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for a vehicle, and to the steering of the vehicle in accordance with the path.
The path is planned in accordance with a given map of the area, and the path
accuracy depends, inter alia, on the resolution and accuracy of the map.
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PATH PLAKNING WITHIN A TRAVERSED AREA

TECHRICAL FIELD

The presently disclosed subject matter relates to autonomic path planning.

BACKGROUND

¥4

An unmanned vehicle, also referred to as an uncrewed vebicle or an anmanned
ground vehicle (UGV) is a motorized machine that travels and operates by integrating
sensory data with computer-based decision making for the purpose of autonomously
driving the vehicle. A UGV can be useful for applications such as moving within

16 arcas which are inconvenient, dangerous, or not possible for humans to enter, for
bringing supplies or machinery, performing dangerous missions, or the like. The
vehicle can in some cases carry passengers, ©.g. operators that cannot see the

surrounding environment and/or maneuver the vehicle.

One issue, related to the operation of UGVs, concerns autonomous planning of
15 a path from a starting point, sach as a current location of a UGV, w a certain
destination, in particular when the area {o be traversed comprises unpassable obstacles

or problematic arcas which should be avoided.
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GEMERAL DESCRIPTION

The disclosure relates to the autonomous planning of a path for a UGV, and to
stecring of the UGV in accordance with the path. The path is planned in accordance
with a given map of the area, and the path accuracy depends, infer alia, on the

resolution and accuracy of the map.

In some applications, such as planning a path for a UGV, the map can be
generated based on data received from one or more sensors mounted on the UGV, and
represent an area surrounding the UGV, The map can thus be updated as the UGV
advances, for example, at an update frequency between 1 and 1280 updates per second,
and the path can be updated in turn in accordance with at least some of the updated
maps. Since the UGV can be in continuous movement during the path planning, the
path needs to be planned i real-time or wnear-real-time to avoid collision with
obstacies, avoid delaying the progress of the vehicle, and avoid other probiems

resulting from advancement of the UGV in accordance with an outdated map.

According to some cxamples of the presently disclosed subject matter,
planning a path compriscs determining or receiving a starting point on the map, for
example a point representing a current location of the UGV, and adding segments of a
predetermined length from the starting point, in a multiplicity of directions at a first
angular resolution, such as every 8%, every 159 every 30° or the fike. If any of the
segments collides with an obstacle, the segment 1s disregarded, and a mudtiplicity of
other segments are added starting at the starting point, at 2 higher angular resclution,
such as every 2%, every 59 every 15%, respectively, in the vicinity of the angle of the
segment to be disregarded. For example, if the colliding segment is at an angle x, in
respect to the previous segment, or to a straight line connecting the corrent location of
the UGV with the destination, the other segments can be added at angles x-5", x-3°, x-
1% x+1°, etc. Each such segment forms a path, where each of the paths in which the
segment does pot hit an obstacle is assigned a weight, and the path having the lowest
weight is selected. The process is then repeated by adding segments in a multiplicity
of directions, starting at the cnd point of the segment of the selected path, thus
forming a plorality of two-segment paths. These paths are added to the collection of
previous paths, which comprises the previously generated paths which were not

sclected. OUnce segments have been added to the selected path, a weight is assigned to

PCT/IL2018/050852
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cach path, including the paths created but not selected at an earlier stage. The path

having the lowest weight is then selected.

The process continucs by adding segments to the cnd point of the selected
path, assigning a weight to each path, and selecting the path with the lowest weight,
5 until a stopping criterion is met, such as a predetermined ame has elapsed. The UGV

is then steered in accordance with the path having the lowest weight.

Assigning a weight to a path can take into account various factors, such as
proximity of the end point of the path to the destination, nuraber of segments, turning
angles between segments, proximity of the path o obstacles, passing through allowed

10 but undesired areas, slopes encountered along the path, deviation from recognized
roads (which may be an advantage or a disadvantage), passing through waypoints, or

the like.

In some examples, a multiplicity of such collections of paths are created, each

using different angle densities. For example, each collection may be generated by a

15 different core or processor. Once the collections are generated, one path is selected
from each colicction. Of all selected paths, the one having the lowest weight is

selected and the UGV is steered 1n accordance therewith.

The presently disclosed subject matier thus provides a technique of
autonomous path planning and navigation of a vchicle in an area that contains

20 obstacles. The disclosed technique provides path planning and generation that
provides high resolution obstacle detection and avoidance in a time and processing
cfficient manner. Therefore it can be executed in real-time while the vehicle is

advancing, with little or no-delay to the vehicle progression.

Thus, an aspect of the disclosed subject matter relates to a method of

25  autonomous path planning for navigating a vehicle, the method comprising using one
or more compuier processing devices for receiving data indicative of a map of an area,

a starting point and a destination; forming a multiplicity of paths, cach path
comprising a first scgment starting at the starting point, each first segment proceeding

at one of a multiplicity of directions, the multiplicity of directions fanned out at a first

30  angular resolution; for each segment colliding with an obstacle indicated on the map,
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determining additional segments starting at the starting point and proceeding at a
multiplicity of other directions fanned out at a second angular resolution, the second
angular resolution being higher than the first angular resolution; assigning a weight to
cach of the multiplicity of paths and selecting a selected path from the multiplicity of

paths in accordance with the weight, the selected path having an end point;

while a stopping criterion has not been met: adding to the multiplicity of paths
a further multiplicity of paths, cach including the selected path and one of a
mudtiplicity of segments starting at the end point, each of the mudtiplicity of segments
directed at one of the multiplicity of directions fanned out at the first angular
resohition, and for each segment that collides with an obstacle indicated on the map.
adding an additional multiplicity of paths comprising the selected path and additional
segments starting at the end point, the additional segments directed at a multiplicity of
other directions fanned out at the second angular resolution, such that cach of the
additional multiplicity of paths comprises the selected path and one of the additional
segments; assigning a weight to cach of the further muoltiplicity of paths and additional

multiplicity of paths that does not collide with an obstacle;

and upon mecting the stopping criterion, selecting a selected path from the
multiplicity of paths, in accordance with the weight; and generating steering

instructions for steering the UGV in accordance with the selected path.

In addition to the above features, the method according to this aspect of the
presently disclosed subject matter can optionally comprise one or more of features (i)

to {xiii} listed below, in any technically possible combination or permutation:

L. Wherein the weight assigned fo each path of the omltiplicity of
paths is determined in accordance with at least one non-angular
factor.

it. Wherein the at least one non-angular factor is selected from the
group comprising: proximity of the path to an obstacle; slopes
along the path; interscction of the path with areas not
recommended for passing; and deviation from recognized roads.

. Wherein the selected path is selected as a path from a multiplicity

of paths having a lowest absohite weight.

PCT/IL2018/050852
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Wherein the selected path is sclected as a path from the
multiplicity of paths having a lowest weight per segment.

The method further comprising creating a second multiplicity of
paths, using another first angular resolution different from the first
angular resolution, or another second angular resolution different
from the second anguolar resolution, and selecting a second selected
path from the second multiplicity of paths; and generating steering
instructions for stecring the UGV with a path selected from the
selected path and the second selected path.

Wherein the first angular resolotion and the second angular
resolution arc lower than the other first angular resolution and the
other second angular resolution, respectively, wherein the selected
path is selected from the multiplicity of paths in accordance with a
fowest absolute weight, and wherein the second selected path is
selected from the second multiplicity of paths in accordance with a
fowest weight per segment.

Wherein the multiplicity of paths and the second multiphicity of
paths arc gencrated by different cores.

Wherein the weight assigned fo each path of the omltiplicity of
paths is determined in accordance with smoothness of the path and
proximity of an end point of the path to a destination.

Wherein the map is gencrated upon scanning data received from a
scanning device mounted on the vehicle.

Wherein the stopping criterion 1s an efapsed time period.

The method further comprising receiving at least one waypoint,
wherein the weight assigned to each path of the multiplicity of
paths is determined also i accordance with a distance of the path
from cach of the at least one waypoint.

The method further comprising steering the UGY in accordance
with the steering instructions.

Wherein any previously selected paths are excluded from selection

of the sclected path from the multiplicity of paths.
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According to another aspect of the presently disclosed subject matter there is
provided a method of navigating an autonomous vehicle using path planning, the
method comprising using at least one computer processing device for receiving data
indicative of a map of an arca, a starting point, and a destination; forming a
multiplicity of paths, cach path comprising a first segment starting at the starting
point, each first segment proceeding at one of a multiplicity of directions having a
first angular resolution; for each segment colliding with an obstacle indicated on the
map, determining additional segments starting at the starting point and procceding in a
multiplicity of other directions having a second angular resolution, the second angular
resolation being higher than the fivst angular resohution; assigning a weight to each of
the multiplicity of paths; and selecting a selected path from the multiplicity of paths in
accordance with the weight, the selected path having an end point; while a stopping
criterion has not been met: adding to the multiplicity of paths a forther multiplicity of
paths, cach inchuding the selected path and one of a multiplicity of segments starting
at the end point, cach of the multplicity of segments directed at one of the
multiplicity of directions having the first angular resolution, and for cach scgment that
collides with an obstacle indicated on the map, adding an addidonal muldplicity of
paths comprising the selected path and additional segments starting at the end point,
the additional segruents directed at a multiplicity of other directions having the second
angular resolution, such that each of the additional multiplicity of paths comprises the
selected path and one of the additional segments; assigning a weight to each of the
further sultiplicity of paths and additional npwltiplicity of paths that does not collide
with an obstacle; and, upon mecting the stopping criterion, sclecting a selected path
from the multiplicity of paths in accordance with the weight; and steering the UGV in

accordance with the selected path.

