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57 ABSTRACT
Methods and systems for controlling navigation of an
autonomous vehicle for traversing a geographical area are
disclosed. The methods include receiving information relat-
ing to a drivable area in the geographical area and identi-
fying a plurality of lane segments that intersect with the
drivable area. The plurality of lane segments can be used to
segment the drivable area into a plurality of sub-regions
such that each of the plurality of lane segments can be
represented as a union of a unique subset of the plurality of
sub-regions. A data representation of the drivable area may
be created to include the plurality of sub-regions, and used
to render the map of the geographical area. The map includes
the drivable area and/or one or more of the plurality of lane

segments.
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METHODS AND SYSTEMS FOR
GENERATING A MAP MESH FOR
AUTONOMOUS DRIVING

BACKGROUND

[0001] Autonomous driving systems require certainty in
the position of and distance to geographic features surround-
ing the vehicle with a sufficient degree of accuracy to
adequately control the vehicle. Details about the road or
other geographic features surrounding the vehicle can be
recorded on a map. The more accurate the detailed map, the
better the performance of the autonomous driving system.
[0002] In order to predict the trajectory of actors, the
autonomous vehicle may also identify a drivable area from
the detailed map information. Drivable area for autonomous
vehicles is a simplified representation of a real driving
environment that includes areas in which vehicles are rea-
sonably expected to be able to drive (e.g., streets, lanes,
parking areas, etc.). Identification of drivable areas helps
facilitate driving decision processes such as by delineating
areas such as sidewalks, buildings, etc. However, drivable
areas are typically large segments and cannot be used to
infer meaningful information about smaller discrete sections
of the map such as lane segments. As such, lane segments
need to be separately rendered on a drivable area leading to
computational inefficiencies, and redundant memory usage.
[0003] This document describes methods and systems that
are directed to addressing the problems described above,
and/or other issues.

SUMMARY

[0004] In various scenarios, systems and methods for
controlling navigation of an autonomous vehicle for travers-
ing a geographical area are disclosed. The methods may
include receiving information relating to a drivable area in
the geographical area and identifying a plurality of lane
segments that intersect with the drivable area. The plurality
of lane segments may be used to segment the drivable area
into a plurality of sub-regions such that each of the plurality
of lane segments can be represented as a union of a unique
subset of the plurality of sub-regions. A data representation
of the drivable area may be created to include the plurality
of sub-regions, and used to render the map of the geographi-
cal area. The map may can include the drivable area and/or
one or more of the plurality of lane segments.

[0005] Implementing systems of the above-described
methods can include, but are not limited to, a processor and
a non-transitory computer-readable storage medium com-
prising programming instructions that are configured to
cause the processor to implement a method for generating
maps. Optionally, the programming instructions may be
included in a computer program product.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 illustrates a schematic representation of
rendering of example lane segments that overlap with each
other, using prior art methods.

[0007] FIG. 2 illustrates a flowchart of an example method
for creating a map data structure.

[0008] FIG. 3A illustrates an example drivable area cor-
responding to an intersection; FIG. 3B illustrates example
lane segments associated with the drivable area of FIG. 3A.
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[0009] FIG. 4 illustrates a schematic representation of
rendering of lane segments of FIG. 3B on the drivable area
of in accordance with the current disclosure.

[0010] FIGS. 5A-5F illustrate example representations for
creation of polygons within the drivable area of FIG. 3A
using the lane segments of FIG. 3B.

[0011] FIG. 6 illustrates schematic representation of ren-
dering of example lane segments of FIG. 1 in accordance
with the current disclosure.

[0012] FIG. 7 provides an illustration of an autonomous
vehicle system.
[0013] FIG. 8 provides a more detailed illustration of an

autonomous vehicle.

[0014] FIG. 9 provides a block diagram of an illustrative
vehicle trajectory planning process.

[0015] FIG. 10 provides an illustration of a computer
system.

DETAILED DESCRIPTION
[0016] As used in this document, the singular forms “a,”

“an,” and “the” include plural references unless the context
clearly dictates otherwise. Unless defined otherwise, all
technical and scientific terms used herein have the same
meanings as commonly understood by one of ordinary skill
in the art. As used in this document, the term “comprising”
means “including, but not limited to.” Definitions for addi-
tional terms that are relevant to this document are included
at the end of this Detailed Description.

[0017] In one present embodiment, the speed and/or func-
tionality of a navigation system can be enhanced by a
combination that includes improvements in the storage,
arrangement, and/or structuring of the geographic data (e.g.,
comprising map data) used by the system to facilitate the use
of the data by some of the functions during, for example,
navigation of a vehicle. Based upon the manner in which the
geographic data are stored, arranged, and/or structured,
functions (e.g., during navigation) that access and use the
data can implement routines that exploit the improvements
incorporated into the geographic data. This combination can
result in overall improved performance by a navigation
system.

[0018] One way that the accessing of geographic data can
be enhanced for performing various navigation functions is
to provide separate collections or subsets of the geographic
data for modular use and access during various navigation
functions. Another way that the geographic data can be
organized to enhance their use is to provide the data in
layers. For example, when performing route calculation, it
may be advantageous to use the geographic data at different
levels of detail. For example, when calculating a route
between two locations, it would be inefficient to examine all
the possible road segments that diverge from each intersec-
tion along the route, including secondary streets and alleys.
Instead, once a route is “on” a main road or expressway, it
is generally preferable to stay on main roads or expressways
until it is necessary to exit to secondary roads as the
destination is approached. If the routing data are layered,
higher layers that omit secondary roads can be used when
possible to minimize the possible road segments to be
investigated when calculating the route. Therefore, within
some of the subsets of data types, the geographic data are
provided in separate collections or groups corresponding to
separate map layers.
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[0019] For example, maps and related data can comprise
multiple layers, such as an areas layer, a lane segment layer,
an intersections layer, a traffic controls layer, and so forth.
The areas layer can include geo spatial information indicat-
ing geographic areas that are drivable (e.g., roads, parking
areas, shoulders, etc.) or not drivable (e.g., medians, side-
walks, buildings, etc.), drivable areas that constitute links or
connections (e.g., drivable areas that form the same road)
versus intersections (e.g., drivable areas where two or more
roads intersect), and so on. The lane segments layer can
include geospatial information of road lanes (e.g., lane
centerline, lane boundaries, type of lane boundaries, etc.)
and related attributes (e.g., direction of travel, speed limit,
lane type, etc.). The lane segments layer can also include 3D
attributes related to lanes (e.g., slope, elevation, curvature,
etc.). The intersections layer can include geospatial infor-
mation of intersections (e.g., crosswalks, stop lines, turning
lane centerlines and/or boundaries, etc.) and related attri-
butes (e.g., permissive, protected/permissive, or protected
only left turn lanes; legal or illegal u-turn lanes; permissive
or protected only right turn lanes; etc.). The traffic controls
lane can include geospatial information of traffic signal
lights, traffic signs, and other road objects and related
attributes.

[0020] However, while the organization of some of the
data into layers and corresponding groups results in certain
efficiencies, it also results in duplication of the data resulting
in not only efficiency offsets but also higher memory
requirements. As such, having an optimal number of layers
that can combine certain data is desirable.

[0021] In addition, when, for example, drivable arecas are
assigned to a separate layer from lane segments, the lane
segments need to be rendered separately over drivable area
polygons. Such rendering in separate layers may lead to map
visualization issues such as overlapping and/or redundant
drawing of lane segments, height discrepancies between a
drivable area and corresponding lane segments, and/or
height offset-overlays. Moreover, lane segment rendering
may need to follow certain rules for efficient navigation that
define a prioritization order of lane segments during navi-
gation and/or other applications. However, when lane seg-
ments are rendered using existing layering solutions, it may
be impossible to take into account all the prioritization rules
in certain situations. For example, referring to the lane
geometries of FIG. 1, if the rules provide that rendering of
lane 1 (101) should be given priority over lane 2 (102),
rendering of lane 3 (103) should be given priority over lane
1 (101), and rendering of lane 2 (102) should be given
priority over lane 3 (103), a feasible rendering solution that
allows for consideration of all these rules does not exist. For
example, in FIG. 1, rendering of lane 2 (102) is not priority
over lane 3 (103).

[0022] This document describes systems and methods for
overcoming at least some of the issues discussed above by
segmenting a drivable area into a mesh including a plurality
of polygons (or geometric blocks) using lane segment
boundaries, such that a union of all the polygons creates an
xy-projection of the drivable area, and an xy-projection of
each lane segment of that drivable area is a union of a unique
subset of the plurality of polygons. The geographical data,
therefore, includes only one layer and corresponding data
group that can be used to render and/or provide information
about drivable areas as well as lane segments. In other
words, each drivable area represented as a plurality of
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polygons may form a data record of a single geographical
layer (and/or data group), where the polygons can be logi-
cally and/or physically grouped into subsets to also provide
information about and/or render lane segments of a drivable
area separately from the drivable area and/or with the
drivable area.

[0023] A “drivable area” is defined as a geographical area
where it is physically possible for an autonomous vehicle to
drive, without consideration for legal restrictions. The driv-
able area of the current disclosure may, optionally, be
represented as a collection of one or more connected poly-
gons (e.g., a 2-dimensional mesh) created in accordance
with this disclosure. Information about drivable areas in an
environment may be included in, for example, a vector map
of the environment in the form of vector data (e.g., points,
lines, polygons, etc.). A road in a road network typically
includes one or more adjacent lanes, which may be divided
by lane markings and are intended for a single line of traffic.
Lanes may be split longitudinally at lane segments, some-
times at locations meaningful for motion planning (such as
the start/end of an intersection) and/or at other locations that
may not be meaningful for motion planning as an artifact of
the map generation process.

