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Obtain an intial LOD

Generate a plurality of LODs from initial LOD
- such that g first texture image LOD isa |

refinement of a second texture LOD

13041
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From the plurality of LODs, combine .
sequence of single-rate encoded mesh LODs
with encoded texture image LODS 4405
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Cambine encoded
 Generate | - mesh and texture _

~ plurality of 1502 image LODs to form
. LODs | ~ recovery bilstream
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~ Perform progressive
i ~ encoding onthe
5 Remove LODs with corresponding t éxtureiﬁ 1514
 distortion and bitrate | ~ imageLODs
greater than distortion —— 1504 e |
and bitrate of another |
5 LOD f

.............................................................
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Perform single-rate
encoding on the

i . ; optimal segquence of """""" 1312
- senerale candidate i E
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COST-DRIVEN FRAMEWORK FOR
PROGRESSIVE COMPRESSION OF
TEXTURED MESHES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application i1s a continuation of U.S. patent
application Ser. No. 16/411,919, filed on May 14, 2019,

which 1s a continuation-in-part of U.S. patent application
Ser. No. 16/279,319, filed on Feb. 19, 2019, now U.S. Pat.
No. 10,977,773 entitled “Cost-Driven Framework for Pro-
gressive Compression of Textured Meshes,” the disclosures
of which are incorporated by reference herein in their
entireties.

TECHNICAL FIELD

[0002] This description relates to compression of three-
dimensional object data.

BACKGROUND

[0003] Some applications such as video games in virtual
reality (VR), oflice applications 1n augmented reality (AR),
and mapping software applications involve representing
three-dimensional objects to a user. In one example, an
adventure game played by a user 1n a virtual reality envi-
ronment may require the generation of virtual trees, rocks,
and people. In another example, a mapping application may
require the representation of buildings. In some applications,
cach such object includes a triangular mesh having a plu-
rality of vertices, 1.e., points in space that form triangles.
Such a triangular mesh 1nvolves a plethora of data that may
be stored on disk and transmitted to the user. Practical
implementations of storing and transmitting the triangular
mesh data representing a virtual object include compressing
the trnangular mesh data. Some applications such as video
games 1n virtual reality (VR), oflice applications in aug-
mented reality (AR), and mapping software applications
involve representing three-dimensional objects to a user. In
one example, an adventure game played by a user 1n a virtual
reality environment may provide representations of virtual
trees, rocks, buildings or people. In some applications, 1t 1s
beneficial to provide for an object several approximations of
varying level of detail. A low level of detail (requiring less
data) may be used as a placeholder while the actual object
1s still loading to improve the experience of the user. In some
applications, a lower level 1s displayed while the object 1s 1n
the distance, and a higher level 1s needed, e.g., as the
distance between the user and the object decreased.

[0004] In some applications, data representing these
objects include a triangular mesh having a plurality of
vertices, 1.e., points 1n space that form triangles, and poten-
tially other attributes such as normals, color or UV coordi-
nates associated with corresponding texture images. (UV
coordinates are a two-dimensional representation of texture
data that 1s rendered 1n three dimensions.) In the process, a
plethora of data may be stored on disk or transmitted to the
user. A progressive encoding of the data 1s the encoding of
a chain of LODs where the encoder provides for a LOD 1n
the chain a data structure that allows the generation of the
L.OD from a previous LOD in the chain. Thereby, compres-
sion can benefit from information 1n the previous LOD.
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SUMMARY

[0005] In one general aspect, a method can include obtain-
ing, by processing circuitry of a server computer configured
to encode information related to a surface of a three-
dimensional object, data representing an 1initial level of
detail (LOD), the mitial LOD including an initial mesh LOD
and an 1nitial texture image LOD, the imtial mesh LOD
including an mitial triangular mesh and an 1nitial texture
atlas. The method can also include generating, by the
processing circuitry, a plurality of LODs based on the nitial
L.LOD, each of the LODs of the plurality including a respec-
tive mesh LOD and a respective texture image LOD, a first
texture 1image LLOD of a first LOD of the plurality being a
refinement of a second texture image L.OD of a second LOD
of the plurality. The method can further include performing,
by the processing circuitry, single-rate encoding operations
on the respective mesh LODs of a sequence of LODs of the
plurality to produce a sequence of single-rate encoded mesh
L.ODs, the single-rate encoded mesh L.ODs, when combined
with an encoding of corresponding texture image LODs,
forming an eflicient compression of the data that, upon
decoding, enables a user to render the surface at any LOD.

[0006] The details of one or more implementations are set
forth 1n the accompanying drawings and the description
below. Other features will be apparent from the description
and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 1s a diagram that illustrates an example
clectronic environment for implementing improved tech-
niques described herein.

[0008] FIG. 2 1s a diagram that illustrates an example
method of performing the improved techniques within the
clectronic environment shown in FIG. 1.

[0009] FIG. 3 1s a diagram that illustrates a cost-driven
framework for progressive compression of textured meshes
within the electronic environment shown in FIG. 1.

[0010] FIG. 4 1s a diagram that 1llustrates an abstraction
generated by mesh decimation within the electronic envi-
ronment shown 1n FIG. 1.

[0011] FIG. SA 1s a diagram that illustrates example arti-
facts due to texture seams during mesh decimation within
the electronic environment shown 1n FIG. 1.

[0012] FIG. 5B 1s a diagram that 1llustrates example seams

as edges of a mesh within the electronic environment shown
in FIG. 1.

[0013] FIG. 6A 1s a diagram 1llustrating an example re-
atlasing within the electronic environment shown 1n FIG. 1.

[0014] FIG. 6B 1s a diagram 1illustrating example seams
before and after re-atlasing and a resulting abstraction and
textured abstraction within the electronic environment

shown 1n FIG. 1.

[0015] FIG. 7 1s a diagram 1illustrating seam-preserving
operators within the electronic environment shown in FIG.

1

[0016] FIG. 8 1s a diagram illustrating a diameter-based
prediction within the electronic environment shown in FIG.

1

[0017] FIG. 9 1s a diagram illustrating geometry and
texture multiplexing within the electronic environment
shown 1 FIG. 1.
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[0018] FIG. 10A 1s a diagram illustrating an example
rate-distortion curve within the electronic environment
shown 1n FIG. 1.

[0019] FIG. 10B 1s a diagram 1llustrating another example
rate-distortion curve within the electronic environment
shown 1n FIG. 1.

[0020] FIG. 10C 1s a diagram 1llustrating another example
rate-distortion curve within the electronic environment
shown 1n FIG. 1.

[0021] FIG. 11A 1s a diagram 1illustrating a table compar-
ing values of agony from different approaches to compress-
ing various models.

[0022] FIG. 11B 1s a diagram illustrating resulting tex-
tured meshes resulting from the improved techniques per-
formed within the electronic environment shown i FIG. 1.
[0023] FIG. 12 1s a diagram that illustrates another
example electronic environment for implementing improved
techniques described herein.

[0024] FIG. 13 1s a diagram that illustrates an example
method of performing the improved techniques within the
clectronic environment shown in FIG. 12.

[0025] FIG. 14 1s a diagram that illustrates an example
arrangement of LOD data and the removal of some of the
data.

[0026] FIG. 15A 1s a diagram that 1llustrates a flow chart
representing a process for generating a hybrid encoding of
mesh and texture image LOD:s.

[0027] FIG. 15B 1s a diagram that illustrates example
encoding schemes for mesh and texture image L.ODs.
[0028] FIG. 16 1illustrates an example of a computer
device and a mobile computer device that can be used with
circuits described here.

DETAILED DESCRIPTION

[0029] A conventional approach to compression of trian-
gular mesh data involves encoding a level of detail (LOD)
refinement 1 a progressive encoder. In this progressive
encoder, the refinement 1s represented by a bitstream pro-
duced by the encoder. Such a conventional progressive
encoder uses the same algorithm to reduce a LOD at each
LOD reduction step. Accordingly, the encoding process
begins with a high LOD, including a very fine mesh, from
which successively lower LODs, including lower meshes,
are all generated using, for example, a specific mesh deci-
mation algorithm to produce a chain of LODs of the encoded
progressive mesh.

[0030] A technical problem involved in the above-de-
scribed conventional approach to compressing triangular
mesh data 1s that the above-described conventional approach
to compressing triangular mesh data lacks tlexibility and
may result 1n a suboptimal decoding experience for a user.
For example, a progressive mesh encoder may use the mesh
decimation process to define a lower level of detail (LOD)
to be used by a progressive mesh decoder, in which a lower
LOD corresponds to a less faithiful representation of a
surface of a three-dimensional object. Nevertheless, there
are other LOD reduction processes, e€.g., quantization, by
which a lower LOD may be defined by an encoder for a
decoder. It 1s unclear which of the different processes may
result 1n a better experience for the user in terms of distortion
that the user experiences while the chain of LODs 1s being
transterred and displayed.