The method disclosed in accordance with the aspects of the presently disclosed
subject matter detailed above can optionally comprise one or more of features (i) to
(xiii) listed above, mutatis mutandis, in any technically possible combination or

permutation.

According to another aspect of the presently disclosed subject matter there is
provided an wamanned ground vehicle (UGV), comprising a scanning device for

scanning an area surrounding the UGV, to thereby provide scanning output data

PCT/IL2018/050852



WO 2019/026074

16

15

26

30

~I

providing information on distances between objects in the area and the UGV in a
multiplicity of directions; a map obtaining module for receiving a map of the area, the
map generated upon scanning output data received from the scanning device; a
destination receiving module for receiving a destination to which the UGV has o
steer; a vehicle control sub-system configured to reccive vehicle control instructions
and confrol the UGV in accordance with the instructions; and a processor configured
to receive data indicative of a map of an area to be navigated, a starting point and a
destination; forming by a proccssor a multiplicity of paths, cach including a first
segment starting at the starting point, cach first segment procceding at one of a
mudtiplicity of directions having a first angular resolution; for cach segment having a
commeon point with an obstacle indicated on the map, determining additional
scgments starting at the starting point and procecding in a nwltiplicity of other
directions having a second angular resolution, the second angular resolution being
higher than the first angular resolution; assigning a weight to cach of the multiplicity
of paths; and selecting a sclected path from the multiplicity of paths in accordance
with the weight, the selected path having an end point; while a stopping criterion has
not been met: adding to the muliplicity of paths a further multiplicity of paths, each
inchuding the selected path and one of a multiplicity of segments starting at the end
point, each of the multiplicity of segments directed at one of the multiplicity of
directions having the first anguolar resolution, and for each segment that collides with
an obstacle indicated on the map, adding an additional multiplicity of paths
comprising the sclected path and additional segments starting at the end point, the
additional segments directed at a multiplicity of other directions having the second
angular resolution, such that each of the additional mudtiplicity of paths comprises the
sclected path and one of the additional scgments; assigning a weight to each of the
further multiplicity of paths and additional multiplicity of paths, that does not collide
with an obstacle; and, upon meeting the stopping criterion, selecting a selected path
from the multiplicity of paths in accordance with the weight; and generating steering

instructions for steering the UGV in accordance with the selected path.

The UGV disclosed in accordance with the aspects of the presently disclosed
subject matter detailed above can optionally comprise one or more of features (1) to
{xiii) histed above, mutatis mustandis, n any technically possible combination or

permutation.

PCT/IL2018/050852
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According to another aspect of the presently disclosed subject matter there is
provided a system mountable on a UGY, comprising a processor configured to receive
data indicative of a map of an avea to be navigated, a starting point and a destination;
forming by a processor a multiplicity of paths, each including a first segment starting
at the starting point, cach first scgment procceding at onc of a multiplicity of
directions having a first angular resolution; for each segment having a common point
with an obstacle indicated on the map, determining by the processor additional
segments starting at the starting point and procceding in a multiplicity of other
directions having a second angular resolution, the second angular resolution being
higher than the first anguolar resolation; assigning, by the processor, a weight to each
of the multiplicity of paths; and selecting, by the processor, a sclected path from the
multiplicity of paths in accordance with the weight, the selected path having an end
point; while a stopping criterion has not been met: adding to the multiplicity of paths a
further multiplicity of paths, cach including the seiected path and one of a multiplicity
of segments starting at the end point, each of the mmltiplicity of segments directed at
one of the multiplicity of directions having the first angular resolution, and for each
segment that collides with an obstacle indicated on the map, adding an additional
multiplicity of paths comprising the selected path and additional segments stagting at
the end point, the additional segments directed at a multiplicity of other directions
having the sccond angular resolution, such that each of the addidonal multiphicity of
paths comprises the selected path and one of the additional segments; assigning, by
the processor, a weight to cach of the further multiplicity of paths and additional
multiplicity of paths, that does not collide with an obstacle; and upon meeting the
stopping criterion, selecting by the processor a selected path from the muoltiplicity of
paths in accordance with the weight; and generating steering instructions for steering

the UGV in accordance with the selected path.

The system disclosed in accordance with the aspects of the presently disclosed
subject matter detailed above can optionally comprise one or more of features (1) to
(xiit) listed above, mutatis mutandis, in any technically possible combination or

permutation.

According to another aspect of the presently disclosed subject matter there is

provided, a method of astonomous path planning for navigating a vehicle, the

PCT/IL2018/050852
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method comprising using at least one compiter processing device for selecting a
path, comprising:
receiving data indicative of: a map of an area, a starting point and a

destination;

5 generating, by the at least one computer processing device a first

multiplicity of paths, the generating comprises:

generating a plurality of initial segments fanning out around the
starting point in a first angular resolution, cach of the plurality of segments

proceeding at one of a mukiiplicity of directions;

10 in casc an initial segment collides with an obstacle on the map,
switching from the first angular resolution to a second angular resolution and
generating further initial segments fanning out arcund the starting point,
starting from a previous initial segment, in a sccond angular resolution, the
second angular resolution being bhigher than the first angular resolution;

15 wherein cach initial scgment represent a respective path of the first
multiplicity of paths;

assigning, a weight to cach of the first mulaplicity of paths:

selecting, in accordance with the weight a sclected path from the first

muttplicity of paths, the selected path having an end poing;
20 while a stopping criterion has not been met:

generating a plurality of additional segments fanning out from
the end point in a first angular resolution, cach of the plurality of

segments procecding at one of a multiplicity of directions;

in casc an additional segment collides with an obstacle on the

25 map, switching from the first angular resolution to the second
angular resolution and generatng further additional segments

fanning out from the starting point, starting from a previous

additional segment, in a sccond angular resolution, the second

angular resolution being higher than the fivst angular resolution;
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adding a further multiplicity of paths, each including the
selected path and one of the plurality of additional segments starting

at the end point,

assigning a weight to cach of the further multiplicity of paths

g that does not collide with an obstacle; and

sclecting, a {updated) sclected path from the further

multiplicity of paths; and

once the stopping criterion is mef, generating stecring instructions for

steering the UGV in accordance with the (updated) selected path.

10 The method disclosed in accordance with the above aspect of the presently
disclosed subject matter can optionally comprise one or more of features (i) to (xiit)
listed above, mutatis nmtandis, in any technically possible combination or

permutation.

In addition to features (i) to (xiii), the method according to this aspect of the
15  presently disclosed subject matter can optionally comprise one or more of features

{xiv) to (xvit) listed below, in any technically possible combination or permutation:

Xiv. wherein the selecting of the path is performed in real-time for
navigating the vehicle while traversing the arca.

20 XV, wherein the generating of a plurality of inmtial segments fanning
out around the starting point in a first angular resolution, is
performed starting at one side and continuously proceeding toward
an gpposite side.

XVvi. whercin the generating of a plurality of additional segments

25 fanning out from the end point in a first angular resolution, is
performed starting at one side and proceeding toward an opposite
side.

XVil. Where the method further comprising: during gencration of the
plorality of initial segment, switching back from the second

30 angular resolution to the {irst angular resolution, in case it is
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determined that a last generated initial segment did not hit an
obstacie.
KViii. Wherein the method further comprising: during generation of the
plurality of additional segment, switching back from the sccond
5 angular resolution to the first angular resolution, in case it is
determined that a last generated additional segment did not hit an

obstacle.

According to another aspect of the presently disclosed subject matter there is

10 provided a system for autonomous path planning for autonomously navigating a
vehicle, the system comprising a computer processing device configured to:

receive data indicative of: a map of an arca, a starting point and a

destination;

generate, by the at least one computer processing device a first

15 multiplicity of paths, the gencrating comprises:

generate a plurality of initial segments fanning out around the starting
point in a first angular resolution, cach of the plurality of segments proceeding

at onc of a multiplicity of directions;

in casc an initial segment collides with an obstacle on the map, switch

20 from the first angular resolotion fo a second angular resolution and generate
forther initial segments fanning out around the starting point, starting from a

previous initial segment, in a second angular resolution, the second angular

resolution being higher than the first angular resolution; wherein cach initial

segment represent a respective path of the first multiplicity of paths;
25 assign, a weight to each of the first multiplicity of paths;
select, in accordance with the weight a selected path from the first
multiplicity of paths, the selected path having an end point;
while a stopping criterion has not been met:
gencrate a plurality of additional segments fanning out from the
30 end point in a first angular resolution, each of the plurality of

segments procecding at one of a multiplicity of directions;
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in case an additional segment collides with an obstacle on the

map, switch from the first angular resolution to the second angular

resohition and geverate further additional segments fanning out

from the starting point, starting from a previous additional segment,

5 in a second angular resolution, the second angular resolution being

higher than the first angular resolution;

add a further multiplicity of paths, each including the sclected
path and one of the plurality of additional segments starting at the

end point,

10 assign a weight to cach of the further multiplicity of paths that

does not collide with an obstacle; and

select, a sclected path from the further multiplicity of paths;

and

once the stopping criterion is met, generate stecring instructions for

15 steering the UGV in accordance with the selected path.

