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(57) Abréegée/Abstract:

A polygonal mesh Is generated from a collection of points that are organized for a mesh partition in accordance with a tile that
Includes one or more bins used to process the points that define the mesh. The resolution of the tile is related to the number of bins
for the tile. The organization of the tiles in a partition of the mesh permits the mesh to be constructed with partitions that are
Independent of each other and that can be joined to form a continuous mesh. The resolution of the mesh can be dynamic with
respect to the partitions due to the variable resolution assigned to each tile. Portions of the mesh for which points are not provided
can be assigned finalization points to permit a continuous mesh to be constructed.
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ABSTRACT OF THE DISCLOSURE
A polygonal mesh 1s generated from a collection of points
that are organized for a mesh partition in accordance with a tile

that 1includes one or more bins used to process the points that

define the mesh. The resolution of the tile is related to the
number of bins for the tile. The organization of the tiles in a
partition o©f the mesh permits the mesh to be constructed with
partitions that are independent of each other and that can be
joined to form a continuous mesh. The resolution of the mesh can

be dynamic with respect to the partitions due to the variable

resolution assigned to each tile. Portions of the mesh for which
points are not provided can be assigned finalization points to

permit a continuous mesh to be constructed.
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TITLE OF THE INVENTION
SYSTEMS AND METHODS FOR GENERATING A LARGE SCALE POLYGONAL MESH

BACKGROUND QF THE INVENTION

The present disclosure is related generally to generation of
a polygonal mesh, and related more gpecifically to large scale
bolygonal meshes that can be generated as piecewise partitions.

Measurements taken with respect to natural phenomena often
generate a significant number of data points that can sometimes be
analyzed as a polygonal mesh. Typically, the data points are
obtained in the form of a point cloud, which is a set of points in
two dimensional or three dimensional space. The data point in the
point c¢loud can be reqularly spaced, or irregular 1n their
gpacing, and can be arbitrary in number. For example, the number
of data points in a point cloud 1is not. particularly limited, nor
are there any typical constraints on the density of the data
pointg in any given region of the point cloud. A point cloud may
typically include several billion data points, for example, which
can be generated by an arbitrary sensor system, such as by
recording measurement samples of a given surface or shape.

Gliven a particular point cloud, a polygonal mesh can be

generated that defines a number of polygonal shapes connecting the

points. The points are typically stored in a computer memory for

creation of the mesh, anhd are representative of specific locations
in a space that 1is defined on one or more dimensions.
Accordingly, the points represent information about
characteristics of the space, and can therefore be used to define
a mesh for the space.

Mesh generation algorithms have been used to connect points
in a given space to obtain a mesh that can be useful for analysis

of the characteristics of the space in relation to the points.
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However, conventional mesh generation algorithms tenad to be

limited in the number of points that can be practically processed
to generate a mesh, since the algorithms work on all the available
points or polygonal shapes generated from the points to generate a
mesh. It is impractical to employ such algorithms on large data

sets that have relatively large numbers of points.

BRIEF SUMMARY OF THE INVENTION

A polvgon mesh is a collection of vertices (“points”) and
connecting edges that define polygonal shapes. The most common

type of polygonal mesh used 1in Geographi¢ Information Systems

(“"GIS”) is a Triangulated Mesh (the term “mesh” refera hereln to a
triantjulated mesh). Most mesh generation algorithms require all
of the points over which the mesh is constructed to be 1n system
merory; this is a prohibitive limitation for large datasets. In

accordance with the present disclosure, a new mesh construction

technique that c¢an work on very large collections of Ilrregular
points is presented. This technique can also be used to produce a
mesh with multiple levels of resolution, making 1t suitable for

interactive visualization.

The present disclosure is applicable to point c¢louds that

include an arbitrary number of points, with no limitation on the

density of the points in any given region of the point cloud. The
present disclosure also is applicable to point clouds tThat are

composed of regularly and/or irregularly spaced data points.

Moreover, the systems and methods of the present dlisclosure are
applicable for use with 2D and 3D polygonal meshes, with the

axemplary embodiments described herein being understood to be

applicable to either 2D or 3D polygonal meshes.

In accordance with an aspect of the present disclosure, the
points are first analyzed to produce a hierarchical “resolution

map” consisting of a set of “tiles,” each of which has a
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regsolution value that models the approximate density of the points
in the underlying region of space. The resolution value is used
to construct a regular “binning grid” that sits within each tile.
The polints themselves are processed, such as by being indexed, and
stored in a "hierarchical data structure that allows efficient
polnt retrieval. The mesh can be 1implemented as a number of
partitions, each of which represent a subsection o¢f the mesh.
Each mesh partition 1is constructed dynamically by loading in all
points within the partition area, and all of the points within a
window around the partition area. As the points are loaded, they
are “binned”: mapped onto the bins in the binning grid. If a bin
does not contain any points, the mesh generation algorithm inserts
a special point (“a finalization point”) within the empty bin.
The finalization points can contribute to avoiding holes or gaps
in the mesh constructed 1in a partition.