[0031] A technical solution to the above-described tech-
nical problem involves defining a cost metric that predicts
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how much computing resources are necessary to decode and
render a mesh at a given LOD. The cost metric may be
optimized by a selection of a LOD reduction process of a
plurality of processes at each LOD reduction step. For each
process of the plurality of processes, the LOD 1s reduced
according to that process and the resulting reduced LOD 1s
evaluated according to the cost metric. Each such process at
that LOD reduction step produces a respective LOD, which
includes a mesh, zero or more texture atlases, and/or other
attributes. The LOD produced by the process having the
lowest value of the cost metric at a reduction step 1s the LOD
that 1s mput into the next LOD reduction step. As an
example, three LOD reduction processes include decima-
tion, quantization of vertex coordinates (1.e., “XYZ coordi-
nates”), and quantization of texture coordinates (i.e., “UV
coordinates”™).

[0032] A technical advantage of the above-described tech-
nical solution is that a progressive mesh encoder resulting
from such an optimization of the agony at each LOD
reduction phase will improve the rate-distortion tradeoil
and, ultimately, the user’s experience in decoding and ren-
dering the LODs representing three-dimensional objects 1n
an application.

[0033] As stated above, a LOD as defined herein i1s a
representation of a surface that includes a mesh (e.g., a
triangular mesh including connectivity data), one or more
texture atlases (1.e., a section of a plane that include texture
patches, each of which 1s mapped onto clusters of faces of
the mesh), as well as potentially other attributes (e.g., vertex
coordinates, normal, colors). LODs rather than meshes are
operated on herein so that cost metrics may be dependent on
all data used to describe the object represented by the LOD
rather than the mesh only, for istance, the LOD may also be
reduced by reducing the quality of the used texture 1image.

[0034] As also stated above, a lower LOD corresponds to
a less faithful representation of a surface of a three-dimen-
sional object. Because a representation of a surface includes
not only a geometrical mesh but also a texture and attributes,
an ordering of the LODs may refer not only to a number of
vertices of the mesh, but also a number of pixels of a texture
atlas representing a texture of the surface. For example, a
first LOD may be higher (or lower) than a second LOD even
though their respective meshes have the same number of
vertices because the first mesh may have more (or fewer)
pixels 1n their respective texture atlases.

[0035] FIG. 1 1s a diagram that illustrates an example
clectronic environment 100 1n which the above-described
technical solution may be implemented. As shown, in FIG.
1, the example electronic environment 100 includes a com-
pression computer 120.

[0036] The compression computer 120 i1s configured to
compress data associated with a triangular mesh represent-
ing a three-dimensional object. The compression computer
120 includes a network interface 122, one or more process-
ing units 124, and memory 126. The network interface 122
includes, for example, Ethernet adaptors, Token Ring adap-
tors, and the like, for converting electronic and/or optical
signals received from a network to electronic form for use by
the point cloud compression computer 120. The set of
processing units 124 include one or more processing chips
and/or assemblies. The memory 126 includes both volatile
memory (e.g., RAM) and non-volatile memory, such as one
or more ROMs, disk drives, solid state drives, and the like.
The set of processing units 124 and the memory 126 together
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form control circuitry, which 1s configured and arranged to
carry out various methods and functions as described herein.

[0037] In some embodiments, one or more of the compo-
nents of the compression computer 120 can be, or can
include processors (e.g., processing units 124) configured to
process 1nstructions stored in the memory 126. Examples of
such instructions as depicted 1in FIG. 1 include a LOD
manager 130, a LOD reduction manager 140, a cost metric
manager 160, and a selection manager 170. Further, as
illustrated 1n FIG. 1, the memory 126 is configured to store
various data, which 1s described with respect to the respec-
tive managers that use such data.

[0038] The LOD manager 130 1s configured to obtain,
store, and/or transmit first LOD data 132. In some 1mmple-
mentations, the LOD manager 130 1s configured to receive
the first LOD data 132 over a network connection via the
network interface 122. In some implementations, the LOD
manager 130 1s configured to produce the first LOD data
132. In some 1mplementations, the mesh manager 130 1s
configured to retrieve the first LOD data 132 from a storage
medium (e.g., a disk, a flash drive, or the like).

[0039] The first LOD data 132 represents a LOD that 1s
input into the LOD reduction manager 140. The LOD itself
represents an approximation to a surface of a three-dimen-
sional object. Such an approximation includes a geometric
aspect (e.g., mesh connectivity, vertex coordinates), a tex-
ture aspect (texture atlas and coordinates), and an attribute
aspect (e.g., normal, color). As shown i FIG. 1, the LOD
data 132 includes first mesh data 134 and texture data 138.

[0040] The first mesh data 132 represents the triangular
mesh that defines the geometry of the approximation to the
surface. The mesh includes vertices, edges connecting the
vertices, and triangular faces defined by the edges. As shown
in FIG. 1, the first mesh data 134 includes vertex position
data 135, connectivity data 136, and edge data 137.

[0041] The vertex position data 135 represents the posi-
tions of the vertices of the mesh. The positions of the
vertices are representations of triplets of real numbers, each
triplet being position coordinates of a vertex in space. In
some 1mplementations, the position coordinates are quan-
tized so that the real numbers have truncated bit represen-
tations. In such an implementation, the vertices are adjusted
to lie on a lattice, 1n which the lattice spacing decreases with
the number of bits 1n the bit representation.

[0042] The connectivity data 136 represents the topology
and adjacency of the mesh. For example, the connectivity
data 136 15 used to define a traversal of the mesh. In some
implementations, the connectivity data 136 includes triplets
of integer 1ndices for each corner of each triangular face of
the mesh, each of the triplets including an index i1dentifier of
an associated vertex, an index identifier of an opposite
corner, and an index identifier of an adjacent corner. The
triplets are arranged 1n an order for traversal of the mesh.
Such triplets then provide an ordering of the triangular faces
for traversal and an orientation of each triangular face. The
positions of the vertices represented by the vertex position
data 135 are arranged in an order defined by the index
identifiers included in the connectivity data 136. In some
implementations, the connectivity data 136 takes the form of
a doubly connected edge list, in which an opposing corner
1s 1nterpreted as a halt-edge.

[0043] The edge data 137 represents the edges of the mesh
as defined by the vertex position data 135. In some 1mple-
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mentations, the edges of the mesh are indexed based on the
order of the triplets defined by the vertex position data 135.
[0044] In some implementations, the texture data 138, 1f
present, represents a texture that may be mapped onto the
mesh represented by the first mesh data 134. In some
implementations, the texture data 138 includes coordinate
pairs within a square or rectangular boundary of a texture
atlas. In some implementations, there 1s more than one
texture atlas represented by the texture data 138. In some
implementations, the multiple texture atlases share a com-
mon UV coordinate system. At each coordinate, there 1s a
scalar quantity representing a brightness or hue of an 1image.
In some implementations, there may be other attributes such
as color data for the 1mage; such data may be represented as
a triplet or quadruplet of real numbers. In some 1mplemen-
tations, the coordinate pairs are quantized, or expressed
using a number of bits; that 1s, the texture atlas includes a
orid of coordinates.

[0045] The texture data 138 further represents patches of
image data such that the data of a patch 1s mapped to a subset
of the triangular faces of the mesh. In some 1mplementa-
tions, the texture data 138 also includes seams of the texture
atlas, or boundaries of each of the patches. The seams form
a subset of the edges represented by the edge data 137.

[0046] The LOD reduction manager 140 1s configured to
perform one of a plurality of LOD reduction processes on
the first LOD data 132 to produce the candidate LOD data
150, 150', and 150". As shown 1n FIG. 1, the LOD reduction
manager 140 includes a mesh decimation manager 142, a
XYZ quantization manager 144, and a UV quantization
manager 146. The LOD reduction manager 140 1s also
configured to generate a recovery bitstream representing the
L.OD reduction process that had been performed to produce

candidate LOD data 150, 150', 150",

[0047] In some implementations, there are one or more
instances of the mesh decimation manager 142, each being
configured to perform a diflerent mesh decimation opera-
tion. In some implementations, the decimation operation
may include one of a set of edge collapse operations, such
as halt-edge, mid-edge or a full edge operations. The full-
edge collapse operation allowing to place a merged vertex
freely. In some implementations, the full-edge collapse
operation 1s configured such that the merged vertex 1s placed
such that an error function (e.g., a quadric error metric or 1ts
variants) 1s minimized. In some implementations, the above-
described decimation operations may 1include a vertex
removal operation.