According to another aspect of the presently disclosed subject matter there is
provided a UGV comprising the system above.
According to another aspect of the presently disclosed subject matter there is
provided a method of navigating an astonomous vehicle using real-time path
20 planning, the method comprising using at least one computer processing device
for:
receiving data indicative of: a map of an arca, a starting point and a

destination;

generating, by the at least one compuier processing device a first

25 muttplicity of paths, the gencrating comprises:

generating a plurality of initial segments fanning out around the
starting point in a first angular resolution, starting at one side and proceeding
toward an opposite side, each of the plurality of segments procecding at one of

a multiplicity of dircctions;

30 in case an initial segment collides with an obstacle on the map,

switching from the first angular resolution to a sccond angular resolution and
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generating further initial segments fanning out arcund the starting point,
starting from a previous initial segment, in a sccond angular resolution, the
second angular resolution being higher than the first angular resolution;
wherein cach initial scgment represent a respective path of the first

5 multiplicity of paths;
assigning, a weight to cach of the first mulaplicity of paths:

selecting, in accordance with the weight a sclected path from the first

muttplicity of paths, the selected path having an end poing;
while a stopping criterion has not becn met:

16 generating a plurality of additional segments fanning out from
the end point in a first angular resolufion, starting at one side and
proceeding toward an opposite side, each of the plurality of

segments procecding at one of a multiplicity of directions;

in casc an additional segment collides with an obstacle on the

15 map, switching from the first angular resolution to the second
angular resolution and gencrating further additional segments
fanning out from the starting point, starting from a previous
additional segment, in a second angular resolution, the second
angular resolution being higher than the fivst angular resolution;

20 adding a further multiplicity of paths, each including the
selected path and one of the plurality of additional segments starting
at the end point,

assigning a weight to each of the further multiplicity of paths
that does not collide with an obstacle; and

25 sclecting, a selected path from the further muoltiplicity of
paths; and

once the stopping criterion is met, gencrating steering instructions for
steering the UGV in accordance with the selected path.
The system, the UGV and the method disclosed in accordance with the above

30 aspect of the presently disclosed subject matter can optionally comprise one or more of
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features (i) to (xvit) listed above, mutatis mutandis, in any technicaily possibie

combination or permuitation.

BRIEF DESCRIPTION OF THE DRAWINGS

5 In order to understand the invention and to see how it can be carried out in
practice, embodiments will be described, by way of non-limting examples, with

reference to the accompanying drawings, in which:

Fig. 1 illustrates a schematic block diagram of a UGV with automatic path
planning, in accordance with certain cxamples of the presently disclosed subject

0 matter;

Fig. 2 illustrates a schematic illustration of an environment in which a UGY

has to navigate;

Fig, 3 illustrates a flow-chart of a method for path planning, in accordance

with certain examples of the presently disclosed subject matter;

15 Fig. 4A provides a first graphical demonstration of a path planning example,

in accordance with certain examples of the presently disclosed subject matter;

Figs. 4B-4F provide a second graphical demonstration of a path planning
example, in accordance with certain cxamples of the presently disclosed subject

matter;

20 Fig. 3A-3B provide a third graphical demonstration of a path planmng
cxample, in accordance with certain exaraples of the preseuntly disclosed subject

matter; and

Fig. & illustrates another flow-chart of a method for path planning, in

accordance with certain examples of the presently disclosed subject matter.

25
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DETAILED DESCRIPTION

In the following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the invention. However, it will be
understood by those skilled in the art that the presently disclosed subject matter may
be practiced without these specific details. In other instances, well-known methods,
procedures, components and circuits have not been described in detail so as not to

obscure the presently disclosed subject matter.

Unless specifically stated otherwise, as apparent from the following
discussions, it is appreciated that throughout the specification discussions utilizing
terms such as "processing”, "determining”, "computing”, "representing”, "comparing”,
"gencrating”, “assessing”, “matching”, “updating” or the like, refer to the action(s)
and/or process{es) of a computer that manipulate and/or transform data into other
data, said data represented as physical, such as electronic, quantities and/or said data
representing the physical objects. The term “computer” should be expansively
construed to cover any kind of electronic device with data processing capabilities
including, by way of non-limiting example, processors disclosed in the present

application.

The terms "processor”, “computer”, "processing unit”, “computer processing
device" or the like should be expansively construed to include any kind of electronic
device with data processing circuitry, which includes a computer processor as
disclosed herein below {e.g., a Central Processing Unit (CPU), a microprocessor, an
clectronic circuit, an Integrated Circuit (IC), firmware written for or ported o a
specific processor such as digital signal processor (D5SP), a microcontroller, a field
programmable gate arvay (FPGA), an application specific integrated circuit (ASIC),
ctc.) and possibly a computer memory and is capable of executing various data

processing operations.

The operations in accordance with the teachings herein may be performed by a
computer specially constructed for the desired purposes or by a general-purpose
computer specially configured for the desired purposc by a computer program stored

in a compuier readable storage medium.

PCT/IL2018/050852
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In the following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the invention. However, it will be
understood by those skilled in the art that the presently disclosed subject matter can be
practiced without these specific details. In other instances, well-known methods,

5  procedures, components and circuits have not been described in detail so as not to

obscure the presently disclosed subject matter.

Fig. 1 described below is a general schematic illustration of the system
architecture in accordance with an embodiment of the presently disclosed subject
matter. Each module in Fig. 1 can be made up of any combination of software,

10 hardware and/or firmware that performs the functions as defined and explained
herein. The modules in Fig. 1 may be centralized in one location or dispersed over
more than one location, wherein one or more of the tocations can be on the UGV, In
different examples of the presently disclosed subject matter, the systein may comprise

fewer, more, and/or different modules than those shown in Fig. 1.

15 Fig. 3 described below i3 a flowchart illustrating operations of respective
processes, in accordance with the presently disclosed subject matter. In embodiments
of the presently disclosed subjoct matter, fewer, more and/or different stages than
those shown in Fig. 3 may be executed. In embodiments of the presently disclosed
subject matter, one or more stages illustrated in Fig. 3 may be executed in a different

20  order and/or one or more groups of stages may be executed simultancously.

The term "scanning device” as used hercin should be expansively construed to

cover any kind of a scanning device adapted to identify that an object is present at a
specific distance and at a specific direction relative to the scanning device. Common
scanning devices include 3D light detection and ranging (Lidar, also referred to as

25  laser scanning), which relates to controlled steering of lascr beams, followed by
distance measurement at every pointing divection. Other known technologies include
sound navigation and ranging (Sonar) or radio detection and ranging (Radar). A
scamning device may output information related to obstacles around the device (360%)

or at a partial range, such as 1807, In some embodiments, the scanner may provide an

30 indication of the munimal distance at which an object is found in every direction, in a

desired angular resolution.
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The term "unmanned ground vehicle” (UGV) used in this patent specification
should be expansively construed to cover any kind of mobile object adapted to move
autonomously in an area. A UGV in accordance with the description comprises or
carries thereon a scanning device for providing information on objects or obstacles
surrounding the UGY, and an IMU providing measurements of the movements taken

by the UGV,

The tcrm "obstacle” used in this patent specification should be cxpansively
construed o cover any kind of object or change in the layout of the envivonment that
prevents a UGV from passing at the location of the obstacle. Obstacles may include
positive obstacles which are gencrally above the ground, such as trees, buildings,
persons, stecp ramps or the like, and negative obstacles which are generally below

ground level, for cxample trenches, ditches, holes, or the like.

The term "map” as used herein should be expansively construed to cover any
data structure represcntation of a geographical area. A map may be absolute, i.c.,
comprise indications of absolute coordinates of an object or a location, or relative, i.e.,
comprise information on locations or objects, regardless of their locations in absohute
coordinates. In some e¢mbodiments, a map in accordance with the disclosure may be
comprised of cells, for example in the form of a grid, wherein cach cell is indicated as
non-traversable or traversable, ie., comprising an obstacle to a UGV or not. A map
can be a two-dimensional map indicating for cach X-Y location whether it is an
obstacle or not, a three dimensional map indicating for cach X-Y-Z location whether
it 15 an obstacle or not, or a 2.5 dimensional map, indicating for each X-Y location the
height of the lowest obstacle above that poing, t.e., the clearance height above the

point.

A map may have a visual representation on a computerized display device,

paper, or any other tangible medium.

In the following description some examples describe a lowest weight value as
destrable. It is noted that this is done by way of example only and in other examples a

highest weight value may be desirable.

Reference is now made to Fig. 1, showing a schematic block diagram of a
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UGV, in accordance with some examples of the disclosure.

UGV 100 can comprise or be otherwise operatively connected to a scanning
device 104 configured to scan an area surrounding the vehicle, and provide scanning
output data for generating a map. A map of a scanned area may be constrnucted such
that it contains an area surrounding UGV 100, for example centered around UGV 100.
UGV 100 can comprisc vehicle confrol sub-systems 108 including for cxample
steering control unit, gear control unit, throttle control unit, ctc. Vehicle control sub-
systems 108 are configured to receive vehicle control instructions (e.g., steering
commands)} and control UGV 100 accordingly. The instructions can be absolute or
velative, for example an absolute instruction can be "go 20 meters north”, while a
relative instruction can be "continue straight for 20 meters” or "throttle 30%, yaw rate

S0%".