[0024] FIG. 2 illustrates a flow chart of an example
method of segmenting a drivable area into a plurality of
polygons. As shown in FIG. 2, a system may receive 202
drivable area information (e.g., a map of a drivable area)
within a geographical region. The system may receive
drivable area information from a data store such as, for
example, a map data store. In certain embodiments, the
drivable area data store may be provided as and/or represent
a first layer in a digital map. In some embodiments, the
drivable area may be represented as a closed geometrical
region having a plurality of edges (curved or straight) that
define a perimeter or a boundary of the drivable area.
Drivable area information may include data defining the
location (e.g., an ordered string of location coordinates that
define a perimeter of the drivable area) and properties of the
drivable area (e.g., a geometry of the drivable area, number
of roads, number of lane segments, associated speed limits,
directions of travel, elevation data, etc.). An example of a
drivable area corresponding to an intersection is shown as
geometrical region 300 in FIG. 3A.

[0025] Referring back to FIG. 2, the system may identify
204 one or more lane segments that lie within the drivable
area. Example lane segments 301, 302, 303, 304, 305, and
306 corresponding to the drivable area 300 of FIG. 3A are
shown in FIG. 3B.

[0026] The system may receive lane segment identifica-
tion from a data store such as, for example, a map data store.
In certain embodiments, the lane segment data store may be
provided as and/or represent a second layer in a digital map.
[0027] Lane segment information in a data store (e.g., map
data store) may include or be associated with geometry
information (e.g., corresponding longitudinal and lateral
boundary elements, a height elements, centerline path infor-
mation, elevation of lane segment points, etc.), location
information (e.g., location coordinates), lane segment iden-
tifiers, lane segment attributes (e.g., direction of travel,
speed limits, rendering rules, lane segment type, restrictions,
etc.). The data store may also include identification(s) of
drivable areas that the lane segments intersect, and can,
therefore, be searched to identify the lane segments that
intersect with or lie at least partially within the drivable area
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(by, for example, matching the drivable area identifications).
Additionally and/or alternatively, the system may identify
the lane segments by analyzing location information of the
drivable area and location information of the lane segments
to identify lane segments that have portions that intersect
with the drivable area.

[0028] Lateral boundary elements describe the physical
location of the lateral boundaries of a lane in a direction that
is generally along or parallel to the flow of traffic of the lane.
For example, a lateral boundary of a lane does not cross the
flow of traffic of the lane. Longitudinal boundary elements
describe the physical location of the longitudinal boundaries
of a lane in a direction that is generally across the flow of
traffic of the lane. For example, a longitudinal boundary of
a lane does cross the flow of traffic of the lane. For example,
a longitudinal boundary element may be located at and/or
indicate the location of the stop line painted on the road
surface. Height elements of a lane segment describe the
elevation of various points the lane segment (e.g., with
respect to a ground surface).

[0029] In various embodiments, the system may store
information pertaining to one or more identified lane seg-
ments of the drivable area in one or more data stores. This
information may include, for example, an identifier associ-
ated with a lane segment, information for generating a
polygon that represents the portion of each lane segment that
intersects with the drivable area (e.g., lateral elements and/or
longitudinal elements), height elements, and/or the like.
[0030] Next, the system may divide the geometrical region
corresponding to the drivable area into a plurality of smaller
regions using the lane segment information (206) to generate
a drivable area mesh. Each lane segment portion that inter-
sects with the drivable area may be represented as a union
of a subset of the plurality of regions that form the drivable
area map. For example, FIG. 4 illustrates the plurality of
polygons 401(1)-(») that together form the drivable area 300
of FIG. 3A and created using the lane segments of FIG. 3B.
As shown in FIG. 4, lane segment 301 of FIG. 3B may be
represented by the subset including regions 401(1)-(4), lane
segment 302 of FIG. 3B may be represented by the subset
including regions 401(5)-(10), lane segment 303 of FIG. 3B
may be represented by the subset including regions 401(3),
401(4), 401(11), 401(12), 401(9) 401(8), 401(13), 401(140),
and 401(15), lane segment 304 of FIG. 3B may be repre-
sented by the subset including regions 401(5), 401(16),
401(10), and 401(17), lane segment 305 of FIG. 3B may be
represented by the subset including regions 401(14), 401
(15), 401(18), and 401(6), and lane segment 306 of FIG. 3B
may be represented by the subset including regions 401(17),
401(8), 401(9), 401(10), 401(7), 401(19), and 401(6). Fur-
ther, as shown in FIG. 4, certain regions such as 401(21),
401(22) . . . 401(n), etc. may not correspond to any of the
lane segments.

[0031] FIGS. 5A-5F illustrates example representations
for dividing the drivable area geometrical region 300 into a
plurality of regions using the lane segments of FIG. 3B.
Specifically, regions representative of lane segment portions
(from FIG. 3B) that intersect or overlap with the drivable
area (300 from FIG. 3A) may be identified to generate the
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plurality of regions. For example, as shown in FIG. 5A, a
first region 501 corresponding to an overlap between the
lane segment 301 is identified within the drivable area
region 300. The first region 501 divides the region 300 into
three sub-regions 512, 511 (overlapping with 501) and 513.
The first region may be identified using any now or hereafter
known methods for identifying overlaps between map
regions such as, without limitation, using location coordi-
nates that define the perimeters of the respective regions,
subtracting a lane segment area from a drivable area region
(or vice versa), projecting the regions on an xy-surface (or
canvas) mesh and analyzing intersections between mesh
polygons (described below), or the like.

[0032] Next, as shown in FIG. 5B, a region 502 corre-
sponding to an overlap of the lane segment 302 is identified
within the drivable area region 300 of FIG. 5A such that
sub-region 513 of FIG. 5A is further divided into three
sub-regions 521, 522 (overlapping with 302) and 523.
Similarly, a region 505 corresponding to an overlap of the
lane segment 305 is identified within the drivable area
region 300 of FIG. 5B such that sub-region 522 of FIG. 5B
is further divided into two sub-regions 551, 552, and sub-
region 523 of FIG. 5B is further divided into three sub-
regions 553, 554, and 555 (as shown in FIG. 5C). The
process is repeated until overlapping regions corresponding
to all the lane segments are identified within the drivable
area as shown in FIG. 5D (a region 506 corresponding to an
overlap of the lane segment 306 is identified), FIG. 5E (a
region 504 corresponding to an overlap of the lane segment
304 is identified), and FIG. 5F (a region 503 corresponding
to an overlap of the lane segment 303 is identified) to
identify the plurality of smaller regions shown in FIG. 4.

[0033] In this manner, the system may start with a single
drivable area region, and iteratively identify regions that
overlap with the identified lane segments to sequentially
divide the drivable area region into smaller regions to
generate a mesh including a plurality of smaller regions. A
union of the plurality of smaller regions yields the drivable
area region. Moreover, at least some of the smaller mesh
regions may be associated with corresponding lane segments
such that each lane segment may be represented as a union
of a subset of the plurality of smaller mesh regions. Spe-
cifically, a mesh region may be associated with whichever
lane segment(s) contains that region within its boundary.
Optionally, certain regions of the mesh may not correspond
to any of the lane segments.

[0034] It should be noted that the sequence of identifica-
tion of lane segment overlapping portions shown in FIGS.
5A-5F is exemplary, and any other sequence and/or parallel
identification of regions overlapping with the lane segments
within the drivable area may be performed.

[0035] As discussed above, any now or hereafter known
methods for dividing regions into a plurality of smaller
regions using geometrical constructs may be used. For
example, in an example embodiment, the system may divide
the drivable area region by projecting a representation of the
drivable area region on a two-dimensional (2D) surface
representative of the drivable area (e.g., in the xy-plane).
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The 2D surface may include a mesh representation of the
drivable area include a first plurality of polygons. Next, for
each lane segment having a portion that intersects with the
drivable area region, at least the intersecting portion of the
lane segment may also be projected on the 2D surface. The
system may then generate the plurality of regions as follows:
[0036] For each lane segment S in the drivable area
[0037] a. Project polygon P of S onto xy-plane
[0038] b. For each polygon P' in the mesh
[0039] i. If P"=intersection(P, P') exists
[0040] 1. If P==P"
[0041] a. Add P" to the mesh
[0042] b. Add guid(S) to list of IDs for P"
[0043] c. Add all ID labels from P' to P"
[0044] 2. If p'==P"
[0045] a. Add guid(S) to list of IDs for P!
[0046] 3. Else
[0047] a. Split P' by edges of P". Maintain 1D
labels
[0048]
[0049]
[0050]
[0051]

b. Add guid(S) to list of IDs for P"
4. Triangulate the mesh
5. For each vertex V in the mesh
a. set Vz=height(Vx, V y)
[0052] 6. For each polygon P in the mesh
[0053] a. Make an entry for P in the lane seg-
ment lookup table for each labeled ID