[0048] The mesh decimation manager 142 1s configured to
perform edge collapse operations on the first mesh data 134
to produce mesh data 152 of candidate LOD data 150. In
some 1mplementations, the edge collapse operations include
a full edge collapse operation and a half-edge collapse
operation. The haltf-edge collapse and the full-edge collapse
are discussed in further detail with regard to FIG. 7.

[0049] In some implementations, the edge collapse opera-
tions performed on the first LOD data 132 are configured to
preserve a set of seam edges. In some implementations, the
scam edges may be provided alongside with the first LOD.
In some 1implementations, the seam edges may be generated
from an abstraction of the reference mesh that 1s provided

alongside with the first LOD.

[0050] In some implementations, the abstraction may be
generated by a separate dedicated process. For instance, 1n
a process that tries to minimize the distortion of the abstrac-
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tion relative to the provided reference more globally, for
instance, for a fixed triangle budget (e.g., a fixed number of
triangles), the process may also pay attention to specific
properties of the input mesh such as symmetry. In some
implementations, the abstraction 1s provided by an artist to
mimmize the perceived distortion of a human model by the
abstraction.

[0051] In some implementations, the abstraction 1s repre-
sented by a set of edges that bound a set of polygonal faces,
cach being bounded by at least three edges of the set of
edges. In some implementations, every polygonal face of the
abstraction 1s bounded by exactly three edges, the abstrac-
tion 1s represented by a triangular mesh.

[0052] In some implementations, the set of edges of the
triangular mesh of the first LOD include a possibly empty set
of boundary edges. The set of seam edges includes the set of
boundary edges.

[0053] A subdivision 1s a decomposition of a first set into
a second set of subsets such that the intersection of each pair
of subsets 1s empty and such that the union of all subsets
equals the first set. Thus, each element of the first set belongs
exactly to one subset of the second set. An example of the
first set may be a set of all triangles of an input mesh; the
subdivision 1s a set of patches (not necessarily triangular)
embedded 1n a texture 1mage.

[0054] A first set and a second set form a one-to-one
correspondence 1 there exists a byjective function from the
first set into the second set. That 1s each element of each set
1s associated with exactly one element of the other set.
Thereby, the first set, or the second set or both may be a set
of subsets. Specifically, a set maybe a set of subsets of a
subdivision.

[0055] The set of seam edges defines a subdivision of the
set of triangles of the mesh of the first LOD 1into a set of
connected components. In some implementations, the set of
connected components forms a one to one correspondence
with the set of polygonal faces of the abstraction.

[0056] In some implementations, the set of seam edges 1s
subdivided into chains of edges. The chains are a set of
subsets of the set of edges forming a subdivision of the seam
edges. The set of subsets form a one to one correspondence
with the set of edges of the abstraction.

[0057] In some implementations, the set of seam edges
may be generated by finding for every vertex of the abstrac-
tion a closest vertex on the first LOD. And then finding a
disjoint set of chains of edges that connect the found vertices
according to the vertex pairs defined by the edges of the
abstraction. For instance, one may choose a chain of edges
that 1s closest to the corresponding edges of the abstraction.
[0058] Insome implementations, a LOD reduction process
produces an edge collapse from a predefined set of allowed
edge collapses. In some implementations, the LOD reduc-
tion process may include an edge collapse into the set of

allowed edge collapses 11 the edge collapse does not move
a vertex on a seam.

[0059] In some implementations, the LOD reduction pro-
cess 1 addition produces an edge collapse into the set of
allowed edge collapses 1 the edge 1s interior to the chain of

edges. An edge 1s interior to a chain 1f the edge 1s not one
of the two end edges.

[0060] Intuitively, such a seam preserving configuration
guides the above-described edge collapse process towards
the abstraction since a seam 1s protected from large distor-
tion by never moving a vertex away from a seam chain.
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Specifically, this means that a vertex that belongs to more
than one chain of edges does not move during any edge
collapse.

[0061] In some implementations, the texture data, 11 pres-
ent, may be reconfigured such that a chain of edges is
mapped onto a straight edge 1n the two-dimensional set of
UV coordinates. The straight edge 1s for example a corre-
sponding edge of a texture atlas generated for the abstrac-
tion. The remaining UV coordinates of each polygonal patch
may then be embedded inside a polygon which 1s the
corresponding polygon 1n the texture atlas of the abstraction
such that the embedding of UV coordinates 1s planar. The
texture 1mage information 1s moved accordingly.

[0062] If the first LOD and the second LOD are generated
by seam preserving edge collapses, the image of the texture
atlas of the first LOD can be shared with the resulting texture
atlas of the second LOD.

[0063] The XYZ quantization manager 144 1s configured
to perform an XYZ quantization operation on the vertex
position data 135 to produce the candidate data 150'. In some
implementations, the XYZ quantization operation includes
decrementing the length of a bit string representing each of
the coordinate triplets represented by the vertex position
data 135 by one bit. In such implementations, a vertex of the
mesh 1s located at a center of a three-dimensional cell of a
lattice. The XYZ quantization operation 1s configured to
move the vertex to the center of a three-dimensional cell of
a new lattice that has a larger spacing than the previous
lattice.

[0064] The UV quantization manager 146 1s configured to
perform a UV quantization operation on the texture data
138, specifically a UV quantization operation on UV coor-
dinate pairs represented by the texture data 138, to produce
the candidate data 150". Similar to the XYZ quantization
operation, the UV quantization operation 1s a reduction 1n
which the length of a bit string representing an approxima-
tion to the real numbers of the UV coordinates 1s decre-
mented by a bit. The UV coordinate of the texture atlas 1s at
the center of a cell of a two-dimensional lattice of UV
coordinates. The UV quantization manager then moves the
coordinate to the center of a cell of a new lattice that has a
larger spacing than the previous lattice.

[0065] The candidate LOD data 150, 150", 150" represent
the output of the above-described LOD reduction operations
by the LOD reduction manager 140. Similar to the first LOD
data, the candidate LOD data 150 includes respective mesh
data 152 and texture data 156, where the mesh data 152
includes vertex position data 153, connectivity data 154, and
edge data 155. In addition, the candidate LOD data 150
includes recovery bitstream data 158. The candidate LOD
data 150" and 150" include similar data as the candidate
[LOD data 150.

[0066] The recovery bitstream data 158 represents a
recording of the LOD reduction operation—in this case, the
decimation operation—by which the previous LOD may be
recovered. The recovery bitstream data 158 1s used by a
decoder to generate the next higher LOD using the inverse
of the LOD reduction operation, in this case the inverse of
the mesh decimation operation performed by the mesh
decimation manager 142. Further details of the recovery
bitstream data 158 1s described with regard to FIG. 3.

[0067] It 1s noted that the each of the candidate LOD data
150, 150', 150" represents an LOD that 1s lower than the first
LOD represented by the first LOD data 132; that 1s, the each
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of the candidate data 150, 150', 150" has less data and uses
fewer computational resources to decode and render than the
first LOD data 132. In some mmplementations, the LOD
reduction manager 140 also produces a very low LOD
known as an abstraction LOD. The abstraction LOD 1s used
to help define the seams that are to be preserved upon
performance of a LOD reduction operation. The abstraction
L.OD 1s further discussed with regard to FIGS. 3 and 4.
[0068] The cost metric manager 160 i1s configured to
generate cost data 162 for each of the candidate LOD data
150, 150", 150". In some implementations, the cost metric
manager 160 applies a cost metric (“agony”) to each of the
candidate LOD data 150, 150', 150". In this implementation,
the agony can be defined as a product of a measure of
distortion corresponding to a candidate LOD (e.g., candidate
LOD 150) and the amount of information defining each
LOD. In some implementations, the amount of information
1s a bit rate. In some 1mplementations, the amount of
information defining each LOD includes a size of the
recovery bitstream associated with that candidate LOD (e.g.,
recovery bitstream 158). In some implementations, the
amount of information defining each LOD 1s size of the
recovery bitstream associated with that candidate LOD. The
cost data 162 then includes values of the cost metric gen-
crated by the cost metric manager 160.

[0069] The selection manager 170 1s configured to per-
form a selection operation on the cost data 162 to produce
second LOD data 172. In some implementations, the selec-
tion operation includes selecting the smallest value of the
agony Ifrom the cost data. The second LOD data 172 then
represents the LOD associated with that smallest value of
the agony.

[0070] The second LOD data 172, being one of the can-
didate LOD data 150, 150', 150", includes respective mesh
data 174, texture data 178, and a recovery bitstream 179,
where the mesh data 174 includes vertex position data 175,
connectivity data 176, and edge data 177. The second LOD
data 172 represents output of a progressive encoding opera-
tion according to the improved techniques disclosed herein.
Moreover, the second LOD data 172 may be used as input
into another such progressive encoding operation as
described herein. These progressive encoding operations
may be repeated until a lowest LOD 1s achieved.