The binning process and the accompanying insertion of
finalization points into the mesh constrain the partition so that
its intersection with neighbouring partitions 1s unigque and
limited in size. The wunion ¢f all partitions forms a =single,

continuous mesh.

BRIEF DESCRIPTICON OF THE SEVERAL VIEWS OF THE DRAWINGS
The present disclosure 15 described 1in greater detailed
below, with reference to the accompanying drawings, in whichs:

Fig., 1 is an example of a variable resolution mesh:;

Fig. 2 is a diagram of a process flow for generating a mesh
in accordance with an exemplary embodiment of the present
disclosure; .

Fig, 3 1s a block diagram illustrating a system for

implementing exXemplary embodiments of the present disclogure;
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Fig. 4 is an illustration of tiles generated from a point
cloud 1in accordance with an exemplary embodiment o©f the present
disclosure;

Fig. 5 is an illustration of mesh partitioning 1n accordance
with an exemplary embodiment of the present disclosure; and

Fig. 6 1s a flow chart illustrating a process in accordance

with an exemplary embodiment of the present disclosure.

DETAILED DESCRIPTION OF THE INVENTICN

According to an exXemplary embodiment of the present
disciosure, a partitioned mesh is provided, which 18 a
triangulated mesh over a set of points making up a peoint cloud in
a region of space that 1is subdivided into subsections or
partitions. The mesh is constructed in such a way that each
partition can be triangulated independently of the others. The
union of the set of partitioned meshes 1s defined as belng equal
to the entire mesh, and the union of the set of triangulated
partitions formg a single, contiguous, non-self-intersecting mesh

that covers the entire area represgsented by the point c¢loud without

gaps. The independently triangulated partitions implles that the

entirety of points of the mesh need not be in memory at the same

time, and that partitions can be triangulated in parallel.

Conceptually, partitioned meshes can be built over many kinds

of data:
. Regular rasters (points lie on a regular grid)
. Quasi-regular rasters (peoints lie explicitly on a regular

grid whose inter-node spacing varies in different areas)

. Collections of irregular polnts.
The number of partitions 1s a function of the underlying data
and the technique by which the mesh is constructed. There need not

necessarily be more than a single partition.
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Many algorithms (e.g contouring, volume computations and

linear interpolation) originally designed for in-mamory

triangulations can be refactored to operate on partitioned meshes,
allowing them to address and operate on datasets that are, in
total, larger than c¢an fit into available memory. Volume
computations can be performed on a triangulated guasi-regular
raster of arbitrary size, for example.

In accordance with an exXemplary embodliment o©of the present
disclosure, the concept of a partitioned mesh is general and does
not assume that the points in the mesh are regular, or even quasi-
regular. Previous approaches for partitioned meshes have been
limited to regular or quasi-regular points, The present
disclosure provides a new type of partiticoned mesh - the Variable
Regolution Mesh - that does not have this restriction., According
to some embodiments of the present disclosure, quasi-regularity 1is
imposed as a weak constralnt using an impliéit model of the
density of data 1n each area.

A variable resolution mesh 1is a type of partitioned mesh
built on a set of points, using the assumption that the polnts in
a given sub-area have an underlying density model. The mesh
partitions are constructed dynamically, using a mesh generation
algorithm that operates on a subset o¢f the polints, and a
resolution map that models the approximate density of the points
in different and distinct regions of space. The mesh generation

algorithm operates in such a way that each partition's edges match
up exactly with those of its neighbours, allowing the collection
of partitions to form a continuous mesh over the entire collection
of points. |

Fig. 1 illustrates an example of a variable resolution mesh
100, which is a triangular mesh., A region 110 illustrated valid
data with non-uniformly sized triangular size shapes. A region

120 with uniform sized triangular shapes indicates areas for which
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no data is available, and for which finalization points have been

provided to complete the megh.

According to an exemplary embodiment of the present
disclosure, a 2D triangular mesh is constructed. The points used
to construct the mesh may have an arbitrary dimengionality. The

mesh 15 constructed over the 2D (x,y) projections of the points

onto a plane, which can bhe a horizontal plane, for example. The

meshing algorithm can be Jgenerallzed to more than two dimensions

so the present example should not be considered limiting.

Referring now to Fig. 2, a process 300 1is =shown that
decomposes the overall area under consideration into a gset of
rectangular tiles organized 1n a quadtree, An example of the

collection of rectangular tiles 1s graphically i1llustrated 1n Fig.