[0054] Specifically, the system may determine whether
there exists a portion of the lane segment projection (of the
lane segment being analyzed) that intersects with the driv-
able area projection on the mesh. If an intersection is found,
in a data store that stores information about the polygons in
the mesh, the mesh’s polygons that lie within the intersec-
tion are updated to incorporate the lane segment’s informa-
tion as follows: (i) If a polygon in the mesh is entirely within
the boundaries of the lane segment, the lane segment’s 1D is
associated with that polygon. (ii) However, when a polygon
in the mesh is not entirely within the boundaries of the lane
segment, the polygon is divided into sub-polygons by the
boundary of the lane segment. Each of the sub-polygons are
associated with the list of lane segments previously associ-
ated with the parent polygon, and the sub-polygon(s) that
include the area attributed to the lane segment also include
the lane segment’s ID (of the lane segment being analyzed).
This process may be repeated for all the polygons within the
drivable area projection on the mesh, and for all the iden-
tified lane segments.
[0055] Optionally, the system may triangulate the region
mesh from step 206 to generate a mesh including a plurality
of polygons (e.g., triangles) that is representative of the
drivable area (208). The polygon mesh may include polygon
vertices. In various embodiments, the system may associate
or assign a height with each vertex in the polygon mesh by,
for example, querying the height elements associated with
the corresponding lane segments and/or drivable area eleva-
tion data. Association of height with the vertices allows for
creation of a 2-dimensional mesh that can be used to render
3-dimensional maps.
[0056] A union of the plurality of smaller polygons of the
mesh yields the drivable area region. Moreover, at least
some of the mesh polygons may be associated with corre-
sponding lane segments such that each lane segment may be
represented as a union of a subset of the plurality of mesh
polygons. Specifically, a mesh polygon may be associated
with whichever lane segment(s) contains that polygon
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within its boundary. Optionally, certain polygons of the
mesh may not correspond to any of the lane segments.
[0057] The resulting mesh (or collection of polygons) for
the drivable area does not include any overlapping polygons,
has superior topological accuracy and detail while only
adding a minimal number of internal vertices that are
required to reconstruct individual lane segments. This also
allows for improvement in memory efficiency and cache
coherence because vertices may be shared between lane
segments and a drivable area within a single storage buffer.
Specifically, separate layers or data groups are not needed to
render the drivable area and the lane segments. Rather,
information from the drivable area mesh may be used to
render both the drivable area as well as the corresponding
lane segments. Additionally and/or alternatively, the lane
segment can be rendered using the drivable area mesh to
have lane markings that substantially align with a drivable
area surface and can be drawn without z-fighting.

[0058] The drivable area mesh can be used to render lane
segments that are interleaved with or subdivided by other
lane segment of the drivable area making it possible to show
overlapping lanes (e.g., lanes having different elevations but
occupying the same geographical regions such as over-
passes) without loss of information. As such, the generated
drivable area mesh also allows for observance of lane
prioritization rules during rendering because the drivable
area as well as the lane segments comprise multiple smaller
polygons (instead of a single block) that can be interleaved
with other structures. For example, as shown in FIG. 6
(corresponding to the lane geometries of FIG. 1), the lane
segments are broken down into smaller polygons (from the
drivable area) such that all of the above discussed prioriti-
zation rules can be taken into account.

[0059] While the disclosure describes creation of a driv-
able area mesh using lane segments, it is not so limiting
Similar principles may be used to segment any geometrical
map region that includes smaller geometrical constructs.
[0060] Referring again to FIG. 2, in various embodiments,
the system may create 210 a drivable area data object for a
drivable area. Such a data object refers to a data represen-
tation of a drivable area as a union of a plurality of polygons
(and/or untriangulated mesh regions) that are formed using
lane segments corresponding to the drivable area. For
example, a drivable area data object may be a data structure
or other data construct. The system may assign a unique
identifier to the drivable data object. The unique identifier
may be random or pseudo-randomly generated. Alterna-
tively, the unique identifier may be sequentially or otherwise
assigned by the system. The drivable area object may
include, for example, a listing of the polygons generated in
accordance with this disclosure (e.g., identified using a
unique identifier), polygon coordinates (or locations), poly-
gon vertex information (e.g., coordinates), height informa-
tion of each vertex in the mesh, or the like. Optionally, the
polygon mesh may also be associated with attributes, prop-
erties, and/or other information about the drivable area
and/or corresponding lane segments.

[0061] The system may also add a listing of the lane
segments that form the drivable area to the drivable area data
object. The listing may include, for example, an identifier
associated with each lane segment, polygons of the drivable
area mesh associated with each lane segment, the geometri-
cal location of each lane segment within the drivable area,
the, and/or the like. For instance, the system may assign a



US 2024/0212277 Al

unique segment identifier each lane segment, and each
polygon of the plurality of polygons, and may add these
unique lane segment identifiers and/or the polygon identi-
fiers to the drivable area data object.

[0062] Optionally, the system may also create one or more
lane segment data objects to include a listing of the polygons
of the drivable area that form the lane segment. The listing
may include, for example, a drivable area identifier, an
identifier associated with each polygon, height associated
with a vertex of each polygon, the geometrical location of
each polygon within the drivable area, and/or the like.
[0063] In various embodiments, the system may group the
plurality of polygons of the drivable area into subsets, each
subset associated with a lane segment. Optionally, the sys-
tem may store information relating to a subset of polygons
of the drivable area mesh that are associated with a lane
segment in a data store (e.g., grouped as a look up table, data
entry, or the like) corresponding to the drivable area and/or
the lane segment. This information may include, for
example, an identifier associated with a polygon subset,
identifier associated with polygons in the subset, the location
of the polygons in the subset with respect to the drivable
area, lane segment identification, information about the
vertex heights, and/or the like.

[0064] In various embodiments, the system may store the
drivable area data object and/or the lane segment data object
in one or more data stores (e.g., map data stores) such that
it is accessible by one or more systems or subsystems of the
autonomous vehicle such as, for example, a mapping sys-
tem, a prediction system, perception system, a motion plan-
ning system, and/or the like. The system may also add the
drivable area data object and/or the lane segment data object
to one or more maps such as, for example, a road network
map, a drivable area map, lane segment map, etc. As such,
when the map is loaded or rendered, information pertaining
to the drivable area data object and/or the lane segment data
object may be presented to a system user. For instance, the
plurality of polygons of a drivable area and/or the lane
segments may be visually displayed via one or more display
devices. Other presentations of information pertaining to a
drivable area data object and/or the lane segment data object
are contemplated within the scope of this disclosure.
[0065] The drivable area data object and/or the lane seg-
ment data object may be used by an autonomous vehicle in
a variety of ways. For example, a mapping system and/or
navigation system of an autonomous vehicle may use infor-
mation within a drivable area data object and/or the lane
segment data object to render maps for vehicle navigation
(e.g., drivable area maps, lane segment maps, etc.).

[0066] As another example, a motion planning system of
the autonomous vehicle may use information within a driv-
able area data object and/or the lane segment data object to
output an autonomous vehicle trajectory for traversing the
drivable area and/or a lane segment.

[0067] Illustrative Vehicle Based Systems:

[0068] The above-described drivable area data objects can
be used in a plurality of applications. Such applications
include, but are not limited to, vehicle-based applications.
The following discussion is provided to illustrate how the
drivable area data object and map generation methods of the
present solution can be used to facilitate control of a vehicle
(e.g., for collision avoidance and/or autonomous driving
purposes). The vehicle can include, but is not limited to, an
autonomous vehicle.
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[0069] FIG. 7 illustrates an example system 700, in accor-
dance with aspects of the disclosure. System 700 comprises
a vehicle 702 that is traveling along a road in a semi-
autonomous or autonomous manner. Vehicle 702 is also
referred to in this document as AV 702. AV 702 can include,
but is not limited to, a land vehicle (as shown in FIG. 7), an
aircraft, or a watercraft. As noted above, except where
specifically noted this disclosure is not necessarily limited to
AV embodiments, and it may include non-autonomous
vehicles in some embodiments.

[0070] AV 702 is generally configured to detect objects in
its proximity. The objects can include, but are not limited to,
a vehicle 703, cyclist 714 (such as a rider of a bicycle,
electric scooter, motorcycle, or the like) and/or a pedestrian
716.

[0071] As illustrated in FIG. 7, the AV 702 may include a
sensor system 718, an on-board computing device 722, a
communications interface 720, and a user interface 724.
Autonomous vehicle system may further include certain
components (as illustrated, for example, in FIG. 11)
included in vehicles, which may be controlled by the on-
board computing device 722 using a variety of communi-
cation signals and/or commands, such as, for example,
acceleration signals or commands, deceleration signals or
commands, steering signals or commands, braking signals or
commands, etc.

[0072] The sensor system 718 may include one or more
sensors that are coupled to and/or are included within the AV
702. For example, such sensors may include, without limi-
tation, a lidar system, a radio detection and ranging (radar)
system, a laser detection and ranging (LADAR) system, a
sound navigation and ranging (sonar) system, one or more
cameras (for example, visible spectrum cameras, infrared
cameras, etc.), temperature sensors, position sensors (for
example, a global positioning system (GPS), etc.), location
sensors, fuel sensors, motion sensors (for example, an iner-
tial measurement unit (IMU), etc.), humidity sensors, occu-
pancy sensors, or the like. The sensor data can include
information that describes the location of objects within the
surrounding environment of the AV 702, information about
the environment itself, information about the motion of the
AV 702, information about a route of the vehicle, or the like.
As AV 702 travels over a surface, at least some of the sensors
may collect data pertaining to the surface.

