calculated
from evidence values obtained from the object and/or
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free space detections, although any type of occupancy
grid may be used without departing from the present dis-
closure. For example, the occupancy probability of a cell
may be given by p(occ) = 0.5 + 0.5 - p(c/d), where p(c/d)
is the occupancy evidence value of cell c given an object
detection d. Equally, the free space probability may be
given by p(free) = 0.5 + 0.5 . p(c/f), where p(c/f) is the
free space evidence value of cell ¢ given a free space
detection f. In some embodiments, the occupancy grid
may include a grid of probabilities that each cell is occu-
pied based on the p(occ) values and/or p(free) values.
Each cell may then be assigned a probability value that
the cell is occupied based on the object and/or free space
detections. The occupancy grid may be rendered as, for
example, a greyscale image or similar based on the prob-
ability value (0 being white/black, 1 being black/white).
Each cell may instead be assigned as "occupied" if the
occupancy probability is above an upper threshold, or
"empty" if the occupancy probability is below a lower
threshold. The occupancy grid may be rendered in two
colours accordingly. In some embodiments each grid cell
may only be assigned "empty" or "occupied". In other
embodiments a cell may further be assigned as "un-
known" if the occupancy probability is between the upper
and lower threshold, when the thresholds differ. It will be
appreciated that other methods may be used to generate
the occupancy grid from the detection data. Forexample,
a Dempster-Shafer framework may be used to generate
the occupancy grid. Any suitable motion detection algo-
rithm may be performed on the occupancy grid generated
under any framework by measuring the change in the
occupancy values of the occupancy grid between time
frames.

[0040] Furthermore, confidence values may be deter-
mined as a weighting for each occupancy or free space
probability value. For example, for every sensor or for
each detection in a particular set, an existence probability
parameter may be defined as a confidence level for the
evidence obtained from the sensor or detection. The con-
fidence level may then be used as a weighting to deter-
mine the occupancy and free space evidence values
within the acquisitioning unit 310. As such, it is possible
to comply with the International Organization for Stand-
ardization (ISO) requirement for automotive standards
to ensure that every sensor detection has an existence
probability parameter, which indicates the reliability of
the measurement.

[0041] In embodiments of the present disclosure, the
acquisitioning unit 310 firstly computes the detection or
free space evidence for a grid cell based on the sensor
parameters. Secondly this value is multiplied by the sen-
sor and/or detection confidence level. The output is used
as p(c | d) value as described above.

[0042] The occupancy grid provides occupancy and/or
free space information at a particular point in time. The
behaviour of objects over time is accounted for by incor-
porating a decay rate. The decay rate works by artificially
diminishing the evidence values (such as occupancy or
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free space probability values) in the entire grid over time.
The key limitation of sensor and free space modelling is
the simplification of many physical dependencies, for in-
stance various occupancy grid algorithms assume data
completion and cell independence. During the process
of integrating multiple pieces of evidence, hidden de-
pendencies are omitted. Consequently, the results tend
to become overconfident. In order to deal with this prob-
lem, exponential information decay may be applied. This
increases the uncertainty of grid cells while preserving
the overall variance of the map. The exponential decay
may be described as:

p(t+ At) = (p(t) — 05).e"1 + 0.5

where p(t) is probability of the cell at time t; At is the time
elapsed between two decay operations; and A is the de-
cay mean lifetime.

[0043] The behaviour of the decay depends on the up-
date rate of the occupancy grid. The decay tends towards
the most uncertain probability value, which is 0.5 for the
Bayesian inference method.

[0044] Figure 4B shows a vehicle 10 driving along a
road. The environment of the vehicle may be modelled
by the occupancy grid. The vehicle 45 may be detected
by one or more of the camera, radar and/or lidar systems
and included as an object detection in an occupancy grid.
The space in front of the vehicle 10 up to the vehicle 45
may be designated by the occupancy grid as free space
and marked as a drivable corridor. The object tracker240
is also configured to detect and track the vehicle 45. The
position of the vehicle 45 with respect to the vehicle 10
as determined by the occupancy grid may be compared
with the position of the vehicle 45 with respect to the
vehicle 10 as determined by the object tracker 240. If the
disparity between the two determined positions for the
vehicle 45 is above a threshold then it is determined that
a re-calibration should be performed on the occupancy
grid.