UGV 100 can further comprise or be otherwise operatively connected to
computer storage deviee 112 for storing information such as one or more maps, a
destination point, information on obstacles, navigation instructions, binary modules,

or the like.

UGV 100 can further comprise or be otherwise operatively connected to one
or more processing units such as processor 116 for controlling and executing various
operations, as disclosed hercin. Each processing unit comprises a respective
processing circuilry comprising at least one computer processor which can be, for
example, operatively connected to a computer-readable storage device such as storage
device 112 having computer instiuctions stored thereon to be exccuted by the

COHlpUYEF Processor.

According to some examples, different functional elements {units, modules,
executables) in UGV 100 can be implemented as a dedicated processing unit
comyprising dedicated computer processor and computer storage for executing specific

operations.

Additionally or alternatively, one or more functional clements can be
operatively connected o a common processing unit configured to execute operations

according to instructions stored in the functional clements. For example, processor
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120 can comprise one orf more compuiers of processing units, which can be
configured to execute several functional modules in accordance with computer-
readable instructions stored on a non-transitory computer-readable mediom {(e.g.
storage device 112) operatively connected to processor 120. For illustrative purposcs

such functional modules are referred to hereinafter as comprised in the processor.

Processor 116 can comprise or be otherwise operatively connected to map
obtaining module 120. Map obtaining module 120 can be operative in generating a
map based on the readings received from scanning device 104, or another source of
information. The size of the area represented by the map can be in accordance with
the range at which scanning device 104 can scan. In alternative embodiments, map
obtaining module 120 can be operable for receiving a map from an external source,

for example via a communication channel.

Processor 116 can comprise destination receiving module 122, for recciving,
for example from an cxternal source via a communication channel, a destination to
which a UGV has to arrive, and optionally one or move waypoints, 1.e., points which
the path has to go through. The received data can also include various instructions,
e.g., whether the path should include the exact waypoints or pass at some maximal
distance therefrom. In some embodiments, an initial path may be received, for the

purpose of serving as a basis for planning the path.

In some examples, processor 116 can be implemented as a multi-core
Processor comprising two or more cores, each core configured to execute a respective
instance of path determination module (124, 124', ctc.). The number of instances can
be sclected to correspond to the number of avatlable cores. If a single core is
available, then an implementation with a single instance of path determination modale

124 may be used.

The various instances can differ in operational parameters of the path
planning, for cxample: in the angular resolutions in which segments are spread out
from one or more points when constructing the map, in the manner in which a path

weight is determined, or the like.

Although the description below relates to a single core implementation of
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processor 116 it will be appreciated that it is egually applicable to a multi-core

implementation of processor 116.

According to some examples, path determination module 124 can comprise
segment spreading module 128, weight assigning module 132 and core path selection

module 136.

Segment spreading module 128 can receive a path having a starting point and
an end point, and comprising zero, one or more segments cach having a starting point
and an end pomnt, and create therefrom a pultiplicity of paths by appending a

multiplicity of segments to the end point of the given path.

Weight assigning module 132 is configured to assign a weight to each of the
multiplicity of crcated paths. In the description below, a lower weight indicates a

better path, however different implementations can also be used.

The weight can be calculated based on a combination of a nurnber of factors,

as detailed below.

Core path selection module 136 is configured to select from all created paths a

path having the lowest weight (or highest, if an alternative implementation is used).

If the end point of the selected path is other than the destination, then segment
spreading module 128, weight assigning module 132 and core path selection module
126 may be repeatedly executed until the destination is reached or until a stopping
criterion has been encountered, such as a predetermined time period has elapsed.
According to some examples, segment spreading module 128 uses the end point of the
path selected by core path selection module 136 as a starting point for adding further

segments.

If a multi-core processor is being uvsed ie., mudtiple instances of path
determination module 124 or 124" are exccuted, then when the stopping criteria is
met, path selection module 140 selects the path of the lowest weight from among all

paths selected by core path selection module 136.

According to some examples, if a single core processor is used, path selection
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module 140 may not be used and selection is made by path selection module 136.

Referring now to Fig. 2, this shows a schematic illustration of an example of
an environment in which UGV 200 has to navigate from a current location 201 to
destination 212. The environment may comprise obstacles such as building 207,
terrain obstacles including: positive obstacle 204, which is above ground level and
may bave a steep slope; negative obstacle 208 which is below ground level; overhead
obstacle 205 such as a tree or a bridge, which UGV 200 can pass helow some parts of;
and steep terrain 206 which may be for example a back. side or front siope. All these
obstacles are non-traversable for UGV 200 and a path to destination 212 should
therefore avoid them. In addition, areas such as slope 203 may be possible but not
recommended for the UGV to traverse. Notably, some objects can present an obstacle
when accessed from one side, but not when accessed from another side. For example,
a ramp may present an obstacle when accessed from the side, but not when accessed

from the front or back.

A map of the environment, which depicts the area in a certain resolution, can
be generated based on scanmng output data received from a scanner. A path to a

destination point can then be planned according to the map.

Reference is now made to Fig. 3, showing a flowchart of a method for
planning a path in an environment with obstacles, and to Figs. 4A and 4B, showing
graphical demonstrations of an example of path planning in accordance with the

method.

At block 300, a map of the environment to be navigated, including data
indicating the current location and a navigation destination, is received. The map can
also inchide obstacles or other features of the environment. In some examples, the
map can be received by map obtaining module 108, and the destination can be
received by destination receiving module 122, or as indication on the map. It will be
appreciated that the map can assume various formats such as a data structure, an
irnage from which the carrent location, the destination and obstacles can be retrieved,
or the like. The map ca n be generated according to the scanning data output received
from the scanner, based for cxample on the time intervals it takes onc or more

scanning beams to return the scanner after having hit an obstacle or another feature.
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Thus, the received map can depict current location 400 and destination 410 as
shown in Fig. 4A, or current location 450 destination 4635 and obstacles 460 and 462

as shown in Fig. 4B.

In some embodiments, one or more waypoints indicating the pathway to the

5 destination may be provided as well. Each such waypoini may be indicated as
"compulsory”, meaning that the UGY has to pass exactly at the point, or as
"approximate”, meaning that the UGV has to pass at some maximal distance from the
point. {1 the latter case, the weight of a path can be affected by the proximity between

the waypoint and the actual point of the path closest to the waypoint. If the pathway

10 includes compulsory waypoints, then planning can be divided into a multiplicity of

sub-path planning stages, cach sub-path connecting two such waypoints.

As a preliminary step, it can be determined whether the UGV can travel along
a substantially straight line to the destination without hitting an obstacic or geiting
into undesired arcas or situations. If such a path is possible, it may be selected, and

15 path plamning is not executed.

At block 304, a multiplicity of paths starting at the current location of the
UGV, each comprising one segment, are created (e.g. by segment spreading module

128).

Fig. 4A shows segments 401, 402, 403, 404 and 405 fanning out from location
20 400 (starting point), and Fig. 4B shows segments 451, 452, 453, 454 and 455 fanning

out from location 458,

In some examples, the path can be created as one or more data structures

indicating the current location of the UGV as a starting point, and comprising a
segment of a predetermined length in a determined direction. In cach such path, the

25  segment is added in a different direction than in other paths, such that a fan-like
collection of segments is spread. The segments may be long encugh to provide
significant advancement of the UGV without necessitating excessively frequent turmns,

and short enough to enable spreading a large number of paths since each path is
comprised of a large number of segments, thus enabling the creation of a dense

30 network of paths, and checking a multiplicity of options. For cxample, a segment
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length of half the UGV size may be selected. In other examples, a segment length of

between about 1 moeter and about 10 meters may be selected.

The segments are spread at a first angular resolution, for example every &%,
every 159 every 30°, or any other angular resolution. The segments can be spread in
360° (referred to herein also as "processing angle") around the current location of the
UGY, but in other toplementations may be limited to another angle range, such as +/-

90° relative to a vector pointing from the current location fo the destination.

At block 308, each segment colliding with an obstacle, is disregarded from
further computations, and replacement segments are added at second angular
resolution, which is finer than the first angular resolution, {c.g. by segment spreading
module 128). In the example illustrated in Fig. 4B, scgment 452 collides with obstacle
462, Determination whether a segment collides with an obstacle can be performed
based on the position of the UGV relative to an obstacle and the direction and distance

of the segment {(e.g. by segment spreading module 128).

Thus, as shown in Fig. 4C., the path comprising segment 452 is disregarded
and replacement segments 456, 457, 458 and 459 are added, out of which segments
456, 457 and 45% also hit the obstacle, but segment 459 does not. Segments 456, 457,
458 and 459 may be spread at positive or negative angles relative to segment 452, and
are spread at bigher angular resolution than the angular resolution of segments 451,
452, 453, 454 and 455, for example an angular resolution twice as high or three times
as high as the previous angular resolution, or the like. The higher angular resolution
enables the scanning to find relatively smaller passes or spaces hetween two obstacles,

or the like.

In some examples, a higher first angular resolution corresponds to higher
second angular resolution. Thus, for example, if the first angular resolation is 8%, the
second angular resolution can be 2° if the first angular resolution is 15% the second

angular resolution can be 5° or the like.