[0073] The AV 702 may also communicate sensor data
collected by the sensor system to a remote computing device
710 (for example, a cloud processing system) over commu-
nications network 708. Remote computing device 710 may
be configured with one or more servers to perform one or
more processes of the technology described in this docu-
ment. Remote computing device 710 may also be configured
to communicate data/instructions to/from AV 702 over net-
work 708, to/from server(s) and/or datastore(s) 712. Data-
store(s) 712 may include, but are not limited to, database(s).
[0074] Network 708 may include one or more wired or
wireless networks. For example, the network 708 may
include a cellular network (for example, a long-term evo-
Iution (LTE) network, a code division multiple access
(CDMA) network, a 3G network, a 4G network, a 5G
network, another type of next generation network, etc.). The
network may also include a public land mobile network
(PLMN), a local area network (LAN), a wide area network
(WAN), a metropolitan area network (MAN), a telephone
network (for example, the Public Switched Telephone Net-
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work (PSTN)), a private network, an ad hoc network, an
intranet, the Internet, a fiber optic-based network, a cloud
computing network, and/or the like, and/or a combination of
these or other types of networks.

[0075] AV 702 may retrieve, receive, display, and edit
information generated from a local application or delivered
via network 708 from datastore 712. Datastore 712 may be
configured to store and supply raw data, indexed data,
structured data, road map data 760 (e.g., including the
drivable area and/or lane segment data objects), program
instructions or other configurations as is known.

[0076] The communications interface 720 may be config-
ured to allow communication between AV 702 and external
systems, such as, for example, external devices, sensors,
other vehicles, servers, data stores, databases, etc. The
communications interface 720 may utilize any now or
hereafter known protocols, protection schemes, encodings,
formats, packaging, etc. such as, without limitation, Wi-Fi,
an infrared link, Bluetooth, etc. The user interface system
724 may be part of peripheral devices implemented within
the AV 702 including, for example, a keyboard, a touch
screen display device, a microphone, and a speaker, etc. The
vehicle also may receive state information, descriptive infor-
mation or other information about devices or objects in its
environment via the communication interface 720 over
communication links such as those known as vehicle-to-
vehicle, vehicle-to-object or other V2X communication
links. The term “V2X” refers to a communication between
a vehicle and any object that the vehicle may encounter or
affect in its environment.

[0077] FIG. 8 illustrates an example system architecture
800 for a vehicle, in accordance with aspects of the disclo-
sure. Vehicles 702 and/or 703 of FIG. 7 can have the same
or similar system architecture as that shown in FIG. 8. Thus,
the following discussion of system architecture 800 is suf-
ficient for understanding vehicle(s) 702, 703 of FIG. 7.
However, other types of vehicles are considered within the
scope of the technology described in this document and may
contain more or less elements as described in association
with FIG. 8. As a non-limiting example, an airborne vehicle
may exclude brake or gear controllers, but may include an
altitude sensor. In another non-limiting example, a water-
based vehicle may include a depth sensor. One skilled in the
art will appreciate that other propulsion systems, sensors and
controllers may be included based on a type of vehicle, as is
known.

[0078] As shown in FIG. 8, system architecture 800 for a
vehicle includes an engine or motor 802 and various sensors
804-818 for measuring various parameters of the vehicle. In
gas-powered or hybrid vehicles having a fuel-powered
engine, the sensors may include, for example, an engine
temperature sensor 804, a battery voltage sensor 806, an
engine revolutions per minute (RPM) sensor 808, and a
throttle position sensor 810. If the vehicle is an electric or
hybrid vehicle, then the vehicle may have an electric motor,
and accordingly includes sensors such as a battery monitor-
ing system 812 (to measure current, voltage and/or tempera-
ture of the battery), motor current 814 and voltage 816
sensors, and motor position sensors 818 such as resolvers
and encoders.

[0079] Operational parameter sensors that are common to
both types of vehicles include, for example: a position
sensor 836 such as an accelerometer, gyroscope and/or
inertial measurement unit; a speed sensor 838; and an
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odometer sensor 840. The vehicle also may have a clock 842
that the system uses to determine vehicle time during
operation. The clock 842 may be encoded into the vehicle
on-board computing device, it may be a separate device, or
multiple clocks may be available.

[0080] The vehicle also may include various sensors that
operate to gather information about the environment in
which the vehicle is traveling. These sensors may include,
for example: a location sensor 860 (such as a Global
Positioning System (GPS) device); object detection sensors
such as one or more cameras 862; a lidar system 864; and/or
a radar and/or a sonar system 866. The sensors also may
include environmental sensors 868 such as a precipitation
sensor and/or ambient temperature sensor. The object detec-
tion sensors may enable the vehicle to detect objects that are
within a given distance range of the vehicle in any direction,
while the environmental sensors collect data about environ-
mental conditions within the vehicle’s area of travel.
[0081] During operations, information is communicated
from the sensors to a vehicle on-board computing device
820. The vehicle on-board computing device 820 may be
implemented using the computer system of FIG. 10. The
vehicle on-board computing device 820 analyzes the data
captured by the sensors and optionally controls operations of
the vehicle based on results of the analysis. For example, the
vehicle on-board computing device 920 may control: brak-
ing via a brake controller 822; direction via a steering
controller 824; speed and acceleration via a throttle control-
ler 826 (in a gas-powered vehicle) or a motor speed con-
troller 828 (such as a current level controller in an electric
vehicle); a differential gear controller 830 (in vehicles with
transmissions); and/or other controllers. Auxiliary device
controller 834 may be configured to control one or more
auxiliary devices, such as testing systems, auxiliary sensors,
mobile devices transported by the vehicle, etc.

[0082] Geographic location information may be commu-
nicated from the location sensor 860 to the vehicle on-board
computing device 820, which may then access a map of the
environment that corresponds to the location information to
determine known fixed features of the environment such as
streets, buildings, stop signs and/or stop/go signals. Cap-
tured images from the cameras 862 and/or object detection
information captured from sensors such as lidar system 864
is communicated from those sensors) to the vehicle on-board
computing device 820. The object detection information
and/or captured images are processed by the vehicle on-
board computing device 820 to detect objects in proximity
to the vehicle. Any known or to be known technique for
making an object detection based on sensor data and/or
captured images can be used in the embodiments disclosed
in this document.

[0083] Lidar information is communicated from lidar sys-
tem 864 to the vehicle on-board computing device 820.
Additionally, captured images are communicated from the
camera(s) 862 to the vehicle on-board computing device
820. The lidar information and/or captured images are
processed by the vehicle on-board computing device 820 to
detect objects in proximity to the vehicle. The manner in
which the object detections are made by the vehicle on-
board computing device 820 includes such capabilities
detailed in this disclosure.

[0084] In addition, the system architecture 800 may
include an onboard display device 854 that may generate
and output an interface on which sensor data, vehicle status
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information, or outputs generated by the processes described
in this document are displayed to an occupant of the vehicle.
The display device may include, or a separate device may
be, an audio speaker that presents such information in audio
format.

[0085] The vehicle on-board computing device 820 may
include and/or may be in communication with a routing
controller 832 that generates a navigation route from a start
position to a destination position for an autonomous vehicle.
The routing controller 832 may access a map data store to
identify possible routes and road segments that a vehicle can
travel on to get from the start position to the destination
position. The routing controller 832 may score the possible
routes and identify a preferred route to reach the destination.
For example, the routing controller 832 may generate a
navigation route that minimizes Euclidean distance traveled
or other cost function during the route, and may further
access the traffic information and/or estimates that can affect
an amount of time it will take to travel on a particular route.
Depending on implementation, the routing controller 832
may generate one or more routes using various routing
methods, such as Dijkstra’s algorithm, Bellman-Ford algo-
rithm, or other algorithms. The routing controller 832 may
also use the traffic information to generate a navigation route
that reflects expected conditions of the route (for example,
current day of the week or current time of day, etc.), such
that a route generated for travel during rush-hour may differ
from a route generated for travel late at night. The routing
controller 832 may also generate more than one navigation
route to a destination and send more than one of these
navigation routes to a user for selection by the user from
among various possible routes.

[0086] In various embodiments, the vehicle on-board
computing device 820 may determine perception informa-
tion of the surrounding environment of the AV. Based on the
sensor data provided by one or more sensors and location
information that is obtained, the vehicle on-board computing
device 820 may determine perception information of the
surrounding environment of the AV. The perception infor-
mation may represent what an ordinary driver would per-
ceive in the surrounding environment of a vehicle. The
perception data may include information relating to one or
more objects in the environment of the AV. For example, the
vehicle on-board computing device 820 may process sensor
data (for example, lidar or radar data, camera images, etc.)
in order to identify objects and/or features in the environ-
ment of AV. The objects may include traffic signals, roadway
boundaries, other vehicles, pedestrians, and/or obstacles,
etc. The vehicle on-board computing device 820 may use
any now or hereafter known object recognition algorithms,
video tracking algorithms, and computer vision algorithms
(for example, track objects frame-to-frame iteratively over a
number of time periods) to determine the perception.
[0087] In some embodiments, the vehicle on-board com-
puting device 820 may also determine, for one or more
identified objects in the environment, the current state of the
object. The state information may include, without limita-
tion, for each object: current location; current speed and/or
acceleration, current heading; current pose; current shape,
size, or footprint; type (for example: vehicle, pedestrian,
bicycle, static object or obstacle); and/or other state infor-
mation.