[0045] Figure 5 illustrates a calibration space. The er-
ror, i.e. disparity between measured position of an object
according to the object tracker and according to the oc-
cupancy grid is plotted as a function of parameters x and
y, where x is a confidence score of an occupancy prob-
ability and y is the confidence score of a free space mass.
The data used to create the plot was obtained from nu-
merous simulations. The simulation data thus obtained
may be stored by the occupancy grid determiner 200. It
can be seen that the error may be minimised by adjusting
the parameters x and y to certain values. The calibration
unit 312 may use an optimisation algorithm to determine
the values of parameters x and y required to minimise
the error.

[0046] In accordance with another embodiment of the
present disclosure, object detections determined by the
occupancy grid may be compared with information ob-
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tained from the HD maps module 250. The position of a
feature of the occupancy grid identified as corresponding
to an object detection is compared to the HD map data.
In the following example, the occupancy grid provides a
representation of a traffic sign. The HD maps module 250
provides information about the position of the traffic sign.
An example of the an initial grid representation of a traffic
signis presented in Figure 6. After initial object extraction,
a Gaussian representation is extracted using, for exam-
ple, a maximum-likelihood approximation as shown in
Figure 7.

[0047] The occupancy grid representation of the traffic
sign should be as small as possible (ideally the traffic
sign should occupy only a single grid cell), and the pre-
ferred traffic sign representation should be circular.
Therefore, for measuring the quality level of the repre-
sentation of the sign in the occupancy grid, the Gaussian
ellipse area and its circularity may be utilized.

[0048] The calibration update step is again the result
of various tuning rules defined using simulation and ex-
perimental evaluation. For example, two tuning rules for
the traffic sign in front of the vehicle are presented in
Figure 8. The top row of Figure 8 illustrates the impact
of increasing the free space confidence level. The area
ofthe occupancy grid that represents the detected object
decreases as the free space confidence level is in-
creased. Therefore, in this case, increasing the free
space confidence level leads to an improved resolution
ofthe representation of the feature in the occupancy grid.
[0049] Thebottomrow of Figure 8 illustrates the impact
ofvarying the decay rate of the occupancy grid by varying
the decay mean lifetime () value. The decay mean life-
time is inversely proportional to the decay rate. There-
fore, as the decay mean lifetime is decreased, the decay
rate is increased. Decreasing the decay mean lifetime,
thereby increasing the decay rate of the occupancy grid,
causes the area of a feature represented by the occu-
pancy grid, such as the traffic sign, to decrease. There-
fore, in this case, increasing the decay rate of the occu-
pancy grid (by decreasing the decay mean lifetime) leads
to an improved resolution of the representation of the
feature in the occupancy grid.

[0050] Other parameters thatcan be varied include the
sensor model type and a detection uncertainty value. For
example, the representation of a traffic sign on an occu-
pancy grid may vary depending on whether a 1D Range,
a 1D Azimuth or a 2D Gaussian modelling technique is
used.

[00561] Therefore, when it is determined that the rep-
resentation of the sign in the occupancy grid does not
satisfy a quality criterion, for example if the representa-
tion of an object such as a traffic sign occupies too many
grid cells of the occupancy grid then an optimisation al-
gorithm may be used to vary the free space confidence
level, decay mean lifetime, sensor model type and/or de-
tection uncertainty value to improve the representation
of the traffic sign in the occupancy grid.

[0052] Figure 9 is a flow chart illustrating operations
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carried out in embodiments of the present disclosure.
[0053] At step 9.1, a feature of an occupancy grid is
identified. The occupancy grid may be considered to pro-
vide a primary representation of the feature.