2 with a set of tiles, also referred to as a quadtree resolution

map 310, Each tile 1n rescolution map 310 1s assigned a 2D

resolution wvalue, and the collection of tiles 1s referred to
herein as the resolution map. The tile areas are contiguous, but
not overlapping; each point 15 therefore subtended by one (and
only one) of the tiles. The tile resolutions can take on any
value, but are g¢generally computed explicitly wusing a domain-
specific construction algorithm that computes the resolutions 1in

such a way that the mesh has specific properties, A specific
example of resolution for a tile is one hundred meters in the

horizontal X direction and 80 meters in the horizontal Y
direction, however, the dimenzions and units of the resolution is
not to be considered to be so limited,

Accordingly, each of the tiles that make up resolution map

310 can have a different number of bins in the binning grid for

cach respective tile. The number of bins 1in each of the
respective tiles is determined by the resolution for that tile,

and vise-versa.
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In accordance with embodiments of the present disclosure, a

partitioned mesh 1s constructed in two stages referred to herein
as an analysis stage and a meshing stage, illustrated in Fig. 2 as

stages 360 and 370, respectively. BAnalysis stage 360 is described

first.

Analysis Stage

In the analysis stage, the point cloud data is read from one

or more files to determine the 2D area that contains all of the

points in the cloud (the “cover”). The cover is then subdivided
recursively to form a hierarchical Y“resolution map”: a set of
areas (“tiles”), the union of which is equal to the cover. Each

point in the cloud therefore falls into exactly one tile, which
can be viewed as a “leaf” in the hierarchy.
The term “partition” refers to a subsection of the entire

mesh. Fach partition corresponds to one, and only one, tile 1n
the resolution map. A single mesh partition will be constructed
for each tile, so there is a one~to-one relationship between the
number of tiles and the number of mesh partitions.

A “rezolution value” is then computed for each tile. The term

"resolution" 1s usually taken to mean the distance between

adjacent points in a regular grid.  According to some embodiments

of the present discleosure, the term defines the size of the cells
in a ‘“binning grid”: a regular arrangement of contiguous,

rectangular areas that cover the tille's area exactly. The number

of bins in the binning grid is computed by dividing the tile's

horizontal extents by 1its resolution value. The tile areas are
contiguous, but not overlapping; each point in the cloud therefore

lies in exactly one biln.

The resolution values can take on any value, but are

generally computed explicitly from the point locations or the

peint attributes. The resolution values can be used to specify a
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binning grid during the meshing stage. According to some
embodiments, the resolution map is constructed using a quadtree .

structure as follows:

1. Start with a single tile corresponding to the cloud’s
cover.
2 . For each tile in the quadtree compute hoth the number of

points falling into tile and &a measure of the
“resolution” of the points falling into the tile.

3. Tf the number of polints in the tile exceed a fixed
tolerance, or the resolution value falls outside a user-
specified tolerance, split the file into 4 children.

4. Repeat steps 2 and 3 until no further tiles are split.

In the example implementation, the resolution value Ifor 'a
given tile is computed by normalizing the number of points falling
into the tile by the area of the tile to yield a measure of the
density of the points in the tile. Note, however, that in other
implementations the resolution value can be computed using other
measures (e.g. the variance of the point attributes in an area).
It iz further not reguired that the binning cells be rectangular,
other binning shapes can also be used provided that they are
contiguous and non-overlapping. The resolution and the associated
binning grid provide a simple a pricori model of the distribution
of points in each tile.

Following construction, the resolution map tiles and their
resolﬁtion values dre stored in a flat file. They are loaded into
memory during the meshing stage. In addition, the points 1n the
cloud and thelr attributes are processed to be reordered and/or

indexed and stored in a storage media, such as on a storage disk,

to facilitate efficient retrieval and/or gueries. The points may

be stored in one or more flat files, in one or more database
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files, e.qg., organized into tables, and/or in linked lists or any
other format that contributes to their organization and/or ease of
retrieval or guery. According to an exemplary embodiment, the

points are organized by:

1. Grouping nearby subsets of the points together in
contiguous blocks on gstorage media, such as a hard disk,
according to their spatial position so that clusters of
nearby points can be retrieved with a minimal number of

read operations.

2. Constructing a spatial index over the points in each
storage block so that the list of disk blocks whose
points overlap a rectangular query area c¢an be

determined efficiently.

Storing the points according to such exemplary architectures
contributes to high performance retrieval operations from the
point storage media. Fig. 2 1llustrates the above-described steps
in analysis stage 360 as part of process 300 for building a
variable resolution mesh over an existing set of points. An input
dataset 320, representing a peint cloud, 1is applied to resolution

map estimation 330 to build resolution map 310. In the example

shown in process 300, resolution map 310 is a quadtree resolution

map, however, other types of resclution maps can be implemented in

accordance with embodiments of the present disclosure. 'O
example, an octree resolution map can be constructed for 3-D mesh
generation. The points in the point cloud and resolution map 310

are stored in a storage 340 in preparation for a subsequent stage,

such as binning and meshing process 350, which can be used to
create mesh partitions on demand based on input data set 320.
Referring now to Fig. 3, a block diagram of a system 400

1llustrates an implementation of an exemplary embodiment according



10

15

20

25

30

CA 02846327 2014-03-14

to the present disclosure. System 400 includes a numerical
computation device 410, such as a computer, which can be
implemented as a PC, minicomputer mainframe, or any other type of

programmable computation device., Device 410 includes a CPU 412

for executing 1instructions to carry out processes according to
embodiments of the present disclosure. A local memory 414 stores
information that 1s readily accessible to CRU 412, including a
program 416 that CPU 412 can execute to implement embodiments of
the present disclosure. Typically, memory 414 is implemented as a
tvpe of RAM that is often optimized for reduced access times for
read ¢r write operations. The size of memory 414 is typically
significantly less than that of long term, more permanent mass
storage, and 1s thus sometimes unable to hold all the data points
in a point cloud at the same time.