[0088] The vehicle on-board computing device 820 may
perform one or more prediction and/or forecasting opera-

Jun. 27, 2024

tions. For example, the vehicle on-board computing device
820 may predict future locations, trajectories, and/or actions
of one or more objects. For example, the vehicle on-board
computing device 820 may predict the future locations,
trajectories, and/or actions of the objects based at least in
part on perception information (for example, the state data
for each object comprising an estimated shape and pose
determined as discussed below), location information, sen-
sor data, and/or any other data that describes the past and/or
current state of the objects, the AV, the surrounding envi-
ronment, and/or their relationship(s). For example, if an
object is a vehicle and the current driving environment
includes an intersection, the vehicle on-board computing
device 820 may predict whether the object will likely move
straight forward or make a turn. If the perception data
indicates that the intersection has no traffic light, the vehicle
on-board computing device 820 may also predict whether
the vehicle may have to fully stop prior to entering the
intersection.

[0089] In various embodiments, the vehicle on-board
computing device 820 may determine a motion plan for the
autonomous vehicle. For example, the vehicle on-board
computing device 820 may determine a motion plan for the
autonomous vehicle based on the perception data and/or the
prediction data. Specifically, given predictions about the
future locations of proximate objects and other perception
data, the vehicle on-board computing device 820 can deter-
mine a motion plan for the AV that best navigates the
autonomous vehicle relative to the objects at their future
locations.

[0090] In some embodiments, the vehicle on-board com-
puting device 820 may receive predictions and make a
decision regarding how to handle objects and/or actors in the
environment of the AV. For example, for a particular actor
(for example, a vehicle with a given speed, direction, turning
angle, etc.), the vehicle on-board computing device 820
decides whether to overtake, yield, stop, and/or pass based
on, for example, traffic conditions, map data, state of the
autonomous vehicle, etc. Furthermore, the vehicle on-board
computing device 820 also plans a path for the AV to travel
on a given route, as well as driving parameters (for example,
distance, speed, and/or turning angle). That is, for a given
object, the vehicle on-board computing device 820 decides
what to do with the object and determines how to do it. For
example, for a given object, the vehicle on-board computing
device 820 may decide to pass the object and may determine
whether to pass on the left side or right side of the object
(including motion parameters such as speed). The vehicle
on-board computing device 820 may also assess the risk of
a collision between a detected object and the AV. If the risk
exceeds an acceptable threshold, it may determine whether
the collision can be avoided if the autonomous vehicle
follows a defined vehicle trajectory and/or implements one
or more dynamically generated emergency maneuvers is
performed in a pre-defined time period (for example, N
milliseconds). If the collision can be avoided, then the
vehicle on-board computing device 820 may execute one or
more control instructions to perform a cautious maneuver
(for example, mildly slow down, accelerate, change lane, or
swerve). In contrast, if the collision cannot be avoided, then
the vehicle on-board computing device 820 may execute one
or more control instructions for execution of an emergency
maneuver (for example, brake and/or change direction of
travel).
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[0091] As discussed above, planning and control data
regarding the movement of the autonomous vehicle is gen-
erated for execution. The vehicle on-board computing
device 820 may, for example, control braking via a brake
controller; direction via a steering controller; speed and
acceleration via a throttle controller (in a gas-powered
vehicle) or a motor speed controller (such as a current level
controller in an electric vehicle); a differential gear control-
ler (in vehicles with transmissions); and/or other controllers.
[0092] FIG. 9 provides a block diagram that is useful for
understanding how motion or movement of an AV is
achieved in accordance with the present solution. All of the
operations performed in blocks 902-912 can be performed
by the on-board computing device (for example, on-board
computing device 722 of FIG. 7 and/or 820 of FIG. 8) of a
vehicle (for example, AV 702 of FIG. 7).

[0093] Inblock 902, a location of the AV (for example, AV
702 of FIG. 7) is detected. This detection can be made based
on sensor data output from a location sensor (for example,
location sensor 860 of FIG. 8) of the AV. This sensor data can
include, but is not limited to, GPS data. The detected
location of the AV is then passed to block 906.

[0094] In block 904, an object (for example, vehicle 703
of FIG. 7) is detected within proximity of the AV (for
example, <100+ meters). This detection is made based on
sensor data output from a camera (for example, camera 862
of FIG. 8) of the AV and/or a lidar system (for example, lidar
system 864 of FIG. 8) of the AV. For example, image
processing is performed to detect an instance of an object of
a certain class (for example, a vehicle, cyclist or pedestrian)
in an image. The image processing/object detection can be
achieved in accordance with any known or to be known
image processing/object detection algorithm.

[0095] Additionally, a predicted trajectory is determined
in block 904 for the object. The object’s trajectory is
predicted in block 904 based on the object’s class, cuboid
geometry(ies), cuboid heading(s) and/or contents of a map
918 (for example, sidewalk locations, lane locations, lane
directions of travel, driving rules, etc.). The cuboid geom-
etry(ies) and/or heading(s) are determined using sensor data
of various types (for example, 2D images, 3D lidar point
clouds) and a vector map 918 (for example, lane geometries
or drivable area maps created in accordance with this
disclosure) and using any now or hereafter know methods
and systems.

[0096] Information 920 specifying the object’s predicted
trajectory, the cuboid geometry(ies)/heading(s) is provided
to block 906. In some scenarios, a classification of the object
is also passed to block 906. In block 906, a vehicle trajectory
is generated using the information from blocks 902 and 904.
Techniques for determining a vehicle trajectory using
cuboids may include, for example, determining a trajectory
for the AV that would pass the object when the object is in
front of the AV, the cuboid has a heading direction that is
aligned with the direction in which the AV is moving, and
the cuboid has a length that is greater than a threshold value.
The present solution is not limited to the particulars of this
scenario. The vehicle trajectory 920 can be determined
based on the location information from block 902, the object
detection information from block 904, and/or map informa-
tion 914 (which is pre-stored in a data store of the vehicle).
The map information 914 may include, but is not limited to,
all or a portion of road map(s) 760 of FIG. 7. The vehicle
trajectory 920 may represent a smooth path that does not
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have abrupt changes that would otherwise provide passenger
discomfort. For example, the vehicle trajectory is defined by
a path of travel along a given lane of a road in which the
object is not predicted to travel within a given amount of
time. The vehicle trajectory 920 is then provided to block
908.

[0097] In block 910, a steering angle and velocity com-
mand is generated based on the vehicle trajectory 920. The
steering angle and velocity command are provided to block
910 for vehicle dynamics control, i.e., the steering angle and
velocity command causes the AV to follow the vehicle
trajectory 908.

[0098] Various embodiments can be implemented, for
example, using one or more computer systems, such as
computer system 1000 shown in FIG. 10. Computer system
1000 can be any computer capable of performing the func-
tions described in this document.

[0099] Computer system 1000 includes one or more pro-
cessors (also called central processing units, or CPUs), such
as a processor 1004. Processor 1004 is connected to a
communication infrastructure or bus 1002. Optionally, one
or more of the processors 1004 may each be a graphics
processing unit (GPU). In an embodiment, a GPU is a
processor that is a specialized electronic circuit designed to
process mathematically intensive applications. The GPU
may have a parallel structure that is efficient for parallel
processing of large blocks of data, such as mathematically
intensive data common to computer graphics applications,
images, videos, etc.

[0100] Computer system 1000 also includes user input/
output device(s) 1016, such as monitors, keyboards, point-
ing devices, etc., that communicate with communication
infrastructure 1002 through user input/output interface(s)
1008.

[0101] Computer system 1000 also includes a main or
primary memory 1006, such as random access memory
(RAM). Main memory 1006 may include one or more levels
of cache. Main memory 1006 has stored therein control logic
(i.e., computer software) and/or data.

[0102] Computer system 1000 may also include one or
more secondary storage devices or memory 1010. Second-
ary memory 1010 may include, for example, a hard disk
drive 1012 and/or a removable storage device or drive 1014.
Removable storage drive 1014 may be an external hard
drive, a universal serial bus (USB) drive, a memory card
such as a compact flash card or secure digital memory, a
floppy disk drive, a magnetic tape drive, a compact disc
drive, an optical storage device, a tape backup device, and/or
any other storage device/drive.

[0103] Removable storage drive 1014 may interact with a
removable storage unit 1018. Removable storage unit 1018
includes a computer usable or readable storage device
having stored thereon computer software (control logic)
and/or data. Removable storage unit 1018 may be an exter-
nal hard drive, a universal serial bus (USB) drive, a memory
card such as a compact flash card or secure digital memory,
a floppy disk, a magnetic tape, a compact disc, a DVD, an
optical storage disk, and/any other computer data storage
device. Removable storage drive 1014 reads from and/or
writes to removable storage unit 1018 in a well-known
manner.

[0104] According to an example embodiment, secondary
memory 1010 may include other means, instrumentalities or
other approaches for allowing computer programs and/or
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other instructions and/or data to be accessed by computer
system 1000. Such means, instrumentalities or other
approaches may include, for example, a removable storage
unit 1022 and an interface 1020. Examples of the removable
storage unit 1022 and the interface 1020 may include a
program cartridge and cartridge interface (such as that found
in video game devices), a removable memory chip (such as
an EPROM or PROM) and associated socket, a memory
stick and USB port, a memory card and associated memory
card slot, and/or any other removable storage unit and
associated interface.