In examples in which multiple cores are available, each core can operate with

a set of first and second angular resolutions different from those used by other cores.
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At block 312, a weight is assigned to paths that do not collide with an obstacle,
for example by weight assigning module 128, Thus, in Fig. 4A a weight is assigned to
the paths comprising segments 401, 402, 403, 404 and 403, and in Fig. 4C a weight is
assigned to the paths comprising segments 451, 459, 453, 454 and 455.

The weight can be calculated based on a combination of a number of factors,

including but not limited to any one or more of the factors listed below:

& The distance between the end point of cach path and the destination, wherein a
smaller distance implies a lower weight;

& Advancement along a basic path, if onc is provided, ¢.g., the point on an
initially given path which is closest to cach path. It will be appreciated that
points farther along the given path contribute to lower weight;

& The distance between the latest segment added to the path and the basic path,
if one is provided, measured for example as the distance between the last
segment and the line connecting two waypoints along the path. A higher
weight may be assigned to a path that is drifting away from the given path;

& Proximity between each waypoint provided as input (if any) and a waypoint
along the path, i.e., one of the points from which segments are spread, which i3
nearest to the given waypoint;

& Smoothness of a path, e.g., angles between consecutive segments along a path,
wherein sharper angles imply a higher weight as they indicate sharp turns of

the UGV, which arc generally undesired;

Non-angular factors, including but not limited to:

& Proximity of the path to any one or more of the obstacles: this measurement
may be determined by virtually increasing the size of the vehicle by one or
more virtual envelopes, also referred to as virtual layers, swrrounding the
vehicle, cach having a predetermined width. In an example in which an
internal and an external layer are considered, a planned path in which the
external layer hits an obstacle indicates that the UGV is at a distance from the
obstacle which is between the width of the internal laver and the sum of the
widths of the two layers. A planned path in which the internal layer hits the

obstacle indicates that the UGV is at a distance from the obstacle which i at
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1ost the width of the internal layer. Thus, in the latter case, the UGV is closer
to the obstacle than in the former case. The virtual layers provide for forcing
the path to remain in at least a predetermined distance from an obstacle, thus
ensuring that the UGV does not come into contact with the obstacle. The
proximity of the UGV to the obstacles may be discretized by considering, in
the weight calculation, which virnual laver hit the obstacle, rather than the

exact distance between the UGV and the obstacle.

2 Slopes of the ground the UGV has to traverse along the path;
® Entry into areas which are allowed but are undesired, such as privately owned

arcas, nature reserves, or the like; and

& Dewviating from recognized roads, which may be desived or undesired,
according to the situation. For exampie, a heavy UGV may damage a road and
should thus avoid recognized roads as much as possible, while a light UGY

should remain on reads for casier movement.

The weight can be calculated using a linear combination of the used factors
with weights assigned for each factor, normalized sums, averaged sums, or any other
combination. H minimal weight is desired, the desirabie weight factor should have

lower weight values.

As detailed below, in some situations the weight may be calculated for cach
path as a whole, regardless of how many segments the path is comprised of, while in

other situations the weight may be determined per segment.

At block 316, a path having a minimal weight is selected, for example by path
selection module 136. Thus, in the example tllustrated in Fig. 4A the path ending at
focation 440 is sclected, and in the example of Fig. 4C the path ending at location 463
is selected. These paths may have been selected since their end points arve closest (o
the respective destinations, since they keep away from areas having steep slopes more

than other paths, or due to other factors.

At block 320, a multiplicity of paths is added (c.g. by scgment spreading
module 128), by adding segments at the first predetermined angular resoluation at the
cnd point of the selected path, such that each new path is comprised of the selected

path and an additional segment directed as described in association with block 304
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above. In this case, unlike the case of segments starting at the current location of the
UGV, the angles at which the additional segments are directed may be limited
relatively to the previous segment of the path, for example limited to being at +/-90°
relative to the previous segment. Thus, in Fig. 4A, additional paths are added, in
which segroents 441, 4472, 443, 444, and 445 are added to the selected path starting at

focation 440.

In Fig. 4D, scgments 4551, 4552, 4553, 4554 and 43555 can be added to the

path including segment 455.

At block 324, for each newly added segment that collides with an obstacle,
additional segments are added at the second, higher, angular resolution, for example
by scgment spreading module 128, Thus, since segments 4552 and 4553 collide with
obstacle 460, then, as seen in Fig. 4E, segments 4552 and 4553 are disregarded and
segments 4556, 4557 and 4558 arc added, all of which also collide with obstacle 460
and are thus likewise disregarded. At block 328, a weight is assigned to each path,
including the paths not previously selected, for exaraple by weight assigning module
132. Thus, weights are assigned to the paths comprised of the following segments of
Fig. 4A: 401, 402, 403, 405, 404+441, 404+442, 4044443, 404+444, and 404+445,
The paths to which weights arc assigned on Fig. 4E are the paths comprised of the
following segments or segment combinations: 431, 459, 453, 454, 45544551,
435+4554, and 455+4555. According to some cxamples, if a weight has been
previously assigned to a path, and there is no change in the weight calculation
parameters, then re-calculating a weight may be avoided and a previously calculated
weight may be used. It will be appreciated that according fo some examples, weights
are not assigned to paths cuding with a segment colliding with an obstacle, such as
452 or 455+4552. It will also be appreciated that weights are not assigned individually
to paths that have been previously selected and have thus been exiended with

additional segments, such as 455.

It all segments added to the selected path collide with an obstacle, path
selection can sclect only among previously obtained paths, such that another fan of
segments will be opened from the same level. For example, if segroents 441, 442, 443,
444 and 445 all collide with one or more obstacies, the selection is between paths 401,

402, 403 and 405, for example 401, and a fan of segments will be spread from the end
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point of segment 401, similar to the fan of segments attempted to be opened from the

end point of segment 404, being location 440.

The weights assigned to multt segment paths, such as 435+4551, can take info
account also the angles between pairs of consecutive segments, since sharp turns are

generally undesired.

In some embodiments, the weight of a path may be calculated as the sum of all
paramecters, regardiess of the number of segments the path is comprised of. However,
since the weight may increase as the number of segments increases, ot some of the
parameters may relate to a single segment, such as the angles between consecutive
segments along a path, the weights of paths having more segments than others may be
high relative to other paths having fewer segmenis, thus providing skewed results. In
order to compensate for such situations, in some examples the total weight of a path
may be divided by the number of segments in the path, thus providing a more uniform
measure of the path quality. Whether the weight is calculated per-segment or not may
be decided per each core individually. In some examples, in cores operating with a
larger angle resolution, which therefore cover larger areas, a relative weight may be
used, i.e. the weight may be divided by the number of segments, while cores operating

with smaller angle resolution may operate with total weight for the path.

At block 332 a path of minimal weight is selected {e.g. by core path selection
module 136) whether each weight has been determined per path or per segment. [t
will be appreciated that path selection is not Hmited to paths having the largest
nurober of segments, but also to paths that on at least one previous deration have not
been selected for further execution of segment spreading module 128. In the example
Fig. 4A the path comprising of segments 404+441 can be selected, and in the example
Fig. 4E the path comprising of segments 455+4554 can be selected. It will be
appreciated that the path selection may not be self-cxplanatory from the figures, since
some factors that affect the weight are taken into account by the weight calculation,

although they are not depicted.

At block 336 it can be determined whether a stopping criterion has been met.
One such stopping criterion is the elapsing of a predetermined time period since the

beginning of the map planning {e.g. between 0.1 second and 2 seconds). This
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parameter is significant since the UGV needs to receive steering instructions in order
not {0 stop or not to Keep moving in accordance with instructions provided upon
outdated map and path, which can lead to colliding with obstacles, hitting moving

objects such as people. entering undesired arcas, or the like.

It the stopping criterion is met, then if multiple cores ave used. at block 340 the
best path is sclected from the sclected paths provided by the different cores, steering
instructions are generated, and the UGV is steered in accordance with the best path. If

only one core is used, then the best path 1s the selected path.

If the stopping crilerion is not met, the process may continue with another
iteration of adding a further multiplicity of paths at block 320. Thus, in Fig. 4A,
segments 4411, 4412, 4413, 4414 and 4415 can be added to the path including
segiments 404 and 441. In Fig. 4F, segioents 45541, 45542 and 45543 can be added to
the path including segments 455 + 4554,

Weights are then assigned to each path on block 324 by weight assigning
module 132. Thus, weights are assigned to the following paths of Fig 4A (or only to
the paths to which a weight has not been assigned earlier): 401, 402, 403, 405,
404+442, 4044443, 404+444, 4044445, 404+441+4411, 404444144412,
404+441+4413, 404+441+4414, and 404+441+4415, and to the following paths of
Fig 48: 451, 453, 454, 45544551, 455+4555, 455+4554+45541, 455+4554+45542,
and 455+4554-+45543.

On block 328 the path of the lowest weight is selected. In the example of Fig.
4A the path including segments 404+441+4415, which reaches destination 410 is
sclected. In the example of Fig. 4B, the path including segments 455+4544+445543 is

selected.