System 400 also includes point c¢loud files 402 as input to
the system. Files 402 can include all the data points in a given
point cloud, as well as attributes of the data points. It 1s
these files 402 that are read to implement various embodiments of
the present disclosure to generate a polygonal mesh. Once device
410 processes the data points in files 402 in accordance with some
of the embodiments herein, the data points can be recordered and/or

indexed for faster retrieval and simplified processing, as

discussed above, The reordered and/or indexed data pointgs are
stored according to a desired storage scheme in mass storage 420.
The above described analysis stage generates a resolution
map, which can be achieve using device 410 executing a suitable
program 416. The resolution map is stored in mass storage 422 for
later retrieval in the generaticn of a polygonal mesh according to
the present disclosure. The resolution map can be retrieved from

mass storage 422 by device 410 and processed to produce a

partitioned polygonal mesh 1In  accordance with  exemplary

10
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embodiments o©of the present disclosure, The output partitioned

polygonal mesh is illustrated as output system 430 in system 400.

Referring now to Fig. 4, a resolution map 500 is illustrated.
Resolution map 500 is broken down or subdivided in a quadtree
hierarchy, meaning that each subdivision produces four child
tiles. Once the point cloud 1is subdivided according to user
criteria, each tile 1s assigned a resolution wvalue that can be
used during a subsequent meshing stage to create a binning grid
within the tile. According to an exemplary embodiment, a mesh
partition 1is created for each resolution map tile. In the case of
resolution map 500, sixteen partitions are created, one for each
of the =sixteen tiles, 1in accordance with this exemplary
embodiment. It should be understood that a one-to-one
correspondence of tiles to partitions is not required, and the
present disclosure is not to be so limited. F'or example,
partitions can be defined for the entire resolution map, or for

any subdivision thereof, inc¢cluding rectangular or plece-wise

partitions that are not square or rectangular, such as a partition

that covers 75% of the resolution map. In general, any arbitrary
grouping of tiles can be defined as a partition in accordance with

the present disclosure.

Resolution map 500 has a group of tiles 510 that ares the
smallest tiles in the resolution map., Tiles 510 are located at
the fourth level of the qguadtree that describes resolution map
500. Due to the hierarchical structure of the tiles in the.

quadtree that define rescolution map 500, tiles at specified levels

of the quadtree can be 1independently or collectively retrieved.
For example, all the tiles at levels one through three can be
retrieved as a group and used to generate a polygonal mesh
according to a certailn resolution associated with level three of

the quadtree,.

11l
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The above-described analysis stage generates a number of
tiles that represent, for example, the resclution and density of
the point cloud in a hierarchical structure. The degree to which
the resolution map 1s subdivided can be based on user settings
with respect to a number of different criteria. For example, a

user can specify an estimated resolution, such as two meters, or
can specify an area, such as four sgquare meters, or can specify a

density, such as points/square meter, or any other criteria that

can be used to detérmine how finely to subdivide the resolution
map. The tiles of the resclution map are then iteratively
determined by the above-described process where the content of a
given tile is compared against the user specified criteria, or

tolerance, to determine if the tile should be further subdivided.

For example, 1if a tile 1is generated that has a number of data

points that are closer than two meters, which is the resolution

criteria, the tile will be subdivided and each resulting child
tile is inspected to determine if the data points within that tile
are within the resolution threshold criteria. Any tiles that do
not meet the thresheold criteria are further subdivided.

The resulting quadtree need not necessarily be balanceq,
since the distribution of data points need not be regular, and the
attributes of the data points that are of 1interest may be
unbalanced as well. Once the quadtree hierxarchical structure 1is
generated, and each tile in the guadtree 15 assigned' a value
assocliated with the subdivision criteria, the entire quadtree can
be stored in memory 8o that each tile can be easily and
individually retrieved. In addition, the guadtree can be stored

as a hierarchical structure, so that a sgpecific portion of the

quadtree c¢an be retrieved upon user request, For example, 1f a

evels of subdivision, a user may reguest only

¢quadtree has seven

the tiles at levels one through three for use 1in generating a

polygonal mesh. The tiles returned from such a quadtree query may

12
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represent a lower resolution, for example, resulting 1n coarser
binning grids for those tiles. The division of the tiles in the
quadtree structure provide implicit information related to the
user specified criteria for processing the point c¢loud to generate

a resolution map.