[0105] Computer system 1000 may further include a com-
munication or network interface 1024. Communication
interface 1024 enables computer system 1000 to communi-
cate and interact with any combination of remote devices,
remote networks, remote entities, etc. (individually and
collectively referenced by reference number 1028). For
example, communication interface 1024 may allow com-
puter system 1000 to communicate with remote devices
1028 over communications path 1026, which may be wired
and/or wireless, and which may include any combination of
LANs, WANSs, the Internet, etc. Control logic and/or data
may be transmitted to and from computer system 1000 via
communication path 1026.

[0106] In some embodiments, a tangible, non-transitory
apparatus or article of manufacture comprising a tangible,
non-transitory computer useable or readable medium having
control logic (software) stored thereon is also referred to in
this document as a computer program product or program
storage device. This includes, but is not limited to, computer
system 1000, main memory 1006, secondary memory 1010,
and removable storage units 1018 and 1022, as well as
tangible articles of manufacture embodying any combina-
tion of the foregoing. Such control logic, when executed by
one or more data processing devices (such as computer
system 1000), causes such data processing devices to oper-
ate as described in this document.

[0107] Based on the teachings contained in this disclosure,
it will be apparent to persons skilled in the relevant art(s)
how to make and use embodiments of this disclosure using
data processing devices, computer systems and/or computer
architectures other than that shown in FIG. 10. In particular,
embodiments can operate with software, hardware, and/or
operating system implementations other than those
described in this document. The features from different
embodiments disclosed herein may be freely combined. For
example, one or more features from a method embodiment
may be combined with any of the system or product embodi-
ments. Similarly, features from a system or product embodi-
ment may be combined with any of the method embodi-
ments herein disclosed.

[0108] As described above, this document discloses sys-
tem, method, and computer program product embodiments
for controlling navigation of an autonomous vehicle for
traversing a geographical area are disclosed. The computer
program embodiments include programming instructions
(e.g., stored in a memory), to cause a processor to perform
the autonomous vehicle navigation methods described in
this document. The system embodiments also include a
processor which is configured to perform the autonomous
vehicle navigation methods described in this document, e.g.,
via the programming instructions. More generally, the sys-
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tem embodiments include a system comprising means to
perform the steps of the any of the methods described in this
document.

[0109] In various embodiments, the methods may include
receiving information relating to a drivable area in the
geographical area and identifying a plurality of lane seg-
ments that intersect with the drivable area. The plurality of
lane segments can be used to segment the drivable area into
a plurality of sub-regions such that each of the plurality of
lane segments can be represented as a union of a unique
subset of the plurality of sub-regions. A data representation
of the drivable area may be created to include the plurality
of sub-regions, and used to render the map of the geographi-
cal area. The map may include the drivable area and/or one
or more of the plurality of lane segments.

[0110] In various embodiments, the methods may also
include using the map to control navigation of an autono-
mous vehicle.

[0111] In any of the above embodiments, the methods may
also include generating, using the plurality of sub-regions, a
mesh comprising a plurality of polygons. Optionally, a
height may be assigned to vertices of each of the plurality of
polygons, the height being associated with a lane segment
that includes that polygon. Additionally and/or alternatively,
the mesh may be a 2-dimensional mesh configured for
rendering a first map comprising the drivable area or a
second map comprising the plurality of lane segments.
[0112] In any of the above embodiments, the methods may
also include using the data representation for creating a data
representation of one or more of the plurality of lane
segments that includes information relating to one or more
of the plurality of sub-regions that lie within a boundary of
a lane segment.

[0113] Optionally, in any of the above embodiments, seg-
menting the drivable area into the plurality of sub-regions
may include generating a plurality of borders of overlapping
regions between the drivable area in each of the plurality of
lane segments, wherein the plurality of borders form the
plurality of sub-regions.

[0114] Optionally, in any of the above embodiments, seg-
menting the drivable area into the plurality of sub-regions
may include projecting a representation of the drivable area
on a 2-dimensional mesh comprising a plurality of polygons,
for each of the plurality of lane segments identifying a
region on the 2-dimensional mesh where a projection of a
representation of that lane segment on the 2-dimensional
mesh overlaps with the projected representation of the
drivable area, and sequentially generating borders for the
plurality of overlapping regions identified for the plurality of
lane segments. Additionally and/or alternatively, creating
the data representation may include, for each of the plurality
of lane segments: identifying one or more polygons of the
plurality of polygons that lie completely within the region on
the 2-dimensional mesh where the projection of the repre-
sentation of that lane segment on the 2-dimensional mesh
overlaps with the projected representation of the drivable
area, and associating the one or more polygons with that lane
segment in the data representation. Optionally, creating the
data representation may include, for each of the plurality of
lane segments: identifying a polygon of the plurality of
polygons that lies partially within the region on the 2-di-
mensional mesh where the projection of the representation
of that lane segment on the 2-dimensional mesh overlaps
with the projected representation of the drivable area; divide
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the identified polygon into a plurality of sub-polygons using
that lane segment boundary, and associating a sub-polygon
of'the plurality of sub-polygons with that lane segment in the
data representation, wherein the sub-polygon overlaps with
that lane segment.

[0115] Optionally, in any of the above embodiments, cre-
ating the data representation may include associating each of
the plurality of lane segments with one or more of the
plurality of sub-regions that lie within a boundary of that
lane segment.

[0116] The above-disclosed features and functions, as well
as alternatives, may be combined into many other different
systems or applications. Various components may be imple-
mented in hardware or software or embedded software.
Various presently unforeseen or unanticipated alternatives,
modifications, variations or improvements may be made by
those skilled in the art, each of which is also intended to be
encompassed by the disclosed embodiments.

[0117] Terminology that is relevant to the disclosure pro-
vided above includes:

[0118] An “automated device” or “robotic device” refers
to an electronic device that includes a processor, program-
ming instructions, and one or more components that based
on commands from the processor can perform at least some
operations or tasks with minimal or no human intervention.
For example, an automated device may perform one or more
automatic functions or function sets. Examples of such
operations, functions or tasks may include without, limita-
tion, navigation, transportation, driving, delivering, loading,
unloading, medical-related processes, construction-related
processes, and/or the like. Example automated devices may
include, without limitation, autonomous vehicles, drones
and other autonomous robotic devices.

[0119] The term “vehicle” refers to any moving form of
conveyance that is capable of carrying either one or more
human occupants and/or cargo and is powered by any form
of energy. The term “vehicle” includes, but is not limited to,
cars, trucks, vans, trains, autonomous vehicles, aircraft,
aerial drones and the like. An “autonomous vehicle” is a
vehicle having a processor, programming instructions and
drivetrain components that are controllable by the processor
without requiring a human operator. An autonomous vehicle
may be fully autonomous in that it does not require a human
operator for most or all driving conditions and functions, or
it may be semi-autonomous in that a human operator may be
required in certain conditions or for certain operations, or
that a human operator may override the vehicle’s autono-
mous system and may take control of the vehicle. Autono-
mous vehicles also include vehicles in which autonomous
systems augment human operation of the vehicle, such as
vehicles with driver-assisted steering, speed control, brak-
ing, parking and other systems.

[0120] When used in the context of autonomous vehicle
motion planning, the term “trajectory” refers to the plan that
the vehicle’s motion planning system will generate, and
which the vehicle’s motion control system will follow when
controlling the vehicle’s motion. A trajectory includes the
vehicle’s planned position and orientation at multiple points
in time over a time horizon, as well as the vehicle’s planned
steering wheel angle and angle rate over the same time
horizon. An autonomous vehicle’s motion control system
will consume the trajectory and send commands to the
vehicle’s steering controller, brake controller, throttle con-
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troller and/or other motion control subsystem to move the
vehicle along a planned path.

[0121] A “trajectory” of an actor that a vehicle’s percep-
tion or prediction systems may generate refers to the pre-
dicted path that the actor will follow over a time horizon,
along with the predicted speed of the actor and/or position
of the actor along the path at various points along the time
horizon.

[0122] In this document, the terms “street,” “lane” and
“intersection” are illustrated by way of example with
vehicles traveling on one or more roads. However, the
embodiments are intended to include lanes and intersections
in other locations, such as parking areas. In addition, for
autonomous vehicles that are designed to be used indoors
(such as automated picking devices in warchouses), a street
may be a corridor of the warehouse and a lane may be a
portion of the corridor. If the autonomous vehicle is a drone
or other aircraft, the term “street” may represent an airway
and a lane may be a portion of the airway. If the autonomous
vehicle is a watercraft, then the term “street” may represent
a waterway and a lane may be a portion of the waterway.
[0123] An “electronic device” or a “computing device”
refers to a device that includes a processor and memory.
Each device may have its own processor and/or memory, or
the processor and/or memory may be shared with other
devices as in a virtual machine or container arrangement.
The memory will contain or receive programming instruc-
tions that, when executed by the processor, cause the elec-
tronic device to perform one or more operations according
to the programming instructions.

[0124] The terms “memory,” “memory device,” and the
like each refer to a non-transitory device on which com-
puter-readable data, programming instructions or both are
stored. The terms “storage,” “storage device,” and “disk
storage” specifically refer to a non-transitory device, such as
a hard drive (HDD) or solid-state drive (SDD), that stores
data persistently for a relatively longer period. The term
“memory” may be used generally in this document to refer
either to a storage device that stores information on a
persistent basis, or to a device that stores information on a
non-persistent basis such as a random access memory
(RAM) device. Except where specifically stated otherwise,
the terms “memory,” “memory device,” “storage,” “disk
storage,” “storage device” and the like are intended to
include single device embodiments, embodiments in which
multiple devices together or collectively store a set of data
or instructions, as well as individual sectors within such
devices. A “storage location” is a segment, sector, or portion
of a storage device. The relative terms “first storage loca-
tion” and “second storage location” refer to different storage
locations, which may be eclements of a single device or
elements of multiple devices.