[0071] FIG. 2 1s a tlow chart depicting an example method
200 of encoding L.OD data.

[0072] The method 200 may be performed by software
constructs described 1in connection with FIG. 1, which reside
in memory 126 of the user device computer 120 and are run
by the set of processing units 124.

[0073] At 202, the LOD manager 130 obtains data (e.g.,
first LOD data 132) representing a {first level of detail
(LOD), the first LOD including a first triangular mesh (e.g.,
mesh data 134), the first level of detail (LOD) being lower
than or equal to a reference LOD that includes a reference
triangular mesh.

[0074] At 204, the LOD reduction manager 140 performs
a plurality of LOD reduction operations on the first LOD to
produce a plurality of candidate LODs (e.g., candidate LOD
data 150, 150', 150") and a plurality of recovery bitstreams
(e.g., recovery bitstream 158 and recovery bitstreams asso-
ciated with LOD data 150 and 150"), each of the plurality of
candidate LODs including a respective candidate triangular
mesh (e.g. mesh data 152 and mesh data associated with

LLOD data 150 and 150") of a plurality of candidate trian-
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gular meshes and being lower than the first LOD, each of the
plurality of recovery bitstreams being associated with a
respective candidate LOD of the plurality of candidate
L.ODs.

[0075] At 206, the cost metric manager 160 performs a
distortion measurement operation on each of the plurality of
candidate LODs to produce a measure of distortion from the
reference LOD of a plurality of measures of distortion from
the reference LOD corresponding to that candidate LOD.
[0076] At 208, the cost metric manager 160 generates a
respective value of a LOD cost metric associated with each
of the plurality of candidate L.ODs, the LOD cost metric
being based on (1) the measure of distortion of the plurality
of measures of distortion corresponding to that candidate

L.OD and (11) a size of the recovery bitstream associated with
that candidate LOD.

[0077] At 210, the selection manager 170 performs a
candidate selection operation on the values of the LOD cost
metric for each of the plurality of candidate LODs to
produce a second LOD (e.g., second LOD data 172), the
second LOD being lower than the first LOD, the candidate
selection operation being configured to (1) select, as the
second LOD, the candidate triangular mesh of the plurality
of candidate LODs associated with the smallest of the values
of the LOD cost metric and (11) select the recovery bitstream
of the plurality of recovery bitstreams associated with the

second LOD, the recovery bitstream enabling a recovery of
the first LOD from the second LOD.

[0078] FIG. 3 1s a diagram that illustrates a cost-driven
framework 300 for progressive compression ol textured
meshes. The framework 300 takes as imnput a reference LOD
including a reference texture atlas 304 and a reference mesh
306 representing a surface of a three-dimensional object.
The reference LOD 1s the highest LOD and 1s an 1mput into
the cost-driven progressive encoding scheme described
herein.

[0079] As 1llustrated 1n FIG. 3, the LOD reduction man-
ager 140 performs a preprocessing operation 310. The
preprocessing operation 310 includes a mesh abstraction
operation on the reference mesh 306 to produce a coarse
mesh called an abstraction mesh 312. The preprocessing
operation also 1ncludes a re-atlasing operation on the refer-
ence texture atlas 304 and the abstraction mesh 312 to
produce an abstraction texture atlas 314.

[0080] In some implementations, to generate the abstrac-
tion mesh 312, the LOD reduction manager 140 performs a
sequence ol mesh decimation operations on the reference
mesh 306 until the measure of distortion between the
abstraction mesh 312 and the reference mesh 306 i1s greater
than a specified distortion value. In generating the abstrac-
tion mesh 312, the LOD reduction manager 140 does not use
any 1nformation regarding the reference texture atlas 304.
Further details about the abstraction mesh 312 and the
abstraction texture atlas are disclosed with regard to FIG. 4.

[0081] FIG. 4 1s a diagram that illustrates an example
abstraction process 400. The abstraction process 400
involves using mesh decimation operations, starting with the
reference mesh 402(A) and ending with the abstraction mesh
404(A). Further detail of a portion of the reference mesh
402(B) and the abstraction mesh 404(B) are also shown. The
reference mesh 402(A) has 1.3 million vertices, while the
abstraction mesh 404(A) has 300 vertices. In some 1mple-
mentations, the abstraction mesh 404(A) 1s defined to be that
mesh resulting from repeated mesh decimation operations
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that 1s as coarse as possible while having a distortion value
not exceeding a user-specified maximum distortion. In some
implementations, the mesh decimation uses a quadric error
metric until the multi-scale structural similarnity (MS-SSIM)
distortion of a textured abstraction exceeds a user-defined
tolerance.

[0082] Some input textured meshes are generated using
automated algorithms. Such algorithms often create a com-
plex texture atlas with fragmented and irregular texture
scams. An extreme case occurs when all triangle edges
correspond to seams. In other cases, many texture mapping
methods are not aware of a LOD and are unfit for effective

progressive compression. Such a scenario 1s illustrated in
FIGS. 5A and 5B.

[0083] FIG. 5A i1s a diagram that illustrates example
artifacts 500 due to texture seams during mesh decimation.
FIG. SA shows another example reference mesh 502 and a
mesh 504 of a lower LOD resulting from a mesh decimation
operation. In this case, the mesh 504 suflers from high visual
distortion relative to the reference mesh 502.

[0084] FIG. 5B 1s a diagram that illustrates an example
mesh 552 (with detailed view 5354) having seams as the
edges of the mesh. The seams are shown in associated
texture atlas 556. During decimation, the triangles having
UV coordinates in different texture patches are merged.
Thus, the initial texture patches are not respected and the
area covered by the mesh triangles tend to shrink or expand
as the additional mesh decimation operations are performed,
as can be seen 1 FIG. 5A. One solution involves preserving
the seams as much as possible; nevertheless, the quality of
the lower LODs (having coarser meshes) drops with addi-
tional mesh decimation operations.

[0085] FIG. 6A 1s a diagram 1llustrating an example re-
atlasing operation on a reference texture atlas 602 to produce
an abstraction texture atlas 604. FIG. 6B 1s a diagram
illustrating example seams before 652 and after 654 re-
atlasing via the abstraction mesh, and a resulting abstraction
662 and textured abstraction 664. In the re-atlasing opera-
tion, the mput mesh is re-parametrized onto the abstraction
mesh 662, while reducing fragmentation and length of
texture seams. The mesh decimation operations are directed
toward the abstraction mesh 662 while being constrained to
preserve the secams of the new atlas 654.

[0086] To eflect the preservation of the seams in a re-
atlasing operation, all triangular faces of the input mesh 652
are arranged such that each cluster corresponds to one
triangular face of the abstraction mesh 662. A texture patch
1s then formed for each cluster by generating a planar
parameterization onto the corresponding abstraction {tri-
angle. Depending on the complexity of the abstraction mesh
662, the new (abstraction) texture atlas 604 may still include
a large number of seams which constrain decimation opera-
tions and are costly to single-rate encode as each seam uses
duplicated UV coordinates. Accordingly, the triangular tex-
ture patches are packed by attaching the triangles as much as
possible so as to exchange a low number of texture seams for
limited texture distortion. All texture seams which are
attached are first saved as “virtual seams,” which are pre-
served during the mesh decimation processes. After per-
tforming the re-atlasing operation, both the input (reference)
mesh 652 and the abstraction mesh 634 are assigned new
UV coordinates in the newly generated (abstraction) texture
atlas 604, from which the textured abstraction atlas 664 1s
produced.
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[0087] Returning to FIG. 3, the results of the preprocess-
ing operation 310 are used 1n a progressive encoding opera-
tion 318, which includes a plurality of LOD reduction
operations including a mesh decimation operation 324, an
XY 7 quantization operation 326, a UV quantization opera-
tion 328, and a texture reduction operation 330.

[0088] The progressive encoding operation 318 1s config-
ured to produce a stream of refinement via quantization and
LOD generation using a {line-to-coarse simplification
approach. As an 1nitial step, the progressive encoding opera-
tion 318 includes an mitial quantization step in which a
global, uniform quantization operation i1s performed for
XYZ (vertex) coordinates and UV (texture) coordinates by
converting the continuous, real coordinates into discrete,
integer coordinates. The XYZ coordinates use Q. bits and
the UV coordinates use Q, bits; the imitial values ot Q, and
Q. are large enough to yield a negligible distortion.

[0089] The progressive encoding operation 318 1s config-
ured to perform a plurality of LOD reduction operations on
meshes of LODs to produce meshes of candidate LODs. As
shown 1 FIG. 3, the LOD reduction operations include the
following;:

[0090] Mesh decimation operation 324: a batch of
seam-preserving edge-collapse operations that use the
quadric error metric extended to five dimensions (1.e.,
XYZ and UV coordinates) for textured meshes. Pro-
duces a candidate LOD 334 and a recovery bitstream

344.