[00564] Atstep 9.2, a quality level of the primary repre-
sentation of the feature is determined. The quality level
may be determined by comparing the representation ob-
tained from the occupancy grid with reference informa-
tion providing a secondary representation of the identified
feature. The reference information is obtained independ-
ently of the occupancy grid and may be obtained from a
secondary source such as an object tracker or HD maps
data. The secondary representation of the identified fea-
ture may be compared with the primary representation
of the feature from the occupancy grid to determine a
disparity between the secondary representation and the
primary representation.

[00565] At step 9.3 it is determined if the quality level
satisfies a quality criterion. If the quality criterion is sat-
isfied then the process ends at step 9.4. Determining if
the quality level satisfies a quality criterion may include
determining if the disparity satisfies a tolerance thresh-
old.

[0056] If the quality criterion is not satisfied then an
adjustment of the calibration of the occupancy grid is per-
formed. Adjusting a calibration ofthe occupancy grid may
involve adjusting atleast one parameter usedto generate
the occupancy grid to cause the quality level to satisfy
the quality criterion. For example, the free space confi-
dence level, decay mean lifetime, sensor model type
and/or detection uncertainty value may be varied to im-
prove the representation of the feature.

[0057] By virtue of the foregoing capabilities of the ex-
ample aspects described herein, which are rooted in
computer technology, the example aspects described
herein improve computers and computer process-
ing/functionality, and also improve the field(s) of at least
autonomous driving. In the foregoing description, as-
pects are described with reference to several embodi-
ments. Accordingly, the specification should be regarded
as illustrative, rather than restrictive. Similarly, the figures
illustrated in the drawings, which highlight the function-
ality and advantages of the embodiments, are presented
for example purposes only. The architecture of the em-
bodiments is sufficiently flexible and configurable, such
that it may be utilized in ways other than those shown in
the accompanying figures. Software embodiments pre-
sented herein may be provided as a computer program,
or software, such as one or more programs having in-
structions or sequences of instructions, included or
stored in an article of manufacture such as a machine-
accessible or machine-readable medium, an instruction
store, or computer-readable storage device, each of
which can be non-transitory, in one example embodi-
ment. The program or instructions on the non-transitory
machine-accessible medium, machine-readable medi-
um, instruction store, or computer-readable storage de-
vice, may be used to program a computer system or other
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electronic device. The machine- or computer-readable
medium, instruction store, and storage device may in-
clude, but are not limited to, floppy diskettes, optical
disks, and magneto-optical disks or other types of me-
dia/machine-readable medium/instruction store/storage
device suitable for storing or transmitting electronic in-
structions. The techniques described herein are not lim-
ited to any particular software configuration. They may
find applicability in any computing or processing environ-
ment. The terms "computer-readable", "machine-acces-
sible medium", "machine-readable medium", "instruction
store", and "computer-readable storage device" used
herein shallinclude any medium thatis capable of storing,
encoding, or transmitting instructions or a sequence of
instructions for execution by the machine, computer, or
computer processor and that causes the machine/com-
puter/computer processor to perform any one of the
methods described herein. Furthermore, itis common in
the art to speak of software, in one form or another (e.g.,
program, procedure, process, application, module, unit,
logic, and so on), as taking an action or causing a result.
Such expressions are merely a shorthand way of stating
that the execution of the software by a processing system
causes the processor to perform an action to produce a
result. Some embodiments may also be implemented by
the preparation of application-specific integrated circuits,
field-programmable gate arrays, or by interconnecting an
appropriate network of conventional component circuits.
[0058] Some embodiments include a computer pro-
gram product. The computer program product may be a
storage medium or media, instruction store(s), or storage
device(s), having instructions stored thereon or therein
which can be used to control, or cause, a computer or
computer processor to perform any of the procedures of
the example embodiments described herein. The stor-
age medium/instruction store/storage device may in-
clude, by example and without limitation, an optical disc,
a ROM, a RAM, an EPROM, an EEPROM, a DRAM, a
VRAM, a flash memory, a flash card, a magnetic card,
an optical card, nanosystems, a molecular memory inte-
grated circuit, a RAID, remote data storage/ar-
chive/warehousing, and/or any other type of device suit-
able for storing instructions and/or data.