When a new map is reccived, planning a path can be repeated, and the UGV is
then steered in accordance with the newly planned path. Thus, the predetermined
period of time used as the stopping criterion can correspond to the refresh rate of the
map, which in turn depends on the scanning rate of the scanning device and the map

generation rate.
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However, in some cmbodiments, path planning can be avoided for every
second, third, or other received map, if the UGV is in an area in which no obstacles or

other undesired objects exist, or the like.

Reference is now made to Fig. 6, showing a flowchart a method for planning a
path in an environment, i accordance with the method. The method disclosed with
reference to Fig. 6 provides some alfernatives to the method disclosed with reference
to Fig. 3. Some operations which are identical to corresponding operations in Fig. 3
are not described in detail. Unless described otherwise, the examples shown in Figs.
4A-4F are likewise applicable to the operations in Fig. 6. Operations described with

reference to Fig. 6 can be executed for example by processor 124

At block 300, a map of the environment to be navigated, is rececived. The
received map can depict curtent location 430 destination 465 and obstacles 462 as

shown in Fig. SA and 3B.

In somc embodiments, one of more waypeints (e.g. "compulsory” or

“approximate”} indicating the pathway to the destination may be provided as well.

As a preliminary step, i can be determined whether the UGV can travel along
a substantially straight line to the destination without hitting an obstacle or getting
into undesired areas or situations. H such a path is possible, it may be selected, and

path planning is not executed.

At block 304a, one or more paths starting at the starting point (e.g. current
location of the UGV) each comprising one segment, are created {e.g. by segment
spreading module 128). The path can be generated by extending segments (also
referred to herein as "imtial segments”™) around the starting point, for example, in a fan
like shape, starting from one side and proceeding towards the other, cach segment
having a certain direction relative to the vehicle. As mentioned above, scgments are
inittally generated using a first angular resolution ("course scanning resolution™), for
example every 8%, every 15Y, every 30°, or any other angular resolution. The segments
can be spread in 360° (herein also "processing angle”) around the current location of
the UGV, but in other implementations may be limited to another angle range, such as

+/-90" relative to a vector pointing from the current location to the destination.
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According to an example, at block 308a, while segments are being generated

from one side to the other using the first angular resolution, immediately after a
segment colliding with an obstacle is detected, the process reverts back to the
previous segment that did not hit an obstacle and the scanning resolution is switched

5  from the first angular resolution to a second angular resolution. The second resolution
is finer than the first angular resolution ("fine scanning resolution™). For example an
angular vesohution twice as high or three times as high as the previous angular
resolution, or the like. The higher angular resolution cnables the scanning to find
relatively smaller passes or spaces between two obstacles, or the like. Scanning

10 proceeds with the fine scanping resolution until the obstacle is no longer detected or

until the end of the processing angle is reached.

Fig. 5A shows gencration of (initial) segments (501, 552 and 552 from left to
right (as indicated by the arrow) using the course angular resolution, where the second
segrment 552 hits obstacle 462. Fig. 5B shows the response following determination

15 that an obstacle has been hit. As shown in the figure, immediately after detection of an
obstacle, the process reverts to the location of to the previous segment (551}, and
starts generating scgments from left to right, from that position using the finer
scannming resolution, thereby generating segments 556, 557, 538, 559 and 560
(indicated by broken lines). In some examples, generation of segments in the fine

20  resolution starting from a previous segment that did not hit the obstacle, starts exactly
fromm the previous segment {(e.g. 5351), while in other examples, generation of
segments in the fine resolution starting from a previous segment that did not hit the
obstacle, starts near the previous segment. "near” is a distance that can be defined for
example, according to the fine resolution e.g. a distance defined by an angle that is

25  equal or smaller than the fine resolution.

At block 308b, the process switches back from the finer resolution to the
course resolution. As mentioned above, this happens in case an obstacle is no longer
detected. Fig. 5B switching back from the finer resolution to the course scanning
resolution after segment 560 where the obstacle is no longer detected. Segments 554

30 and 555 following 560 are separated according to the course scanning resolution,
Thus, in some cxamples, if it is determines that the last initial scgment did not hit an

obstacle, a command to switch to the first angular resolution is given {c.g. by
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processer 120) and during the processing along the remainder of the scanning angle,

the course scanning resolution is used.

By switching from course scanning resolution o fine scanning resofution and
vice versa, the process cnables to detect smaller elements (e.g. obstacles and
openings) on one hand and reduce consumption of processing resources as well

processing time on the other hand.

As mentioned above, in examples in which mulitiple cores arc available, each
core can operate with a set of first and second angular resolutions different from those

used by other cores.

At block 312, a weight is assigned to paths that do not collide with an obstacle,
for example by weight assigning module 128. Thus, in Fig. 5B a weight is assigned to

the paths comaprising segments 551, 560, 554, and 555.

The weight can he calculated based on a combination of a number of factors,
as listed above with reference to block 312, The weight can be calculated using a
hincar combination of the used factors with weights assigned for ecach factor,
normalized sums, averaged sums, or any other combination. If minimal weight is

desired, the desirable weight factor should have lower weight values.

As detailed below, in some situations the weight may be calculated for cach
path as a whole, regardless of how many segments the path is comprised of, while in

other situations the weight may be determined per segment.

At block 316, a path having a minimal weight is selected, for example by path
selection module 136, The examples tlustrated in Fig. 4C can be likewise applied

herein. The selected path having an end point located at its end.

At block 320, a nultiplicity of paths are generated (e.g. by segment spreading
module 128), by repeating the scanning operation as described in association with
block 304a above. This time additional (also referred to herein as "subsequent
segments”) segments are gencrated fanning out around the end point of the selected
path. In some examples, unlike the case of segments starting at the current location of

the UGV, the angles at which the additional segments are directed may be limited
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relatively to the previous segment of the path, for example limited to being at +/-90°

relative to the previous segment.

At block 324a, the operations described above with respect to block 308a are

repeated, where onece an additional segment that collides with an obstacle is detected,

5 the process switches to the fine scanning resolution and starts generating additional
segments, using the fine scanning resolution, starting from the location of the previous

s¢g

1]

ment  or "near” the provious segment as explained above {(c.g. by scgment

{;

spreading module 128). At block 324b the process switches back to the course

scanning resolution, in case the obstacie is no longer detected.

10 As explained above with reference to Fig. 3, at block 328, a weight is assigned
to ecach path, including the paths not previously sclected, for example by weight
assigning module 132, According to some examples, if a weight has been previously
assigned to a path, and there is ne change in the weight caleulation parameters, then
re-calculating a weight may be avoided and a previously calculated weight may be

15 used.

At block 332 a path of mintmal weight is selected (e.g. by core path sclection

moduole 136) whether each weight has been determined per path or per segment.

At block 336 it can be determined whether a stopping criterion has been met.

Une such stopping criterion is the elapsing of a predetermined time period since the

20 beginning of the map planning (e.g. between 0.1 second and 2 seconds). This
pararneter is significant since the UGV needs to receive steering instructions in order

not o stop or not to keep moving in accordance with instructions provided upon
outdated map and path, which can lead to colliding with obstacles, hitting moving

objects such as people, entering undesired aveas, or the like.

25 If the stopping criterion is muet, then if multiple cores are used, at block 340 the
best path is selected from the selected paths provided by the different cores, steering
instructions are generated, and the UGV is steered in accordance with the best path, If

only one core is used, then the best path is the selected path.
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If the stopping critcrion is not met, the process may continue with another
iteration of adding a further multiplicity of paths at block 320. Weights are then

assigned to each path on block 324 (e.g. by weight assigning module 132).

On block 328 the path of the Towest weight is selected. When a new map is

5 received, planning a path can be repeated, and the UGV is then steered in accordance
with the newly planned path. Thus, the predetermined period of time used as the
stopping criterion can correspond to the refresh rate of the map, which in tun depends

on the scanming rate of the scanning device and the map generation rate.

However, in some embodiments, path planning can be avoided for every
10 second, third, or other received map, if the UGV is in an arca in which no obstacles or

other undesired objects exist, or the like.

It will be appreciated that the two angular resolution segment addition
mechanism disclosed herein allows to keep the path planning fast and efficient where
possible, c.g., in arcas without obstacles, or in which it is relatively easy to avoid

15  obstacles, while cnabling navigation through arcas with dense obstacles, such that
narrow passes can be detected through which the UGV can pass. The disclosure thus
provides for efficient, smooth, continpous and collision free progress of the

autonomous vehicle through a traversed arca.

It will also be appreciated that the weighting mechanism assigning weight to

20  parameters of the path such as proximity from obstacles, enforced for cxample by
virtual fayers that can be added around the UGV, passing near waypoints, attempting

to avoid steep slopes, attempting to avoid undesired areas, or the like, provide for
planning a path that keeps the UGV safe from obstacles, whether these are buildings,

trees, people, or the like, and of the environment, such as roads.