[0091] XYZ quantization operation 326: the bit value
Q. 1s decremented by moving each vertex at a center of
a cell of a three-dimensional lattice of the coarser
quantization lattice. In some implementations, Q. 1s
decremented by one; in such an implementation, a cell
of the coarser lattice contains eight cells from the finer
lattice. Produces a candidate LOD 336 and a recovery
bitstream 346.

[0092] UV quantization operation 328: the bit value Q,
1s decremented by moving each vertex at a center of a
cell of a two-dimensional lattice of the coarser quan-
tization lattice. In some 1mplementations, QQ, 1s decre-
mented by one; 1n such an implementation, a cell of the

coarser lattice contains four cells from the finer lattice.
Produces a candidate LOD 338 and a recovery bit-

stream 348.

[0093] Texture reduction operation 330: 1n some 1mple-
mentations, this takes the form of a progressive JPEG
compression operation. Produces a candidate LOD 340
and a recovery bitstream 330.

[0094] In some implementations, there are other LOD
reduction operations.

[0095] Each of the geometry-based LOD reduction opera-
tions, the mesh decimation operation 324, the XY Z quanti-
zation step 326, and the UV quantization operations 328,
introduces an increase 1n the measure of distortion A, while
reversing a LOD reduction operation during a decoding uses
a bitrate A,. In some implementations, the measure of
distortion A,, 1s a perceptual distortion metric (1.e., distor-
tions from multiple points of view). In some 1implementa-
tions, the measure of distortion A, 1s an absolute value of a
sum over displacements of one of the XYZ and UV coor-
dinates. In some implementations, the measure of distortion
A, 15 an absolute value of a sum over displacements of the

XYZ and UV coordinates.
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[0096] In some implementations, the cost metric for each
LOD reduction operations for a given LOD 1s equal to the
product of the measure of distortion and the bitrate, A, A,
tor that LOD reduction operation at that LOD. This particu-
lar cost metric 1s referred herein as the agony. There are
other cost metrics depending on the measure of distortion
and bitrate. In some implementations, the cost metric 1s
proportional to the product of a power of the measure of
distortion and a power of the bitrate.

[0097] One may plot the measure of distortion A, against
the bitrate A, to produce a rate-distortion (R-D) curve. The
R-D curve usually reflects a tradeoil between the measure of
distortion and the bitrate. The R-D curve is represented by
stairsteps over the tradeofl curve, such that the measure of
distortion A, 1s constant between two LODs.

[0098] The cost metric manager 170 writes the values of
the measure of distortion A,, and the bitrate A, to the
memory 126 (e.g., cost data 162). In some implementations,
the cost metric manager 170 writes the agony, or more
generally, the values of the cost metric, to the memory 126.
The compression computer 120 (e.g., the selection manager
170) then selects, via a candidate selection operation 360,
the smallest value of the cost metric from the cost data 162,
and the candidate LOD data (e.g., candidate LOD data 334,
336, and 338) associated with that smallest value of the cost
metric to produce the reduced LOD 362. It 1s that candidate
L.OD data 334, 336, and 338, including the associated mesh
data and texture data, that was output from the current LOD
reduction operation and may be input into a next LOD
reduction operation. In some 1mplementations, the above-
described process may be repeated until a specified maxi-
mum distortion has been achieved. In some 1mplementa-
tions, the specified maximum distortion 1s the same used to
derive the abstraction LOD. It should be noted that the
reduced LOD 362 achieved by the above-described process
1s not necessarily the abstraction LOD as the abstraction
L.OD 1s derived by a sequence of mesh decimation opera-
tions.

[0099] As shown i FIG. 3, the mesh data of the reduced
L.OD 362, 11 the stop condition 366 1s achieved, 1s single-rate
encoded with lowered quantization bits to produce a single-
rate geometry encoding 370. In some implementations, the
bits per vertex used in such an encoding 1s less than 2. In
some 1mplementations, the bits per vertex used in such an
encoding 1s between 1.0 and 1.5. In some implementations,
the bits per vertex used in such an encoding 1s about 1.3 on
average.

[0100] The constraint to maintain the imput mesh connec-
tivity for the highest LOD leads to a common batched mesh
decimation paradigm to be applied. In some 1mplementa-
tions, the mesh decimation operations are performed using
batches of independent edge collapse operators sorted 1n a
priority queue.

[0101] During decoding, a canonical ordering of the ver-
tices of a mesh 1s used to locate the vertex split operators
which reverse (1.e., invert) the edge collapse operators used
in the mesh decimation operations, within the current batch.
Such a canonical ordering differs from the ordering of edge
collapse operators applied during mesh decimation opera-
tions, which depends on a priority queue. Accordingly, in
some 1implementations, the collapsed edges produced by the
edge collapse operators for an independent set. That is, the
collapsed edges are sufliciently separated from each other
such that each edge can be collapsed without interfering
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with the other edges of the plurality of edges (e.g., edge data
155). In such an implementation, an edge cannot be col-
lapsed 11 one of the vertices of its patch 1s the result of a
previous edge collapse.

[0102] The quadric error metric extended to five dimen-
s1ons to account for XYZ and UV coordinates as described
above preserves both mput mesh geometry and re-atlased
(abstraction) texture coordinates, and also handles texture
seams. The computation of this error metric produces, for
cach edge, an optimal vertex and texture atlas attributes of
the resulting vertex upon collapse which minimizes the error
defined by the metric. In each batch, the edge collapse
operators are organized in a priority queue, where the
priority indicates the error mtroduced by the edge collapse
operation. The next mesh decimation operation selected 1s
that which produces the smallest value of the error metric.
The mesh decimation operations are stopped when the value
ol the error metric 1s greater than a specified percentile (e.g.,
30%) of the errors computed for the plurality of edges

represented by the edge data of the mitial LOD data of the
batch.

[0103] For the mesh decimation operations, a degree of
freedom 1s a type of collapse (i.e., split) operation: a
half-edge collapse operation and a full-edge collapse opera-
tion. In the full-edge collapse operation, the location of the
merged vertex 1s determined by minimizing the local error
using the above-described error metric, at the cost of encod-
ing two residual vectors between the merged vertex and 1ts
two ancestors. In the half-edge collapse operation, the
location of the merged vertex 1s restricted to one of its two
ancestors. While the half-edge collapse operations introduce
a larger local error than that introduced for the full-edge
collapse operation, only a single residual vector 1s encoded
to reverse the operation during decoding.

[0104] In some 1mplementations, a mesh decimation
operation includes a hybrid of half-edge and full-edge
collapse operations. In some 1mplementations, the hybrd
includes performing a first batch of hali-edge collapse
operations and then performing a second batch of full-edge
collapse operations after performing the first batch of hali-
edge collapse operations. Such a hybrid improves the rate-
distortion tradeoil because a dense (1ni1t1al) mesh can achieve
lower errors using half-edge collapse operations while
coarse, later meshes should use full-edge collapse operations
to achieve a lower error. The LOD at which the hybnd
switches from half-edge collapse operation to full-edge
collapse operation 1s chosen to mimmize the agony.

[0105] As indicated in FIGS. SA and 5B, seam-preserving
mesh decimation operations avoid producing artifacts
around texture seams. In addition, the preservation of the
texture seams and the above-described virtual seams of the
re-atlas (abstraction) texture enables the mesh decimation
operations toward abstraction. Along these lines, seam-
preserving mesh decimation operations are achieved by
constraining the edge-based operations to obey a set of rules;
these rules are described with regard to FIG. 7.

[0106] FIG. 7 1s a diagram illustrating seam-preserving
operators. The rules illustrated 1n FIG. 7 are as follows:

[0107] If one of the edge vertices 1s on a seam, then
perform only a half-edge collapse (702 to 704) opera-
tion toward the seam.

[0108] If two vertices of an edge are on a seam which
1s not the edge 1tself (706 and 708), then do not collapse
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the edge. Rather, a set of edges that are candidates for
a collapse operation are selected.

[0109] Returning to FIG. 3, it 1s noted that the LOD
reduction operations, including the mesh decimation opera-
tions 324 and the XYZ and UV quantization operations 326
and 328, are to be reversed in a decoding operation. For
example, an 1nverse mesh decimation operation includes
batches of independent vertex operations. Each such batch
uses combinatorial information (e.g., which vertices to split
and how to update the connectivity during a vertex split) and
continuous information (e.g., where to relocate the two
vertices after splitting in XYZ-UV space).