Meshing Stage
Sequential Delaunay Triangulation algorithms typically work

by updating an exlisting mesh with a series of new points.  The
triangles in the mesh that interact with each new point are
adjusted so that the new point becomes the vertex for one oxr more
triangles. The set of triangles that interact with the polint are
those whose circumcircles (the circle passing through each of the
triangle's three vertices) contain the point. When no new polnts

intersect the circumcircle of a given triangle, the mesh will no

longer change and can be considered stable.

The variable resolution meshing algorithm according to an
exemplary embodiment of the present disclosure uses a standard
Delaunay Triangulation algorithm, and supplements 1t by inserting
points to constrain the size of all of the circumcircles in the
mesh 1in such a way that partse of the megh are forced 1into

stability. The process is described in greater detail below.

As an 4initial phase of the meshing stage, user input 1is
requested to define an area of the mesh that should be generated.

According to one embodiment, the user inputs a rectangular area of

interest (the “User Area”) over which the mesh will be created 1s
specified as an input to the meshing stage. The User Area 18
inspected to determine the partitions that define that portion of

the mesh. With the User Area defined, the resolution map quadtree

is queried to find all tiles that intersect with the User Area.

The definitions of these intersecting tiles are then loaded from

13
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disk, for example, which may include loading the tiles from
storage 422 (Fig. 3). The determination of which of the tiles 1n
the quadtree are intersecting tiles can be conditioned on vaxious
criteria, such as tiles up to a certain level of the guadtree.
The tiles that share a tile boundary with the intersecting tilles

are also loaded. Then, for each of the loaded tiles, the

pertinent points are retrieved, such as by consulting a spatial
index used to store the points, and a mesh partition 18

constructed using a triangulation algorithm supplemented with a

binning strateqgy. An exemplary embodiment is i1mplemented as
follows.

1. An empty mesh is initialized.

2. A binning grid is determined for the tile based on the

resolution value of the tile.

2.1 PFach bin in the binning grid 1s set to have an
“empty” status
3. The data points for the tile are loaded from storage and

each point in the tile 13 processed.
q, The bin in which a data peint is to be located is

determined using the spatial position of the data point.

4.1 If the bin status is “empty,” it 1s changed to “not

empty.”

4.2 The data point is added to a list of points for
that bin.
3 The point 1s inserted into the mesh using a Delaunay

Triangulation algorithm.

6. Representative finalization points associated with each
bin with a status of “empty” are inserted into the mesgh.

7. Steps 2 through 6 are repeated for the tiles that share
a tile boundary with the intersecting tile for which the partition

is being constructed.

14
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7.1 As an optimization, the points in boundary tiles

+hat are considered for insertion into the mesh are limited

+o thoge that lie within a certain distance of the main tile.

With respect to the binning grid determined for each tile,
the bins need not be rectangular, which includes sguares (or
cuboid in the case of a 3D mesh). Bins can be any desired shape,
including hexagons or triangles, that contribute to forming a grid
in which points can be located. It should be noted that the
points located in a given bin can be anywhere in that bin.

In accordance with an exemplary embodiment, as a furthex
optimization during step 4, the points can be “thinned” using a
user-specified threshold resclution (the “thinning resolution”).

Such a step removes points from a bin according to a given input

criteria. Alternately, or in addition, a sgingle point can be

assigned to a bin, which point is chosen based on user criteria.
For example, the point that best matches the criteria for that bin
is assigned to the bin, and all other points associated with that
bin are discarded. Numerous criteria for thinning operations may
be applied, and may result_in one or more points being ultimately
assigned to a given bin. For example, the criteria may call for a
group of points with a given spatial separation to be maintained
in a bkin. The point(s) assigned to a bin with & thinning
operation may or may not depend on which points are encountered
first during processing. Also, while thinning operations are
performed consistently for a given bin, the same or different
thinning operations or thinning criteria can be applied to other

bins. For example, the criteria for thinning the polnts may vary

based on such factors as tile location or size, density of points,
partition size or location, or any other factor that may be
desirable to apply to reduce the number of points to process.

With the thinning operation optimization, the mesh can contain

1o
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fewer points, which may be of use in certain applications that do
not require all of the data be present to obtain satisfactory
results.

Moreover, the finalization point associated with an empty bin
in a tile can be located anywhere within the bin. For example, a
consistent scheme can be used to locate finalization points in the
center of each empty bin. Alternately, or in addition,
finalization points can be defined at specific locations in each
bin, which locations may vary depending on various criteria, such
as nearness tc a tile or partition edge, or as part of a function
for placing finalization points. In any event, the placement of a
finalization point in a bin is not limited to any specific
location in the bin.

According fto an exemplary embodiment, the guadtree query
based on the user-defined User Area is modified to return
intermecdiate parent tiles rather than leaf tilegs if the leaf tile
resolution is greater than the thinning resolution. Then, if more
than one point iz found to lie in one bin in a binning grid for a
tile, a single point is selected for insertion into the mesh. Any
technigque for selecting an insertion point can be used provided

that the selection i1s deterministic given the list of all points

that fall into the bin. According to an exemplary embodiment, the

point in the bin with the smallest value in a single attribute 1is

gelected for insertion into the mesh.