[0125] The term “object”, when referring to an object that
is detected by a vehicle perception system or simulated by
a simulation system, is intended to encompass both station-
ary objects and moving (or potentially moving) actors,
except where specifically stated otherwise by terms use of
the term “actor” or “stationary object.” As used herein,
uncertain road users may include pedestrians, cyclists, indi-
viduals on roller skates, rollerblades, wheelchairs, individu-
als, or people in general, etc.

[0126] The terms “processor” and “processing device”
refer to a hardware component of an electronic device that
is configured to execute programming instructions. Except
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where specifically stated otherwise, the singular term “pro-
cessor” or “processing device” is intended to include both
single-processing device embodiments and embodiments in
which multiple processing devices which may be compo-
nents of a single device or components of separate devices,
together or collectively perform a process.

[0127] The term “map” refers to a graphical representation
of one or more geographical areas. This representation may
include information pertaining to drivable and non-drivable
regions, environmental features, building, roads, intersec-
tions, curbs, lanes, lane segments, lane boundaries, traffic
lights, yielding relationships, and/or other traffic or road-
related information.

[0128] In this document, when terms such as “first” and
“second” are used to modify a noun, such use is simply
intended to distinguish one item from another, and is not
intended to require a sequential order unless specifically
stated. In addition, terms of relative position such as “ver-
tical” and “horizontal”, or “front” and “rear”, when used, are
intended to be relative to each other and need not be
absolute, and only refer to one possible position of the
device associated with those terms depending on the
device’s orientation.

[0129] It is to be appreciated that the Detailed Description
section, and not any other section, is intended to be used to
interpret the claims. Other sections can set forth one or more
but not all exemplary embodiments as contemplated by the
inventor(s), and thus, are not intended to limit this disclosure
or the appended claims in any way.

[0130] While this disclosure describes example embodi-
ments for example fields and applications, it should be
understood that the disclosure is not limited to the disclosed
examples. Other embodiments and modifications thereto are
possible, and are within the scope and spirit of this disclo-
sure. For example, and without limiting the generality of this
paragraph, embodiments are not limited to the software,
hardware, firmware, and/or entities illustrated in the figures
and/or described in this document. Further, embodiments
(whether or not explicitly described) have significant utility
to fields and applications beyond the examples described in
this document.

[0131] Embodiments have been described in this docu-
ment with the aid of functional building blocks illustrating
the implementation of specified functions and relationships.
The boundaries of these functional building blocks have
been arbitrarily defined in this document for the convenience
of the description. Alternate boundaries can be defined as
long as the specified functions and relationships (or their
equivalents) are appropriately performed. Also, alternative
embodiments can perform functional blocks, steps, opera-
tions, methods, etc. using orderings different than those
described in this document.

[0132] The features from different embodiments disclosed
herein may be freely combined. For example, one or more
features from a method embodiment may be combined with
any of the system or product embodiments. Similarly, fea-
tures from a system or product embodiment may be com-
bined with any of the method embodiments herein disclosed.
[0133] References in this document to “one embodiment,”
“an embodiment,” “an example embodiment,” or similar
phrases, indicate that the embodiment described can include
a particular feature, structure, or characteristic, but every
embodiment can not necessarily include the particular fea-
ture, structure, or characteristic. Moreover, such phrases are
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not necessarily referring to the same embodiment. Further,
when a particular feature, structure, or characteristic is
described in connection with an embodiment, it would be
within the knowledge of persons skilled in the relevant art(s)
to incorporate such feature, structure, or characteristic into
other embodiments whether or not explicitly mentioned or
described in this document. Additionally, some embodi-
ments can be described using the expression “coupled” and
“connected” along with their derivatives. These terms are
not necessarily intended as synonyms for each other. For
example, some embodiments can be described using the
terms “connected” and/or “coupled” to indicate that two or
more elements are in direct physical or electrical contact
with each other. The term “coupled,” however, can also
mean that two or more elements are not in direct contact
with each other, but yet still co-operate or interact with each
other.

[0134] The features from different embodiments disclosed
herein may be freely combined. For example, one or more
features from a method embodiment may be combined with
any of the system or product embodiments. Similarly, fea-
tures from a system or product embodiment may be com-
bined with any of the method embodiments herein disclosed.
[0135] The breadth and scope of this disclosure should not
be limited by any of the above-described example embodi-
ments but should be defined only in accordance with the
following claims and their equivalents.

[0136] As described above, this document discloses sys-
tem, method, and computer program product embodiments
for generating drivable area meshes and/or maps. The sys-
tem embodiments include a processor or computing device
implementing the methods for generating drivable area
meshes and/or maps. The computer program embodiments
include programming instructions, for example, stored in a
memory, to cause a processor to perform the methods
described in this document. The system embodiments also
include a processor which is configured to perform the
methods described in this document, for example, via the
programming instructions. More generally, the system
embodiments include a system comprising means to perform
the steps of any of the methods described in this document.
[0137] Without excluding further possible embodiments,
certain example embodiments are summarized in the fol-
lowing clauses.

[0138] Clause 1. A method for generating a map of a
geographical area, the method comprising, by a processor:

[0139] receiving information relating to a drivable area
in the geographical area;

[0140] identifying a plurality of lane segments that
intersect with the drivable area;

[0141] segmenting, using the plurality of lane segments,
the drivable area into a plurality of sub-regions,
wherein each of the plurality of lane segments can be
represented as a union of a unique subset of the
plurality of sub-regions;

[0142] creating a data representation of the drivable
area that comprises the plurality of sub-regions; and

[0143] rendering, using the data representation the map
of the geographical area, the map comprising at least
one of the following: the drivable area; or one or more
of the plurality of lane segments.

[0144] Clause 2. The method of clause 1, further compris-
ing using the map to control navigation of an autonomous
vehicle.
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[0145] Clause 3. The method of any of the above clauses,
further comprising generating, using the plurality of sub-
regions, a mesh comprising a plurality of polygons.

[0146] Clause 4. The method of clause 3, further compris-
ing assigning a height to vertices of each of the plurality of
polygons, the height being associated with a lane segment
that includes that polygon.

[0147] Clause 5. The method of clause 3, wherein the
mesh is a 2-dimensional mesh configured for rendering a
first map comprising the drivable area or a second map
comprising the plurality of lane segments.

[0148] Clause 6. The method of any of the above clauses,
further comprising using the data representation for creating
a data representation of one or more of the plurality of lane
segments, the data representation of one or more of the
plurality of lane segments comprising information relating
to one or more of the plurality of sub-regions that lie within
a boundary of a lane segment.

[0149] Clause 7. The method of any of the above clauses,
wherein segmenting the drivable area into the plurality of
sub-regions comprises generating a plurality of borders of
overlapping regions between the drivable area in each of the
plurality of lane segments, wherein the plurality of borders
form the plurality of sub-regions.

[0150] Clause 8. The method of any of the above clauses,
wherein segmenting the drivable area into the plurality of
sub-regions comprises:

[0151] projecting a representation of the drivable area
on a 2-dimensional mesh comprising a plurality of
polygons;

[0152] for each of the plurality of lane segments iden-
tifying a region on the 2-dimensional mesh where a
projection of a representation of that lane segment on
the 2-dimensional mesh overlaps with the projected
representation of the drivable area; and

[0153] sequentially generating borders for the plurality
of overlapping regions identified for the plurality of
lane segments.

[0154] Clause 9. The method of clause 8, wherein creating
the data representation further comprises, for each of the
plurality of lane segments:

[0155] identifying one or more polygons of the plurality
of polygons that lie completely within the region on the
2-dimensional mesh where the projection of the repre-
sentation of that lane segment on the 2-dimensional
mesh overlaps with the projected representation of the
drivable area; and

[0156] associating the one or more polygons with that
lane segment in the data representation.

[0157] Clause 10. The method of clause 8, wherein cre-
ating the data representation further comprises, for each of
the plurality of lane segments:

[0158] identifying a polygon of the plurality of poly-
gons that does not lie completely within the region on
the 2-dimensional mesh where the projection of the
representation of that lane segment on the 2-dimen-
sional mesh overlaps with the projected representation
of the drivable area;

[0159] divide, using that lane segment boundary, the
identified polygon into a plurality of sub-polygons; and

[0160] associating a sub-polygon of the plurality of
sub-polygons with that lane segment in the data rep-
resentation, wherein the sub-polygon overlaps with that
lane segment.
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[0161] Clause 11. The method of any of the above clauses,
wherein creating the data representation further comprises
associating each of the plurality of lane segments with one
or more of the plurality of sub-regions that lie within a
boundary of that lane segment.

[0162] Clause 11. A system comprising means for per-
forming steps of any of the above method clauses.

[0163] Clause 12. A computer program, or a storage
medium storing the computer program, comprising instruc-
tions, which when executed by one or more suitable pro-
cessors cause any of the processors to perform the steps of
any of the above method clauses.