[00569] Stored on any one of the computer-readable
medium or media, instruction store(s), or storage de-
vice(s), some implementations include software for con-
trolling both the hardware of the system and for enabling
the system or microprocessor to interact with a human
user or other mechanism utilizing the results of the em-
bodiments described herein. Such software may include
without limitation device drivers, operating systems, and
user applications. Ultimately, such computer-readable
media or storage device(s) further include software for
performing example aspects, as described above. In-
cluded in the programming and/or software of the system
are software modules for implementing the procedures
described herein. In some example embodiments herein,
a module includes software, although in other example
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embodiments herein, a module includes hardware, or a
combination of hardware and software.

[0060] While various embodiments of the present dis-
closure have been described above, it should be under-
stood that they have been presented by way of example,
and not limitation. It will be apparent to persons skilled
in the relevant art(s) that various changes in form and
detail can be made therein. Thus, the present disclosure
should not be limited by any of the above described ex-
ample embodiments, but should be defined only in ac-
cordance with the following claims and their equivalents.
[0061] Further, the purpose of the Abstractis to enable
the Patent Office and the public generally, and especially
the scientists, engineers and practitioners in the art who
are not familiar with patent or legal terms or phraseology,
to determine quickly from a cursory inspection the nature
and essence of the technical disclosure of the applica-
tion. The Abstract is not intended to be limiting as to the
scope of the embodiments presented herein in any way.
Itis also to be understood that any procedures recited in
the claims need not be performed in the order presented.
[0062] While this specification contains many specific
embodiment details, these should not be construed as
limitations on what may be claimed, but rather as de-
scriptions of features specific to particular embodiments
described herein. Certain features that are described in
this specification in the context of separate embodiments
can also be implemented in combination in a single em-
bodiment. Conversely, various features that are de-
scribed in the context of a single embodiment can also
be implemented in multiple embodiments separately or
in any suitable sub-combination. Moreover, although fea-
tures may be described above as acting in certain com-
binations and even initially claimed as such, one or more
features from a claimed combination can in some cases
be excised from the combination, and the claimed com-
bination may be directed to a sub-combination or varia-
tion of a sub-combination. In certain circumstances, mul-
titasking and parallel processing may be advantageous.
Moreover, the separation of various components in the
embodiments described above should not be understood
as requiring such separation in all embodiments, and it
should be understood that the described program com-
ponents and systems can generally be integrated togeth-
er in a single software product or packaged into multiple
software products.

[0063] Having now described some illustrative embod-
iments, it is apparent that the foregoing is illustrative and
not limiting, having been presented by way of example.
In particular, although many of the examples presented
herein involve specific combinations of apparatus or soft-
ware elements, those elements may be combined in oth-
er ways to accomplish the same objectives. Acts, ele-
ments and features discussed only in connection with
one embodiment are not intended to be excluded from a
similar role in other embodiments or embodiments.
[0064] The apparatuses described herein may be em-
bodied in other specific forms without departing from the
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characteristics thereof. The foregoing embodiments are
illustrative rather than limiting of the described systems
and methods. Scope of the apparatuses described herein
is thus indicated by the appended claims, rather than the
foregoing description, and changes that come within the
meaning and range of equivalence of the claims are em-
braced therein.