Once a mesh partition has Dbeen constructed, the following

post-processing steps can be appliled.

1. Traiangles that have a finalization point as a vertex are
removed from the mesh, Removing thege triangles allows the mesh
to model areas 1n the point cloud where there is no valid data,

effectively creating “holes” 1n the mesh. Note that the

16



10

L3

20

25

30

CA 02846327 2014-03-14

continuity condition is wvalid until these triangles have been

removed.
2 . The triangles that do not “belong” to the partition are
removed. “Belonging” can be established using any deterministic

method that uniquely assigns a specific triangle to a specific

partition.

When the triangles that do not belong to a given partition
are removed, the resulting partition mesh generally has jagged
edges due to the mesh border of the partition being defined by the
triangle edges remaining. However, the Jjagged edges of the mesh
partition exactly match the edge of a neighboring mesh partition,
so that when partitions are joined, the edges "zipper” together
for an exact £fit. Accordingly, the union o¢f partition meshes
forms a mesh that has no overlap or gaps, in the case where data
points are present for those border triangles, or 1in the case
where finalization points and the resulting triangles are used.
The union of partition meshes where triangles resulting £Lrom
finalization points are removed may not be continuous, or may have
gaps, however, any triangles that exist along a common border of
adjoining partitions will match exactly with each other, e.qg.,
without overlap or gaps,

According to an eXxXemplary embodiment, triangles  are

considered to “belong” to a partition when their lower-left vertex

lies within the tile for which that partition is constructed. The
identification of the lower-left vertex can be deterministically

obtained based on order of operations, such as by consistently
evaluating which vertex is lowest, and if more than one, followed
by which vertex of those lowest 1s leftmost.

With respect to establishing the border of a mesh partition,
the insertion of finalization points 1limits the size of the

circumcircles in the mesh to a fixed multiple of the resolution.
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As a result, once all of the points within the insertion tile and
its neighbors and the corresponding finalization points (1f any)
have been insgerted into the mesh, no new points will appear that
will intersect any of the circumcircles in the mesh. The mesh 1is
therefore stable.

Referring to Fig. 5, a fully constructed mesh 1s shown as a
single mesh, and as a union of four separate meshes. The regular
triangles in the mesh, such as are located near the top border of

the single mesh, represent  triangulations  generated with

finalization points., Accordingly, the mesh 1s continuous, and the

mesh partitions can be joined to form continuous meshes. bkach of
the triangles that are on or cross a partition border 510, which
can represent one or more tile borders, are determined to belong
to one partition or the other. Some triangles may have vertices
that are located across a border. However, as long as the
determination of how a triangle should be placed in one partition
or another is consistently applied, each partition will have an
edge composed of triangles that exactly matches that of a
neighboring partition.

Referring to Fig. 6, a flowchart 700 1llustrates the steps of
the analysis stage and meshing stage described above, As

illustrated in flowchart 700, the computation and storage of the

resolution map can be implemented separately and in parallel with
the reorxdering, indexing and storage of the point cloud. That 1s,
the resolution map can be computed from the original point cloud
files, or from the reordered and indexed stored point cloud.
Also, the analysis stage and meshing stage are discrete,
indicating that once a resolution map is generated, and the point
cloud is reordered and/or indexed and stored, a meshing operation

can be conducted at any time. Moreover, if more points are added

to the point cloud, the resolution map can be recalculated and the,

modified point cloud can be reordered and/or indexed for storage
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to account for the new points, without impacting how the meshing

stage i1s implemented. This flexibility in design represents a

significant advantage over mesh generation systems that require
all the data points in the point c¢loud to be held in memory to
generate the mesh.

The resclution and the asgssociated binning grid can be thought
of as an a priori nodel of the distribution of points in each
tile. The insertion of finalization points limits the =2ize of the

circumc¢ir¢les in the mesh to a fixed multiple of the resolution.

As a result, once all of the wvalid points within a fixed window
around any area and the corresponding finalization points (1f any)
have been inserted into the mesh for a partition, no new points

will appear that will intersect any of the cilrcumcircles 1n the

partition mesh indicating that the so constructed partilition mesh
ig stable. For example, 1f a user specifies a resolution of two
meters for the resclution map, upon forming the mesh partition,
points that are greater fthan two meters from the edge of the
partition will not interact with the points in the partition
during triangulation.

Because Delaunay Triangulations are unique and deterministic
and the placement of the finalization points is deterministic, the

triangulation of the partitions as well as the entire mesh is
unigue and deterministic. Provided that each triangle c¢an be

deterministically assigned to one and only one partition, the
union of the partitions will therefore DPe equivalent to a
triangulation of the entire mesh.