[0110] After each batch of mesh decimation operations,
the vertices of the mesh are indexed (ordered) according to
a canonical spanming tree traversal, and the vertices to split
are 1dentified by a sequence of binary symbols. In some
implementations, the sequence 1s shortened by omitting the
vertices that cannot be split due to the constraints of having
an independent set of vertex split operations. For each vertex
split operation, the geometry data (e.g., the mesh data),
connectivity data, and texture mapping data are encoded
alter prediction.

[0111] The connectivity data are encoded first to help
predict the geometry represented by the geometry data. For
example, when performing a vertex splitting operation on a
vertex to produce two vertices, recovering the connectivity
data includes producing a connection between the two
vertices and their neighbors. Specifically, manifold and
non-manifold cases are encoded separately because the
surface represented by the LOD data remains locally
2-manifold. Because an edge collapse operation can trans-
form a non-manifold connectivity into a manifold connec-
tivity and vice-versa, a binary symbol 1s used to indicate a
topological change. For non-manifold connectivity cases,
specified binary symbols are used to indicate which vertices
result from an edge collapse operation. For manifold con-
nectivity cases, an umbrella of a split vertex 1s split into a
first part and a second part. The first part 1s formed by
vertices that are connected to only one vertex of an un-
collapsed edge, either the first or second, which forms two
sets. The second part 1s formed by the two vertices that
delineate the boundary of these two sets which are con-
nected to both edge vertices forming two new triangles.
During decoding, these two vertices are i1dentified and 1ts
connected vertex assigned to each set. For encoding the
boundary vertices of the umbrella, the two boundary vertices
that are furthest apart (1.e., the diameter of the umbrella) are
used as a predictor for deriving the direction of the split
edge. Such a prediction 1s discussed in further detail with

regard to FIG. 8.

[0112] FIG. 8 1s a diagram illustrating a diameter-based
prediction. As shown 1 FIG. 8, the shaded region in
umbrella 802, representing two triangular faces, 1s collapsed
into umbrella 804 via a full-edge collapse operation. In the
umbrella 806, the diameter of the umbrella 1s 1dentified. In
the umbrella 808, a bisector plane of the diameter 1s gen-
erated. In the umbrella 810, the vertices are indexed accord-
ing to the probability that that vertex 1s a split vertex. In
some 1mplementations, this probability 1s proportional to the
distance to the bisector plane of the diameter vertices. In the
table 812, 1t 1s determined that vertices 1 and 2, the two
vertices closest to the bisector plane, are split vertices as

labeled 1n 810.
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[0113] The locations of the two vertices v, and v, alter a
vertex split operation uses two residual vectors to reverse a
tull-edge collapse, and one residual vector for reversing a
half-edge collapse. The decoded connectivity may be lev-
eraged to perform two mdependent and sequential barycen-
tric predictions for v, and then v, (for a full-edge collapse
operation) using the vertices of their respective patch. Once
v, 1s decoded, then 1ts location 1s used for a barycentric
prediction of v,

[0114] It 1s noted that the increase 1n distortion introduced
by a coarse quantization 1s smaller for a coarse mesh than a
dense mesh. Along these lines, an adaptive quantization
operation includes decreasing the precision of vertex or
texture (XYZ or UV) coordinates as the LOD reductions
progress. In some implementations, a quantization operation
decrements by one the number of quantization bits for a
coordinate type (e.g., XYZ or UV). Such a quantization
operation 1s performed when its agony i1s less than that
produced by other types of operations (e.g., mesh decima-
tion). Reversing this operation in decoding involves relo-
cating each vertex to the center of a smaller cell 1n a denser
lattice. Predicting the new locations may be accomplished
by generating a distance to a centroid of neighboring verti-
ces of a cell of a parent lattice. The adaptive quantization
operation helps improve the compression rate by using
single-rate compression with lower quantization bits, shift-
ing the R-D curve to the left.

[0115] 'The UV texture atlas coordinates may be predicted
similarly to a parallelogram prediction, which uses the XYZ
and UV coordinates of the triangle vertices to predict new
texture coordinates.

[0116] As shown in FIG. 3, the preprocessing operation
310 produces a progressive encoding operation 318. The
progressive encoding operation 318 uses, 1n some 1mple-
mentations, a progressive JPEG encoding algorithm to pro-
duce a texture recovery bitstream 350. The texture recovery
bitstream 3350, along with the geometry recovery bitstream
344, 346, or 348, 1s used 1n a geometry and texture multi-
plexing operation.

[0117] The geometry and texture multiplexing operation 1s
configured to multiplex the progressive geometry and tex-
ture data from coarse to dense, as better performance 1s
obtained than by simple proceeding from coarse to dense.
This 1s made possible because the geometry and texture data
are mndependent. Specifically, starting from the LOD that
pairs the coarsest mesh with the coarsest texture, a refine-
ment of either the geometry or the texture 1s selected based
on the smallest agony.

[0118] FIG. 9 1s a diagram illustrating geometry and
texture multiplexing via a graph 900. Each dot in the graph
900 represents a pair (mesh LOD, texture LOD), and mul-
tiplexing amounts to finding the best path connecting the
left-bottom and right-top dots.

[0119] Returning to FIG. 3, an output of the above-
described cost-driven progressive encoding 1s a progressive
bitstream 380. The progressive bitstream 380 includes a
header 382 generated from the single-rate geometry encod-
ing operation 370 on the lowest LOD 362. The header 382
records the encoded mesh of the lowest LOD 362, the lowest
resolution texture encoded via progressive JPEG, the num-
ber of bits used for XYZ and UV coordinates, and the
bounding box required to reverse the quantization opera-
tions. The progressive bitstream 380 also includes a hetero-
geneous series of geometry and/or texture refinements 383,
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384, 385, . ... It 1s noted that a new recovery bitstream, e.g.,
recovery bitstream 388, 1s placed 1in front of older recovery
bitstreams 383, 384, 385, 1.e., closer to the header 382. Such
a placement 1s used 1n a decoding operation that reverses the
encoding operations.

[0120] A geometry refinement may be either a batch of
XY 7 quantization refinements, a batch of UV quantization
refinements, or a batch of mesh refinement operations. In
some 1mplementations, the batch or refinement operations
may be organized as follows:

[0121] Vertex split location. The bits used to recover the
bit-mask of the independent set of vertices to split are
encoded 1n a canonical order along a spanning tree.

[0122] Connectivity. The connectivity symbols after
diameter-based prediction (FIG. 8) are encoded using
an entropy coder.

[0123] Geometry. The quantized residuals after bary-
centric predictions are entropy encoded. For certain
half-edge collapse operations (e.g., half-edge collapse
toward a seam), the orientation of the half-edge 1s
recorded via extra binary symbols. Other half-edge
collapse operations do not use extra bits as they are
performed 1n a canonical orientation.

[0124] Texture coordinates. The quantized residuals of
UV coordinates are entropy encoded.

[0125] The indices of texture regions for collapse opera-
tions located near the seams are entropy encoded such
that the UV coordinates are assigned to the correct
texture location.

[0126] Results of the above-described cost-driven pro-
gressive encoding framework are discussed with regard to
FIGS. 10A, 10B, and 10C. FIGS. 10A, 10B, and 10C are
diagrams 1illustrating example rate-distortion curves of a
number of LOD sequences, including the above-described
cost-driven progressive encoding framework. The following
L.OD sequences are described:

[0127] OPT(SG): Optimal subset of single-rate geom-
etry without texture costs. The full resolution texture 1s
assumed to have been sent.

[0128] PG: Progressive geometry without texture costs.
The full resolution texture 1s assumed to have been
sent.

[0129] OPT(SGT): Optimal subset of single-rate geom-

ctry sent with single-rate texture.

[0130] OPT(SG)+PT: Optimal subset of single-rate
geometry, multiplexed with progressive texture.
[0131] PG+PT: Progressive geometry multiplexed with
progressive texture, 1.e., the above-described cost-
driven progressive encoding framework.
[0132] FIG. 10A 1illustrates a graph 1000 including R-D
curves without texture costs for the OPT(SG) and PG LOD
sequences on a dataset Tiger (FIG. 11B, 1114(A,B)). The
curve corresponding to PG (smooth, lower curve) has a
lower agony (0.133725) than that corresponding to OPT
(SG) (stair-stepped, upper curve, agony=0.159542).
[0133] FIG. 10B 1illustrates a graph 1040 including R-D
curves with texture costs for the OPT(SGT), OPT(SG)+PT,
and PG+PT on the re-atlased Tiger dataset. The curve
corresponding to PG+PT (smooth, lower curve) has a lower
agony (0.461431) than OPT(SG)+PT (finer-stepped, middle
curve, agony=0.486700) or OPT(SGT) (coarser stair-
stepped, top curve, agony=0.632629).
[0134] FIG. 10C 1illustrates a graph 1040 including R-D
curves with texture costs for the PG and a conventional
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progressive encoding (CVDL16) on the re-atlased Tiger
dataset. The curve corresponding to PG (smooth, lower

curve) has a lower agony (0.13377235) than the CVDLI16
(stair-stepped, upper curve, agony=0.0.196941).