Claims

1. A computer-implemented method of calibrating an
occupancy grid mapping a vehicle environment, the
method comprising:

identifying, by a controller, a feature of an occu-
pancy grid mapping a vehicle environment,
wherein the occupancy grid provides a primary
representation of the feature;

determining, by the controller, a quality level of
the primary representation of the feature;
determining, by the controller, if the quality level
satisfies a quality criterion; and

adjusting, by the controller, a calibration of the
occupancy grid if the quality level fails to satisfy
the quality criterion, wherein adjusting a calibra-
tion of the occupancy grid comprises adjusting
at least one parameter used to generate the oc-
cupancy grid to cause the quality level to satisfy
the quality threshold.

2. Themethod ofclaim 1, wherein determining a quality
level of the primary representation of the feature
comprises:

obtaining, by the controller, reference informa-
tion providing a secondary representation of the
identified feature, wherein the reference infor-
mation is obtained independently of the occu-
pancy grid; and

comparing, by the controller, the secondary rep-
resentation of the identified feature with the pri-
mary representation of the feature from the oc-
cupancy grid to determine a disparity between
the secondary representation and the primary
representation.

3. The method of claim 2, wherein determining if the
quality level satisfies a quality criterion comprises
determining if the disparity satisfies a tolerance
threshold.

4. The method of claim 3, wherein adjusting a calibra-
tion of the occupancy grid comprises adjusting at
leastone parameter used to generate the occupancy
grid to reduce the disparity between the secondary
representation and the primary representation.
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5.

The method of claim 4, wherein adjusting at least
one parameter used to generate the occupancy grid
to reduce the disparity between the secondary rep-
resentation and the primary representation compris-
es applying a gradient descent algorithm to the at
least one parameter to minimise the disparity.

The method of any one of claims 2 to 5, further com-
prising storing, at a memory, simulation data mod-
elling the dependence of the disparity on the one or
more parameters used to generate the occupancy
grid.

The method of any one of claims 2 to 6, wherein the
reference information providing a secondary repre-
sentation of the identified feature comprises posi-
tional data of an object corresponding to the feature,
the positional data being obtained from a high defi-
nition map module.

The method of any one of claims 2 to 6, wherein the
reference information providing a secondary repre-
sentation of the identified feature comprises dynamic
positional data obtained from an object tracker mod-
ule.

The method of any preceding claim, wherein the at
least parameter comprises one or more of: a decay
mean lifetime, a free space confidence level, sensor
model type, and a detection uncertainty value.

10. A computer program product comprising computer

readable instructions that, when executed by a proc-
essor, cause the computer to perform the method of
any one preceding claim.

11. A system for calibrating an occupancy grid mapping

a vehicle environment, the system comprising a con-
troller configured to:

identify a feature of an occupancy grid mapping
a vehicle environment, wherein the occupancy
grid provides a primary representation of the fea-
ture;

determine a quality level of the primary repre-
sentation of the feature;

determine if the quality level satisfies a quality
criterion; and

adjust a calibration of the occupancy grid if the
quality level fails to satisfy the quality criterion,
wherein adjusting a calibration of the occupancy
grid comprises adjusting at least one parameter
used to generate the occupancy grid to cause
the quality level to satisfy the quality threshold.

12. The system of claim 11, wherein determining a qual-

ity level of the primary representation of the feature
comprises:



13.

14.

15.
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obtaining reference information providing a sec-
ondary representation of the identified feature,
wherein the reference information is obtained
independently of the occupancy grid; and

comparing the secondary representation of the
identified feature with the primary representa-
tion of the feature from the occupancy grid to
determine a disparity between the secondary
representation and the primary representation.

The system of claim 12, wherein the reference infor-
mation providing a secondary representation of the
identified feature comprises positional data of an ob-
ject corresponding to the feature, the positional data
being obtained from a high definition map module.

The system of claim 12, wherein the reference infor-
mation providing a secondary representation of the
identified feature comprises dynamic positional data
obtained from an object tracker module.

The system of any one of claims 11 to 14, wherein
the at least parameter comprises one or more of: a
decay mean lifetime, a free space confidence level,
sensor model type, and a detection uncertainty val-
ue.
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