25 it is noted that the teachings of the presently disclosed subject matter are not
bound by the steps described with reference to Fig. 3 and the components described
with reference to Fig. 1. Equivalent and/or modified functionality can be consolidated
or divided in another manner and can be iroplemented in any appropriate combination

of software, firmware and hardware and executed on a suttable device.
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changes can be applied to the ernbodiments of the invention as hereinbefore described

without departing from its scope, defined in and by the appended claims.
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CLAIMS

1. A method of auvtonomous path planning for navigating a vehicle, the method

comprising using at least one computer processing device for:

5 receiving data indicative of: a map of an arca, a starting point and a
destination;
forming, by the at least one computer processing device a multiplicity
of paths, cach path comprising a first scgment starting at the starting point,
cach first segment proceeding at one of a multiplicity of directions, the
10 muttaplicity of directions having a first angular resohution;
for each segment, colliding with an obstacle indicated on the map,
determining by the at least one computer processing device additional
segments starting at the starting point and procecding at a multiplicity of other
directions fanned out at a second angular resolution, the sccond angular
15 resolution being higher than the first angular resolution;
assigning, by the at least one computer processing device, a weight to
cach of the multplicity of paths; and
selecting, by the at least one computer processing device, a selected
path from the multiplicity of paths in accordance with the weight, the selected
20 path having an end point;
while a stopping criterion has not becn met:
adding to the multiplicity of paths a further muldtiphicity of
paths, cach including the selected path and one of a multiplicity of
scgments starting at the end pont, each of the multiplicity of
25 segments directed at one of the multiplicity of directions fanned owt
at the first angular resolution, and for cach segment that collides
with an obstacle indicated on the map, adding an additional
multiplicity of paths comprising the selected path and additional
segments starting at the end point, the additional segments directed
30 at a multiplicity of other directions fanned out at the second angular

resohution, such that each of the additional multiplicity of paths

comprises the selected path and one of the additional segments;
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assigning, by the at least one computer processing device, a
weight to each of the further multiplicity of paths and additional

multiplicity of paths that does not collide with an obstacle; and
sclecting, by the at least one computer processing device, a
5 selected path from the multiplicity of paths; and
generating steering instructions for steering the UGV in accordance with

the selected path.

o

The method of Claim 1, wherein the weight assigned to each path of the
multiplicity of paths is determined in accordance with at lcast one non-angular
16 factor.

3. The method of Claim 2 wherein the at least one non-angular factor is selected
from the group comprising: proximity of the path to an obstacle; slopes along the
path; intersection of the path with areas not recommended for passing; and
deviation from recognized roads.

15 4. The method of Claim 1, wherein the selected path is selected as a path from a

mudtiplicity of paths having a lowest absolute weight.

5. The method of Claim 1, wherein the selected path is selected as a path from the
multiplicity of paths having a lowest weight per segment.

6. The method of Claim 1, further comprising:

20 creating a second multiplicity of paths, using another first angular
resolation different from the first angular resolution, or another second angular
resolution different from the second angular resolution, and sclecting a second
sclected path from the sccond multiplicity of paths; and

generating steering instructions for steering the UGY with a path selected

25 from the selected path and the second selected path.

7. The racthod of Claim 6,

wherein the first angular resolution and the second angular resolution are
tower than the other first angular resolwtion and the other sccond angular
resolution, respectively,

30 wherein the selected path is selected from the multiplicity of paths in

accordance with a lowest absohute weight, and

wherein the second selected path is selected from the second multiplicity

of paths in accordance with a lowest weight per segment.
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The method of Claim 6, wherein the multiplicity of paths and the second

multiplicity of paths are generated by different cores.

The method of Claim 1, wherein the weight assigned to each path of the
witiplicity of paths is determined in accordance with smoothness of the path and

proximity of an end point of the path to a destination.

The method of Claim 1, wherein the map is generated upon scanning data

recetved from a scanning device mounted on the vehicle.

The moethod of Claim 1, wherein the stopping criterion is an elapsed time period.

. The method of Claim 1, further comprising receiving at least one waypoint,

wherein the weight assigned to each path of the multiplicity of paths is determined
also in accordance with a distance of the path from cach of the at least one

waypoint.

. The method of Claima 1, further comprising steering the UGV in accordance with

the steering imstructions.
The method of Claim 1, wherein any previously selected paths are excluded from

selection of the selected path from the multiplicity of paths.

A method of navigating an autonomous vehicle using real-time path planning, the
method comprising using at least one computer processing device for:
receiving data indicative of: a map of an arca, a starting point and a

destination;

forming, by the at least one computer processing device a multiplicity
of paths, each path comprising a first segment starting at the starting point,
cach first segment proceeding at one of a mulktiplicity of directions fanned out

at a first angular resolution;

for cach segment colliding with an obstacle indicated on the map,
determining by the at least one computer processing device additional
segments starting at the starting point and proceeding at a multiplicity of other
directions fanned out at a sccond angular resolution, the second angular

resoiution being higher than the first angular resolution;

assigning, by the at least one computer processing device, a weight o

cach of the multplicity of paths; and
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selecting, by the at least one computer processing device, a selected
path from the multiplicity of paths in accordance with the weight, the selected

path having an end point;
while a stopping criterion has not becn met:

5 adding to the multiplicity of paths a further muldtiphicity of
paths, each including the selected path and one of a multiplicity of
segments starting at the end poini, each of the multiplicity of
segments directed at one of the multiplicity of directions fanned owt
at the first angular resolution, and for cach segment that collides

10 with an obstacle indicated on the map, adding additional multiplicity
of paths comprising the selected path and additional segments
starting at the end point, the additional segments divected at a
multiplicity of other directions fanned out at the second angular
resohution, such that each of the additional multiplicity of paths

15 comprises the selected path and one of the additional segments;

assigning, by the at least one computer processing device, a
weight to each of the further nultiplicity of paths and additional
multiplicity of paths that docs not collide with an obstacle; and

selecting, by the at least one computer processing device, a

20 selected path from the multplicity of paths;

generating steering instructions in accordance with the selected
path; and
stecring the UGV in accordance with the stoering instructions.
16. An unmanned ground vehicle (UGV), comprising:

25 a scanping device for scanning an area surrcunding the UGV, 1o
thereby provide scanning output data providing information on distances
between objects in the area and the UGV in a multiplicity of directions;

a map obtaining module for receiving a map of the arca, the map
generated upon scanning output data received from the scanning device;

30 a destination receiving module for receiving a destination to which the

UGV bhas to steer;
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a vchicle control sub-system configured to receive vehicle control

instructions and control the UGV in accordance with the instructions; and
at least one compuier processing device configured to:

receiving data indicative oft a map of an area to be navigated, a starting

5 puoint and a destination;

forming a multiplicity of paths, each including a first segment starting
at the starting point, each first segroent proceeding at one of a multiplicity of

directions fanned out at a first angular resolution;

for each segment having a common point with an obstacle indicated on

16 the map, determining by the processor additional segments starting at the
starting point and proceeding at a multiplicity of other directions fanned out at

a second angular resolution, the second angular resolution being higher than

the first angular resolution;
assigning a weight to cach of the multiplicity of paths; and

5 selecting a sclected path from the multiplicity of paths in accordance

with the weight, the selected path having an end poing;
while a stopping criterion has not been met:

adding to the multiplicity of paths a further multiplicity of

paths, each including the selected path and one of a muluplicity of

20 scgments starting at the end point, ecach of the multiplicity of
scgments directed at one of the multiplicity of directions fanned out

at the first angular resolution, and for each segment that collides

with an obstacle indicated on the map, adding an additional

multiplicity of paths comprising the sclected path and additional

25 segments starting at the end point, the additional segments directed
at a mudtiplicity of other divections fanned out at the second angular

resolution, such that each of the additional multiplicity of paths

comprises the selected path and one of the additional scgments;
assigning a weight to each of the further multiplicity of paths
30 and additional multiplicity of paths that docs not collide with an

obstacle; and
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sclecting a sclected path from the multiplicity of paths, in

accordance with the weight; and

generating steering instructions for steering the UGV in

accordance with the sclected path.

5 i7.The UGV of Claim 16, wherein the weight assigned to each path of the
multiplicity of paths is determined in accordance with at lcast one non-angular
factor.

18. The UGV of Claim 16, wherein the at least one non-angular factor is selected
from the group comprising: proximity of the path to an obstacle; slopes along the

10 path; iotersection of the path with areas not recommended for passing; and

deviation from recognized roads.

19. The UGV of Claim 16, wherein the selected path is selected as a path from a
multiplicity of paths having a lowest absolute weight.

20, The UGV of Claim 16, wherein the selected path is selected as a path from the

15 multiplicity of paths having a lowest weight per segment.

21.The UGV of Claim 16, wherein the computer processing device is further
configured to:

create a second multiplicity of paths, using another first angular

resolution different from the first angular resolution, or another sccond angular

20 resolution different from the second angular resolution, and selecting a second
selected path from the second multiplicity of paths; and

generate steering instructions for steering the UGV with a path selected
from the selected path and the sccond selected path.
22. The UGV of Claim 21,

25 wherein the first angular resolution and the second angular resolution
are lower than the other first angular resolution and the other second angular
resolution, respectively,

wherein the selected path is selected from the multiplicity of paths in
accordance with a lowest absohute weight, and

30 wherein the second sclected path is sclected from the sccond

multiplicity of paths in accordance with a lowest weight per segment.
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The UGV of Claim 22, wherein the multiplicity of paths and the second
multiplicity of paths are generated by different cores.

The UGV of Claim 16, wherein the weight assigned to each path of the
witiplicity of paths is determined in accordance with smoothness of the path and

proximity of an end point of the path to a destination.

5. The UGV of Claim 16, wherein the map is generated apon scanning data received

from a scanning device mounted on the vehicle.