[0135] The above graphs 1n FIGS. 10A-10C indicate that
the above-described cost-driven progressive encoding
framework produces better LOD sequences (1.e., having a
lower agony) than the conventional encoding techniques.
Further 1llustration of improved results 1s shown with regard

to FIGS. 11A and 11B.

[0136] FIG. 11A 1s a diagram 1illustrating a table 1100
comparing values of agony from different approaches to
compressing various models. The results of the encoding
using above-described cost-driven progressive encoding
framework 1s shown without and with texture cost for 10
different models, including Tiger. In all models shown 1n
table 1100, the above-described cost-driven progressive
encoding framework has a better agony than the other
encoding techniques for all models, both with and without
texture costs.

[0137] FIG. 11B i1s a diagram illustrating resulting tex-
tured meshes (A) and their atlases (B) resulting from the
above-described cost-driven progressive encoding frame-
work. 1102(A,B) 1s derived from the Bird model, 1104(A,B)
1s derived from the Salamander model, 1106(A,B) 1s derived
from the Barabas model, 1108(A,B) 1s derived from the
Taichi1 model, 1110(A,B) 1s dernived from the Maasai Man
model, 1112(A,B) 1s derived from the Maasai Woman
model, 1114(A,B) 1s dertved from the Tiger model, 1116(A,
B) 1s derived from the Ajaccio model, 1118(A,B) 1s derived
from the Aix model, 1120(A,B) 1s derived from the Dwarf

model.

[0138] The discussion above concerned an improvement
to conventional progressive encoding of LODs with and
without texture images. Improvements to encoding of LODs
representing surfaces of three-dimensional objects, however,
does not require progressive encoding ol the mesh that
approximates the surface. Single-rate encoding of such

meshes remains a possibility, as shown with regard to FIGS.
10A-11B.

[0139] Progressive compression 1s not the only way to
provide a user with a refined depiction while the final
high-resolution mesh 1s loading. With a few more bits one
can already send a first approximation and then, let the user
wait for the rest or send even a few more single rate encoded
L.ODs before sending the highest LOD. In this regard the
following 1s considered herein: (1) a single-rate alternative
to the progressive approach and (2) an identification of a
promising hybrid alternative that uses single rate encoding
for the geometric part while using the same progressively
encoded texture 1mage via a previous re-atlased step. The
alternative based on single-rate encoding first generates a
series of LODs, then selects the best subset 1n terms of agony
and single-rate encodes them.

[0140] Geometry. In some 1implementations, geometry 1s
generated by decimating the re-atlased input mesh using
QEM3D as error metric. Decimation 1s made “toward
abstraction” while preserving the virtual seams of the re-
atlased texture. Compared to the progressive approach there
1s no constraint by independent sets. Hence a dynamic
priority queue 1s used that produces LODs with higher
quality. LODs are generated with the same mesh complexity
as the above-described progressive geometric LODs and are
compressed using DRACO with the same number of quan-




US 2023/0386091 Al

tization bits as the progressive LODs. This sequence of
geometry LODs was referred to as SG above.

[0141] Texture. In some implementations, texture image
LLODs are generated by downsampling with bicubic inter-
polation. The total number of LODs matches the ones of our
progressive LODs, and the number of pixels of each LOD 1s
determined by linear interpolation between the number of
pixels of the input texture, and the total number of pixels that
correspond to the same single-rate JPEG bit-rate than the
lowest LOD of the JPEG progressive texture. This sequence
ol texture data was referred to as ST above.

[0142] A technical problem with performing single-rate
encoding operations on a sequence of mesh LODs 1s that the
compression 1s not as eflicient as that resulting from a
progressive encoding operation of the mesh LODs. This 1s
seen 1n FIG. 11A. The relative efliciency ol progressive
encoding 1s part of a tradeoll: upon decoding, 1t 1s faster to
specily a single-rate encoded LOD for decoding and ren-
dering than to decode and render several progressive-en-

coded LODs up to a specified LOD.

[0143] In this context, a mesh LOD can include a mesh
approximating a surface at a certain level of detail and a
texture atlas as defined previously. A texture atlas, defined
above, can be an assignment of each corner of each triangle
of a mesh to a pair of coordinates 1n a plane. A texture image
L.OD can be a three-dimensional representation of the tex-
ture mapped to the mesh and defined by the texture atlas of
the mesh LOD. That 1s, there 1s a correspondence between
the texture atlas of a mesh LOD and a texture image LOD
that may be mapped onto the mesh. Two texture atlases can
be compatible 11 a union of two-dimensional triangles of
cach of the atlases covers the same region 1n a texture image.

[0144] A technical solution to the above-described tech-
nical problem involves sharing a texture image LOD among,
different mesh L.ODs for single-rate encoding. That 1s, a first
texture 1mage LOD corresponding to a first mesh LOD may
be derived by refining a second texture image LOD corre-
sponding to a second mesh LOD. This sharing i1s possible
when texture atlases of LOD meshes are compatible.

[0145] A technical advantage of the above-described tech-
nical solution 1s that an arrangement of single-rate encoded
mesh LODs may be combined with an arrangement of
encoded texture image LODs to produce a sequence of
encoded LODs having an improved compression efliciency.
Further, an even more efliciently compressed sequence of
LLODs may be determined by optimizing a cost metric
function (e.g., the agony defined above) over candidate
sequences of LODs. This was seen 1n the schemes OPT(SG),
OPT(SGT), and OPT(SG)+PT shown above with regard to
FIGS. 10A-11A.

[0146] FIG. 12 i1s a diagram that illustrates an example
clectronic environment 1200 for implementing the above-
described technical solution. As shown, in FIG. 12, the
example electronic environment 1200 includes a compres-
sion computer 1220.

[0147] The compression computer 1220 1s configured to
compress data associated with a triangular mesh represent-
ing a three-dimensional object. The compression computer
1220 includes a network interface 1222, one or more pro-
cessing units 1224, and memory 1226. The network inter-
tace 1222 includes, for example, Ethernet adaptors, Token
Ring adaptors, and the like, for converting electronic and/or
optical signals received from a network to electronic form
for use by the point cloud compression computer 1220. The
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set of processing units 1224 include one or more processing
chips and/or assemblies. The memory 1226 includes both
volatile memory (e.g., RAM) and non-volatile memory, such
as one or more ROMSs, disk drives, solid state drives, and the
like. The set of processing units 1224 and the memory 1226
together form control circuitry, which 1s configured and
arranged to carry out various methods and functions as
described herein.

[0148] In some embodiments, one or more of the compo-
nents ol the compression computer 1220 can be, or can
include processors (e.g., processing units 1224) configured
to process 1nstructions stored 1n the memory 1226.
Examples of such instructions as depicted in FIG. 12 include
a LOD manager 1230, a LOD reduction manager 1240, a
selection manager 1260, a single-rate encoding manager
1270, and a progressive encoding manager 1272. Further, as
illustrated in FIG. 1, the memory 1226 1s configured to store
various data, which 1s described with respect to the respec-
tive managers that use such data.

[0149] The LOD manager 130 i1s configured to obtain,
store, and/or transmit i1nitial LOD data 1232. In some
implementations, the LOD manager 130 1s configured to
receive the mitial LOD data 1232 over a network connection
via the network interface 122. In some implementations, the
L.OD manager 130 1s configured to produce the initial LOD
data 1232. In some implementations, the mesh manager 130
1s configured to retrieve the iitial LOD data 1232 from a
storage medium (e.g., a disk, a flash dnive, or the like).

[0150] The mitial LOD data 1232 represents a LOD that 1s
input into the LOD reduction manager 140. The LOD 1tself
represents an approximation to a surface of a three-dimen-
sional object. Such an approximation includes a geometric
aspect (e.g., mesh connectivity, vertex coordinates), a tex-
ture aspect (texture atlas and coordinates), and an attribute

aspect (e.g., normal, color). As shown in FIG. 1, the initial
L.OD data 1232 includes 1nmitial LOD mesh data 1234 and

texture 1image LOD data 1239.

[0151] The mmtial LOD mesh data 1234 represents a

triangular mesh and a texture atlas. The mesh includes
vertices, edges connecting the vertices, and triangular faces
defined by the edges. As shown 1n FIG. 1, the initial LOD
mesh data 1234 includes position data 1235, connectivity
data 1236, edge data 1237, and texture atlas data 1238.