The systems and methods of the present disclosure provide a
number of advantages. For example, the algorithm can be used to
generate a mesh over very large collections {(e.g. billions) of
regqular and/or irreqular points by generating mesh partitions.
Mesh partitions can be generated in parallel, and can be joined to

obtain a larger continuous mesh. Accordingly, the computation of
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a mesh can readily be distributed across computers or networks,
the results of which can be combined to obtain a larger mesh as a
union of partition meshes.

ITn addition, operations such as contour algorithms, performed
on a mesh partition, can be distributed and collected based on

mesh partitions to obtain a proper result for a larger mesh,

without having to perform the operation on the larger mesh. Thus,
the mesh partitions can exhibit linearity. Also, the mesh
partitions intersect at the partition boundaries. The regolution
value effectively produces meshes that can have edges that are
limited in length. In addition, the resclution can be adjusted

dynamically to model different density conditions. The resolution

can also be specific to a tile, so0 that the mesh c¢an have

different, useful densities of points and/or resolutions.

The buffer around the User Area being meshed 15 relatively
small. Its size can ke computed explicitly 1in terms oI the
resolution values. It is the definition of this buffer area, in
accordance with user-specified criteria, that stabilizes the mesh

generation for the pertinent parftitions. The points added to the

mesh that fall outside the buffer, as determined by the user-
specified criteria, do not impact the mesh already formed near the

edge of the partition. This useful phenomena is an intentional

result of insertion of finalization points and user-specified

criteria for defining a border size (directly or indirectly), and

permit a number of partition meshes to be generated that can be

combined to represent larger portions of the overall mesh.

The meshing algorithm can work on any data set on which the
resolutions in the resolution map can be computed. In some cases
(e.g. a fixed-resclution raster), the resolutions are given

explicitly by the data. In others, (e.g. a nested raster), they

can easily be computed. A construction technique can be used to
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either compute the resolutions 1in the map, or specifically place
the points in the mesh, or both.

The variable resolution mesh technigue can produce a mesh at
multiple levels of detail, making it well suited for multi-level
visualization. This visualization technique allows users to view
an overview of a large area at a very coarse level of detail, and
then zoom 1in to a smaller area that is represented at a finer
level of detall.

The resclution map can be computed using custom tools for
construction in accordance with one or more parameters. For
example, a construction tool 1is provided for generating the
resolution map as a function of the density of points 1in each
tile, The resolution map can also be computed using other
attributes, such as, for example, the variance of the points in an
area, their change in any one dimension, or any other attributes
that can contribute to forming the resolution map. Furthermore,
the choice of resolution wvalues can influence the performance of
the meshing algorithm in practice, which can be accommodated by
the construction tools,

The variable resolution meshing algorithm has been described

in the above document in the context of a 2D or 2.5D mesh (one in

which the point positions are 2D coordinates in the horizontal

plane). However, the disclosure is not to be viewed as limited to
these examples, since the meshing algorithm can be used for points
representing a space that has one or more arbitrary number of
dimensions. For example, 3D meshes (in which the point positions
are fully 3D) can be realized in which the resolution map gquadtree
and binning grid are extended to a third dimension, e.g. using an
octree and 3D binning grid. Mesh generation technigues that use

tetrahedralization techniques can be used to compute a 3D mesh

once binning has been performed.
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The operations depicted and/or described herein are purely
exémplary and imply no particular order. Further, the operations

can be used in any sequence when appropriate and can be partially

used. With the above embodiments in mind, it should be understood
that they c¢an employ various computer-implemented operations
involving data transferred or stored in computer systems. These
operations are those requiring physical manipulation of physical
quantities. Usually, though not necessarxily, these guantities
take the form of electrical, magnetic, or optical signals capable
of being stored, transferred, combined, compared and otherwise
manipulated.

Any of the operationsgs depicted and/or described herein that
form part of the embodiments are useful machine operations. The
embodiments also relate to a device or an apparatus for performing
these operations. The apparatus can be specially constructed for
the required purpose, or Tthe apparatus can be a ¢general-purpose

computer selectively activated or configured by a computer program

atored 1n . the computer. In particular, various general—-purpose
machines emplovying one o©or more processors coupled to oOne or more

computer readable medium, described below, can be used with

computer programs written in accordance with the teachings herein,

or it may be more convenient to construct a more specialized

apparatus to perform the required operations.

The disclosed systems and methodas can alao be embodied as

computer readable code on a computer readable medium. The
computer readable medium is any data storage device that can store

data, which can be thereafter be read by a computer system.
Examples of the computer readable medium 1include hard drives,
read-only memory, random-access memory, CD-ROMs, CD-Rs, CD-RWs,

magnetic tapes and other optical and non-optical data storage

devices., The c¢omputer readable medium can also be distributed
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over a network-coupled computer system so0 that the computer
readable code 15 stored and executed in a distributed fashion.