The UGV of Claim 16, wherein the stopping criterion is an elapsed time period.
The UGV of Claim 16, whercin the computer processing device is further
configured to: receive at least one waypoint, wherein the weight assigned to each
path of the multiplicity of paths is determined also in accordance with a distance

of the path from cach of the at least one waypoint.

5. The UGV of Claim 16, wherein any previously selected paths are excluded from

selection of the selected path from the multiplicity of paths.

. A systern mountable on an unmanned ground vehicle (UGV), comprising at least

one computer processing device configured to:
receiving data indicative of: a map of an arvea to be navigated, a starting
point and a destination;
forming a multiplicity of paths, each including a first segment starting
at the starting point, each first segment proceeding at one of a multiplicity of
directions fanned out at a first angular resolution;
for each segment having a common point with an obstacle indicated on
the map, determining by the processor additional scgments starting at the
starting point and proceeding at a multiplicity of other directions fanned out at
a second angular resolution, the second angular resolution being higher than
the first angular resolution;
assigning a weight to each of the multiplicity of paths; and
sclecting a sclected path from the multiplicity of paths in accordance
with the weight, the selected path having an end point;
while a stopping criterion has not been met:
adding to the nmultiplicity of paths a further multiplicity of

paths, cach including the selected path and one of a multiplicity of
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scgments starting at the end point, ecach of the multiplicity of
segments directed at one of the multiplicity of directions fanned out
at the first angular resolution, and for each segment that collides
with an obstacle indicated on the map adding an additional
5 multiplicity of paths comprising the sclected path and additional
segments starting at the end point, the additional segments directed
at a mudtiplicity of other divections fanned out at the second angular
resolution, such that cach of the additional multiplicity of paths

comprises the selected path and one of the additional scgments;

10 assigning a weight to each of the further multiplicity of paths
and additional multiplicity of paths that docs not collide with an

obstacle; and

selecting a sclected path from the multiplicity of paths, in

accordance with the weight; and

15 generating steering instructions for steering the UGV in accordance with

the sclected path.

30. A method of autonomous path planning for navigating a vehicle, the method
comprising using at least one computer processing device for selecting a path,
comprising:

20 receiving data indicative of: a map of an area, a starting point and a

destination;

genecrating, by the at least one compuier processing device a first

awiltiplicity of paths, the generating comprises:

generating a plurality of initial segments fanning out around the
25 starting point in a first angular resolution, cach of the plurality of segments

proceeding at one of a multiplicity of directions;

in casc an initial segment collides with an obstacle on the map,

switching from the first angular resolution to a second angular resolution and

generating further initial segments fanning out arcund the starting point,

30 starting from a previous initial segment, in a sccond angular resolution, the

second angular resolution being bhigher than the first angular resolution;
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wherein cach initial segiment represent a respective path of the first

multiplicity of paths;
assigning, a weight to cach of the fivst multiplicity of paths;

selecting, in accordance with the weight a selected path from the fivst

5 multiplicity of paths, the selected path having an end poing;
while a stopping criterion has not been met:

generating a plurality of additional segments fanning out from
the end point in a first angular resolution, cach of the plurality of

segments proceeding at one of a multiplicity of directions;

10 in case an additional segment collides with an obstacle on the
map, switching from the first angular resolution to the second
angular resolution and generating further additional segments
fanning oul from the starting point, starting from a previous
additional segment, in a sccond angular resolution, the sccond

15 angular vesolution being higher than the first angular resolution;

adding a further multiplicity of paths, cach including the
selected path and one of the plurality of additional segments starting

at the end point,

assigning a weight to cach of the further multiplicity of paths

20 that does not collide with an obstacle: and

selecting, a sccond path from the further multiplicity of paths;

and

once the stopping criterion is mef, generating stecring instructions for

steering the UGV in accordance with the selected path.

25  31. The method of Claim 30, wherein the selecting of the path is performed in real-
tirne for navigating the vehicle while traversing the area.

32. The method of any one of claims 30 and 31, wherein the generating of a plurality

of initial segments fanning out around the starting point in a first angular

resolution, is performed starting at one side and continuously proceeding toward

30 an opposite side.
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. The method of any one of claims 30 to 32, wherein the generating of a plurality

of additional segroents fanning out from the end point in a first angular vesohution,

is performed starting at one side and proceeding toward an opposite side.

. The method of any one of claims 32 to 33, further comprising: during generation

of the plurality of initial segment, switching back from the second angular
resclution to the first angular resolution, in case it i3 determined that a last

gencrated initial segment did not hit an obstacle.

. The method of any one of claims 32 to 34, further comprising: during generation

of the plurality of additional segment, switching back from the second angular
resolution {o the first angular resolution, in case it is determined that a last
generated additional segment did not hit an ohstacle.
A systern for autonomous path planning for autonomously navigating a vehicle,
the system comprising a compuier processing device configured to:

receive data indicative of: a map of an area, a starting point and a

destination;

generate, by the at least one computer processing device a first

multiplicity of paths, the generating comprises:

generate a plurality of initial segments fanning out around the starting
point in a first angular resolution, each of the plurality of segments proceeding
at one of a multiplicity of directions;

in case an initial segment collides with an obstacle on the map, switch
from the first angular resolution to a second angular resolution and generate
further tnitial segments fanning out around the starting point, starting from a
previous initial segment, in a seccond angular resolution, the sccond angular
resolution being higher than the first angular resolution; wherein cach initial

segment represent a respective path of the first multiplicity of paths;
assign, a weight to cach of the first multiplicity of paths;

select, in accordance with the weight a selected path from the first

swltiplicity of paths, the selected path having an end point;

while a stopping criterion has not been met:

PCT/IL2018/050852



WO 2019/026074

10

15

20

30

39.

40.

45

gencrate a plurality of additional segments fanning out from the
end point in a first angular resolution, each of the plurality of

segments procecding at one of a multiplicity of directions;

in casc an additional segment collides with an obstacle on the
map, switch from the first angular resolution to the second angular
resolation and generate further additional segments fanming out
from the starting point, starting from a previous additional segment,
in a second angular resolution, the second angular resolution being
higher than the first anguolar resolution;
add a further multiplicity of paths, cach including the selected
path and onc of the plurality of additional segments starting at the
end point,
assign a weight to cach of the further multiplicity of paths that
does not collide with an obstacle; and
sclect, a sclected path from the further multiplicity of paths;

and

once the stopping criterion is met, gencrate steering instructions for

steering the UGV in accordance with the selected path.

. The system of (laim 36, wherein the computer processing device is operable fo

select the path in real-time for navigating the vehicle while traversing the area.

&

. The systero of any one of claims 36 and 37, wherein the computer processing

device is configured to generate the plurality of initial segments fanning out
around the starting point in a first angular resolution, by starting at onc side and

contiimuously proceeding toward an opposite side.

The system of any one of claims 26 and 38, wherein the computer processing
device is configured to generate the plurality of additional segments fanning out
from the end point in a first angular resolution, by starting at one side and

proceeding toward an opposite side.

The system of any one of claims 38 and 39, wherein the computer processing
o L

device is configured, during generaton of the plurality of initial segment, to
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switch back from the second angular resolution to the first angular resolution, in

case it is determined that a last generated initial segment did not hit an obstacle.
41. The system of any one of clauns 38 and 40, wherein the coroputer processing
device is configured, during generation of the plurality of additional segment, {o
5 switch back from the second angular resolution to the first angular resolution, in
case it is determined that a last generated additional segment did not hit an

obstacle.

42. A UGV comprising the systern of claim 37.
43. A method of navigating an autonomous vehicle using real-time path planning, the
10 wethod comprising using at least one computer processing device for:
receiving data indicative of: a map of an area, a starting point and a

destination;

generating, by the at least one computer processing device a first

multiplicity of paths, the gencrating comprises:

15 generating a plurality of initial segments fanning out around the
starting point in a first angular resolution, starting at one side and proceeding
toward an opposite side, cach of the plurality of scgments proceeding at one of

a multiplicity of dircctions;

in case an initial segment collides with an obstacle on the map,

20 switching from the first angular resolotion to a second angular resolation and
generating further initial segments fanning out around the starting point,

starting from a previous initial segment, in a second angular resolution, the

second angular resolution being higher than the first angular resolution;

wherein cach initial segiment represent a respective path of the first

25 multiplicity of paths;
assigning, a weight to cach of the fivst multiplicity of paths;

sclecting, in accordance with the weight a sclected path from the first

multiplicity of paths, the selected path having an end poing;
while a stopping criterion has not been met:

30 generating a plurality of additional segments fanning out from

the end point in a first angular resolution, starting at onc side and
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proceeding toward an opposite side, cach of the plurality of
segments procecding at one of a multiplicity of directions;

in case an additional segment collides with an obstacle on the

map, switching from the first angular resolution to the second
5 angular resolution and generating further additional segments

fanning out from the starting point, starting from a previous
additional segment, in a sccond angular resolution, the second

angular resolution being higher than the fivst angular resolution;

adding a further multiplicity of paths, cach including the
10 selected path and one of the plurality of additional scgments starting

at the end pont,

assigning a weight to cach of the further multiplicity of paths

that does not collide with an obstacle; and

sciecting, a sclected path from the further multiplicity of

15 paths; and

once the stopping criterion iS met, generating steering instructions for

steering the UGY in accordance with the selected path.

20
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