[0164] Clause 13. A system for controlling navigation of
an autonomous vehicle for traversing a geographical area,
the system comprising:

[0165] at least one processor;

[0166] programming instructions stored in a memory
and configured to cause the processor to:

[0167] receive information relating to a drivable area in
the geographical area;

[0168] identify a plurality of lane segments that inter-
sect with the drivable area;

[0169] segment, using the plurality of lane segments,
the drivable area into a plurality of sub-regions,
wherein each of the plurality of lane segments can be
represented as a union of a unique subset of the
plurality of sub-regions;

[0170] create a data representation of the drivable area
that comprises the plurality of sub-regions; and

[0171] render, using the data representation the map of
the geographical area, the map comprising at least one
of the following: the drivable area; or one or more of
the plurality of lane segments.

[0172] Clause 15. The system of clause 13, further com-
prising additional programming instructions that are config-
ured to cause the processor to use the map to control
navigation of an autonomous vehicle.

[0173] Clause 16. The system of any of the above system
clauses, further comprising additional programming instruc-
tions that are configured to cause the processor to generate,
using the plurality of sub-regions, a mesh comprising a
plurality of polygons.

[0174] Clause 17. The system of clause 16, further com-
prising additional programming instructions that are config-
ured to cause the processor to assign a height to vertices of
each of the plurality of polygons, the height being associated
with a lane segment that includes that polygon.

[0175] Clause 18. The system of clause 16, wherein the
mesh is a 2-dimensional mesh configured for rendering a
first map comprising the drivable area or a second map
comprising the plurality of lane segments.

[0176] Clause 19. The system of any of the above system
clauses, further comprising additional programming instruc-
tions that are configured to cause the processor to use the
data representation for creating a data representation of one
or more of the plurality of lane segments, the data repre-
sentation of one or more of the plurality of lane segments
comprising information relating to one or more of the
plurality of sub-regions that lie within a boundary of a lane
segment.

[0177] Clause 20. The system of any of the above system
clauses, wherein the instructions to segment the drivable
area into the plurality of sub-regions comprise instruction to
generate a plurality of borders of overlapping regions
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between the drivable area in each of the plurality of lane
segments, wherein the plurality of borders form the plurality
of sub-regions.

[0178] Clause 21. The system of any of the above system
clauses, wherein the instructions to segment the drivable
area into the plurality of sub-regions comprise instruction to:

[0179] project a representation of the drivable area on a
2-dimensional mesh comprising a plurality of poly-
gons;

[0180] for each of the plurality of lane segments, iden-
tify a region on the 2-dimensional mesh where a
projection of a representation of that lane segment on
the 2-dimensional mesh overlaps with the projected
representation of the drivable area; and

[0181] sequentially generate borders for the plurality of
overlapping regions identified for the plurality of lane
segments.

[0182] Clause 22. A computer program product compris-
ing a non-transitory computer-readable medium that stores
instructions that, when executed by a computing device, will
cause the computing device to perform operations compris-
ing:

[0183] receiving information relating to a drivable area
in a geographical area;

[0184] identifying a plurality of lane segments that
intersect with the drivable area;

[0185] segmenting, using the plurality of lane segments,
the drivable area into a plurality of sub-regions,
wherein each of the plurality of lane segments can be
represented as a union of a unique subset of the
plurality of sub-regions;

[0186] creating a data representation of the drivable
area that comprises the plurality of sub-regions; and

[0187] rendering, using the data representation the map
of the geographical area, the map comprising at least
one of the following: the drivable area; or one or more
of the plurality of lane segments.

1. A method for generating a map of a geographical area,
the method comprising, by a processor:

receiving information relating to a drivable area in the

geographical area;

identifying a plurality of lane segments that intersect with

the drivable area;

segmenting, using the plurality of lane segments, the

drivable area into a plurality of sub-regions, wherein
each of the plurality of lane segments can be repre-
sented as a union of a unique subset of the plurality of
sub-regions;

creating a data representation of the drivable area that

comprises the plurality of sub-regions; and

rendering, using the data representation the map of the

geographical area, the map comprising at least one of
the following: the drivable area; or one or more of the
plurality of lane segments.

2. The method of claim 1, further comprising using the
map to control navigation of an autonomous vehicle.

3. The method of claim 1, further comprising generating,
using the plurality of sub-regions, a mesh comprising a
plurality of polygons.

4. The method of claim 3, further comprising assigning a
height to vertices of each of the plurality of polygons, the
height being associated with a lane segment that includes
that polygon.
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5. The method of claim 3, wherein the mesh is a 2-di-
mensional mesh configured for rendering a first map com-
prising the drivable area or a second map comprising the
plurality of lane segments.

6. The method of claim 1, further comprising using the
data representation for creating a data representation of one
or more of the plurality of lane segments, the data repre-
sentation of one or more of the plurality of lane segments
comprising information relating to one or more of the
plurality of sub-regions that lie within a boundary of a lane
segment.

7. The method of claim 1, wherein segmenting the driv-
able area into the plurality of sub-regions comprises gener-
ating a plurality of borders of overlapping regions between
the drivable area in each of the plurality of lane segments,
wherein the plurality of borders form the plurality of sub-
regions.

8. The method of claim 1, wherein segmenting the driv-
able area into the plurality of sub-regions comprises:

projecting a representation of the drivable area on a
2-dimensional mesh comprising a plurality of poly-
gons;

for each of the plurality of lane segments identifying a
region on the 2-dimensional mesh where a projection of
a representation of that lane segment on the 2-dimen-
sional mesh overlaps with the projected representation
of the drivable area; and

sequentially generating borders for the plurality of over-
lapping regions identified for the plurality of lane
segments.

9. The method of claim 8, wherein creating the data
representation further comprises, for each of the plurality of
lane segments:

identifying one or more polygons of the plurality of
polygons that lie completely within the region on the
2-dimensional mesh where the projection of the repre-
sentation of that lane segment on the 2-dimensional
mesh overlaps with the projected representation of the
drivable area; and

associating the one or more polygons with that lane
segment in the data representation.

10. The method of claim 8, wherein creating the data
representation further comprises, for each of the plurality of
lane segments:

identifying a polygon of the plurality of polygons that lies
partially within the region on the 2-dimensional mesh
where the projection of the representation of that lane
segment on the 2-dimensional mesh overlaps with the
projected representation of the drivable area;

divide, using that lane segment boundary, the identified
polygon into a plurality of sub-polygons; and

associating a sub-polygon of the plurality of sub-polygons
with that lane segment in the data representation,
wherein the sub-polygon overlaps with that lane seg-
ment.

11. The method of claim 1, wherein creating the data
representation further comprises associating each of the
plurality of lane segments with one or more of the plurality
of sub-regions that lie within a boundary of that lane
segment.
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12. A system for controlling navigation of an autonomous
vehicle for traversing a geographical area, the system com-
prising:

at least one processor;

programming instructions stored in a memory and con-

figured to cause the processor to:

receive information relating to a drivable area in the
geographical area;

identify a plurality of lane segments that intersect with
the drivable area;

segment, using the plurality of lane segments, the
drivable area into a plurality of sub-regions, wherein
each of the plurality of lane segments can be repre-
sented as a union of a unique subset of the plurality
of sub-regions;

create a data representation of the drivable area that
comprises the plurality of sub-regions; and

render, using the data representation the map of the
geographical area, the map comprising at least one of
the following: the drivable area; or one or more of
the plurality of lane segments.

13. The system of claim 12, further comprising additional
programming instructions that are configured to cause the
processor to use the map to control navigation of an autono-
mous vehicle.

14. The system of claim 12, further comprising additional
programming instructions that are configured to cause the
processor to generate, using the plurality of sub-regions, a
mesh comprising a plurality of polygons.

15. The system of claim 14, further comprising additional
programming instructions that are configured to cause the
processor to assign a height to vertices of each of the
plurality of polygons, the height being associated with a lane
segment that includes that polygon.

16. The system of claim 14, wherein the mesh is a
2-dimensional mesh configured for rendering a first map
comprising the drivable area or a second map comprising the
plurality of lane segments.

17. The system of claim 12, further comprising additional
programming instructions that are configured to cause the
processor to use the data representation for creating a data
representation of one or more of the plurality of lane
segments, the data representation of one or more of the
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plurality of lane segments comprising information relating
to one or more of the plurality of sub-regions that lie within
a boundary of a lane segment.

18. The system of claim 12, wherein the instructions to
segment the drivable area into the plurality of sub-regions
comprise instruction to generate a plurality of borders of
overlapping regions between the drivable area in each of the
plurality of lane segments, wherein the plurality of borders
form the plurality of sub-regions.

19. The system of claim 12, wherein the instructions to
segment the drivable area into the plurality of sub-regions
comprise instruction to:

project a representation of the drivable area on a 2-di-

mensional mesh comprising a plurality of polygons;

for each of the plurality of lane segments, identify a

region on the 2-dimensional mesh where a projection of
a representation of that lane segment on the 2-dimen-
sional mesh overlaps with the projected representation
of the drivable area; and

sequentially generate borders for the plurality of overlap-

ping regions identified for the plurality of lane seg-
ments.

20. A computer program product comprising a non-
transitory computer-readable medium that stores instruc-
tions that, when executed by a computing device, will cause
the computing device to perform operations comprising:

receiving information relating to a drivable area in a

geographical area;

identifying a plurality of lane segments that intersect with

the drivable area;

segmenting, using the plurality of lane segments, the

drivable area into a plurality of sub-regions, wherein
each of the plurality of lane segments can be repre-
sented as a union of a unique subset of the plurality of
sub-regions;

creating a data representation of the drivable area that

comprises the plurality of sub-regions; and

rendering, using the data representation the map of the

geographical area, the map comprising at least one of
the following: the drivable area; or one or more of the
plurality of lane segments.
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