The foregoing description has been directed to particular

 embodiments of this disclosure. It will be apparent, however,

that other variations and modifications may be made to the

described embodiments, with the attailinment of gsome or all ¢of their
advantages. The procedures, processes and/or modules described
herein may be implemented in hardware, software, embodied as a
computer-readable medium having program instructions, firmware, or
a combination thereof. For example, the function described herein
may be performed by a processor executing program instructions oﬁt
of a memory or other storage device. Therefore, 1t 1s the object
of the appended claims to cover all such variations and
modifications as come within the true spirit and scope of the

cdisclosure.
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Claims:

[. A computcr implemented method for generating a polygonal mesh based on a collection
of points, comprising:

generating, by a processor, a resolution map that includes a set of tiles, each tile having an
assoctated resolution value representative of a density of the points located in the tile;

detining a binning grid for each tile based on the associated resolution value of the tile;

selecting one or more tiles for inclusion in a mesh partition for mesh generation;

assigning each point associated with each selected tile to a bin in the binning grid of a
respective tile;

assigning a finalization point to each empty bin in the binning grid;

generating, by the processor, the mesh partition using points assigned to the bins in the
selected tiles;

removing polygons from the mesh partition that include one of the finalization points at a
vertex: and

outputting the mesh partition.

2. The method according to claim 1, further comprising receiving a mesh area input for
generating the polygonal mesh, wherein the mesh area input is user input defining an area of the

polygonal mesh.

3. The method according to claim 2, further comprising selecting all tiles that are at least

partially within the arca defined in the mesh area input.

4. The method according to claim 3, further comprising generating each mesh partition that

1s at least partially within the area defined in the mesh area input.

5. The method according to claim 4, further comprising generating each mesh partition

using points located outside each respective mesh partition.

6. The method according to claim 5, wherein the points located outside each respective

mesh partition are determined by the resolution value.

CA 2846327 2017-08-28



7. The method according to claim 1, wherein the resolution map is generated in accordance

with one or more of: a quadtree and an octree structure.

8. The method according (o claim 1, wherein the mesh partition is one or more of: a 2D and

3D mesh.

9. The method according to claim 1, further comprising generating the resolution map based

on onc or more of: a characteristic of the collection of points and an attribute of the points.

10. The method according to claim 1, further comprising organizing and storing the

collection of points in accordance with an associated spatial position of each point in the collection

of points.

11. A system for gencrating a polygonal mesh from a collection of points, comprising:

a processor communicatively coupled to a memory and operative to execute instructions

retrieved from the memory to:

generate a resolution map that includes a set of tiles, each tile having an associated
resolution value representative of a density of the points located in the tile;
define a binning grid for each tile based on the associated resolution value of the tile;

select one or more tiles for inclusion in a mesh partition for mesh generation;

assign each point associated with each selected tile to a bin in the binning grid of a

respective tile;

assign a tinahzation point to each empty bin in the binning grid;
generate the mesh partition using points assigned to the bins in the selected tiles; and

remove polygons from the mesh partition that include one of the finalization points at a

vertex.

12. The system according to claim 11, wherein the processor is further operative to receive a
mesh area input for generating the polygonal mesh, wherein the mesh area input is user input

defining an area of the polygonal mesh.

CA 2846327 2017-08-28



13. The system according to claim 12, wherein the processor is further operative to select all

tiles that are at least partially within the arca defined in the mesh area input.

14. The system according to claim 13, wherein the processor is further operative to generate

each mesh partition that is at least partially within the area defined in the mesh area input.

15. The system according to claim 14, wherein the processor is further operative to gencrate

each mesh partition using points located outsidc cach respective mesh partition.

16. The system according to claim 11, wherein the processor is further operative (o organize
and store the collection of points in accordance with an associated spatial position of each point in

the collection of points.

17. A computer implemented method for generating a mesh, comprising:

detcrmining, by a processor, a mesh partition to be generated;

assigning a bmning grid to at least one tile in the mesh partition;

assigning each point associated with the at least one tile to a bin in the binning grid;

assigning a tinalization point to each empty bin in the binning grid;

generating, by the processor, the mesh using the points assigned to the bins in the binning
orid; and

removing polygons from the mesh partition that include one of the finalization points at a

vertex.

18. The method according to claim 1, further comprising:

loading the resolution map into memory; and
loading a subset of points from the collection of points into the memory, where the subset of

points includes each point in the selected one or more tiles.

19. The method according to claim 1, wherein the resolution map is a hierarchical resolution

map.

-6 -
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20. The method according to claim 1, further comprising combining the mesh partition with
at least one additional independently triangulated mesh partition to generate a single, contiguous,

non-self-intersecting mesh that covers an area represented by the collection of points.
21. The method according to claim 17, further comprising receiving a mesh area input for
generating the polygonal mesh,

wherein determining the mesh partition to be generated 1s based at least in part on the mesh

area input.

-7 -
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Read Point Cloud from Files

Compute Resolution Map Reorder and Index Point Cloud
Store Resolution Map Store New Point Cloud

Analysis Stage
Meshing Stage

User Specifies Area

Determine Number of Partitions
Overlapping Mesh Area

Load Points

Bin Points and Insert
Finalization Points

Create Partition Triangulation

Remove Finalization Triangles
700

FIG. 6
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