[0152] The position data 1235 represents the positions of
the vertices of the mesh. The positions of the vertices are
representations of triplets of real numbers, each triplet being
position coordinates of a vertex in space. In some 1mple-
mentations, the position coordinates are quantized so that
the real numbers have truncated bit representations. In such
an 1mplementation, the vertices are adjusted to lie on a
lattice, 1n which the lattice spacing decreases with the
number of bits 1n the bit representation.

[0153] The connectivity data 1236 represents the topology
and adjacency of the mesh. For example, the connectivity
data 1236 1s used to define a traversal of the mesh. In some
implementations, the connectivity data 1236 includes trip-
lets of integer indices for each corner of each triangular face
of the mesh, each of the triplets including an index 1dentifier
of an associated vertex, an index i1dentifier of an opposite
corner, and an index identifier of an adjacent corner. The
triplets are arranged 1n an order for traversal of the mesh.
Such triplets then provide an ordering of the triangular faces
for traversal and an orientation of each triangular face. The
positions of the vertices represented by the position data
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1235 are arranged 1n an order defined by the index identifiers
included 1n the connectivity data 1236. In some implemen-
tations, the connectivity data 1236 takes the form of a
doubly connected edge list, 1n which an opposing corner 1s
interpreted as a half-edge.

[0154] The edge data 1237 represents the edges of the
mesh as defined by the vertex position data 1235. In some
implementations, the edges of the mesh are indexed based
on the order of the triplets defined by the vertex position data
1235. In some 1mplementations, a portion of the edge data
1237 represents seam edges.

[0155] The texture atlas data 1238 represents a texture that
may be mapped onto the mesh represented by the nitial
L.OD mesh data 1234. In some implementations, the texture
atlas data 1238 includes coordinate pairs within a square or
rectangular boundary of a texture atlas. In some 1implemen-
tations, there 1s more than one texture atlas represented by
the texture atlas data 1238. In some implementations, the
multiple texture atlases share a common UV coordinate
system. At each coordinate, there 1s a scalar quantity repre-
senting a brightness or hue of an 1image. In some implemen-
tations, there may be other attributes such as color data for
the 1mage; such data may be represented as a triplet or
quadruplet of real numbers. In some 1mplementations, the
coordinate pairs are quantized, or expressed using a number
of bits; that 1s, the texture atlas includes a grid of coordi-
nates.

[0156] The texture atlas data 1238 further represents
patches of image data such that the data of a patch 1s mapped
to a subset of the triangular faces of the mesh. In some
implementations, the texture data 138 also includes seams of
the texture atlas, or boundaries of each of the patches. The

scams form a subset of the edges represented by the edge
data 1237.

[0157] The LOD reduction manager 1240 1s configured to
perform one of a plurality of LOD reduction processes on
the mitial LOD data 1232 to produce a sequence of mesh
L.ODs from which LOD data 1250 i1s generated. The LOD
reduction manager 1240 may, as shown i FIG. 1 with
respect to mesh reduction manager 140, reduce using a mesh
decimation operation, a XY Z quantization operation, and/or
a UV quantization operation. In some implementations, the
LOD reduction manager 1240 1s also configured to generate
a recovery bitstream representing the LOD reduction pro-

cess that had been performed to produce a sequence of
L.ODs.

[0158] The LOD data 1250, as mentioned above, 1s gen-
erated from a sequence of mesh LODs (i1.e., Mesh(1),
Mesh(2), . . . , Mesh(N)). For each mesh LOD of the
sequence, a set ol texture LODs are combined with that
mesh LOD to form a respective column as shown 1n FIG. 12.
As shown 1n FIG. 12, there are N mesh LODs and M texture
image L.ODs. In some arrangements, the LOD data 1250 1s
not in the form of a rectangular array as shown 1n FIG. 12,
but instead the number of texture images varies with the
mesh LOD of the sequence.

[0159] The selection manager 1260 1s configured to select
a sequence ol LODs from the LOD data 1250 for compres-
sion. In some implementations, the selection manager forms
a set of candidate sequences of LODs from the LOD data
1250. The selection manager 1260 1s then configured to
select the sequence of LODs from the candidate sequence
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based on an optimization of a cost function. In some
implementations, the cost function 1s the agony as defined
previously.

[0160] The single-rate encoding manager 1270 1s config-
ured to perform a sequence of single-rate encoding opera-
tions on the mesh LODs of the LODs of the selected
sequence of LOD s to produce a sequence of single-rate
encoded mesh LODs. The progressive encoding manager
1272 1s configured to perform a progressive encoding opera-
tion on the texture image L.ODs corresponding to the mesh
L.ODs of the selected sequence of LODs to produce pro-
gressive-encoded texture image LODs. In some implemen-
tations, the texture image LODs are single-rate encoded. The
single-rate encoding manager 1270 and/or the progressive
rate encoding manager 1272 are/is further configured to
combine or merge the sequence of single-rate encoded mesh
[LODs and then progressive-encoded texture image LODs to
produce an encoded LOD sequence 1274. This encoded
LOD sequence 1274 may then be transmitted to a client
computer for decoding and rendering of the LODs on a
display.

[0161] FIG. 13 1s a flow chart depicting an example
method 1300 of encoding L.OD data. The method 1300 may
be performed by software constructs described 1n connection
with FIG. 12, which reside in memory 1226 of the user
device computer 1220 and are run by the set of processing

units 1224.

[0162] At 1302, the LOD manager 1230 obtains data (e.g.,
initial LOD data 1232) representing an 1nitial level of detail
(LOD), the mitial LOD including an mitial mesh LOD (e.g.,
initial mesh LOD data 1234) and an 1nitial texture image
LOD (texture image LOD data 1239), the mitial mesh LOD
including an 1nmitial triangular mesh (e.g., position data 1235,
connectivity data 1236, edge data 1237) and an 1nitial
texture atlas (texture atlas data 1238).

[0163] At 1304, the LOD reduction manager 1240 gener-
ates a plurality of LODs (e.g., LOD data 1250) based on the
initial LOD, each of the LODs of the plurality including a
respective mesh LOD and a respective texture image LOD,
a first texture image LOD of a first LOD of the plurality
being a refinement of a second texture image LOD of a
second LOD of the plurality.

[0164] At 1306, the single-rate encoding manager 1270
performs single-rate encoding operations on the respective
mesh LODs of a sequence of LODs (e.g., selected by the
selection manager 1260) of the plurality to produce a
sequence of single-rate encoded mesh LODs, the single-rate
encoded mesh LODs, when combined with an encoding of
corresponding texture image LLODs, forming an eflicient
compression of the data (e.g., encoded LOD sequence 1274)

that, upon decoding, enables a user to render the surface at
any LOD.

[0165] FIG. 14 1s a diagram that illustrates an example
arrangement of the LOD data 1250. In this arrangement, the
L.OD data 1250 are arranged 1n a rectangular array as shown
in FIG. 12. The intention here, however, 1s to demonstrate
how the LOD data 1250 provides the sequence of encoded
L.ODs 1274 as shown in FIG. 12.

[0166] In some implementations, generating the plurality
of LODs includes specifying the mitial texture atlas 1238
such that subsequent texture atlases produced after mesh
reduction operations are compatible with the initial texture
atlas 1238. In some implementations, generating the plural-
ity ol LODs includes generating an abstraction of the initial
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mesh LOD, the abstraction including a set of edges that form
a one-to-one correspondence with a set of seam edges of the
initial mesh LOD. In some implementations, the abstraction
1s specified. In some 1mplementations, generating the
abstraction includes performing a mesh decimation opera-
tion on the iitial mesh LOD.

[0167] In some implementations, generating the abstrac-
tion includes performing an optimal Delaunay triangulation
operation on the initial mesh LOD. An optimal Delaunay
triangulation 1s, in some 1mplementations, a Delaunay tri-
angulation that minimizes an energy metric. In some 1mple-
mentations, a Delaunay triangulation 1s a Delaunay triangu-
lation that minimizes a maximum angle of the mesh.

[0168] In some implementations, generating the abstrac-
tion 1ncludes performing a variational shape approximation
on the 1mitial mesh LOD. A variational shape approximation
involves partitioning the inmitial mesh LOD and parametriz-
ing each partition such that the resulting reduced mesh
minimizes an energy metric.

[0169] The selection manager 1260 1s configured to select
a sequence of mesh LODs for single-rate encoding. In some
implementations, the selection manager 1260 produces can-
didate sequences of mesh LODs from which the selection
manager 1260 seclects the sequence. In some 1mplementa-
tions, the selection manager 1260 selects the sequence of
mesh LODs from the candidate sequences by generating a
cost function value for each of the candidate sequences and
selecting, as the sequence, the candidate sequence for which
the cost function value 1s an optimum, or minimum. In some
implementations, the selection manager 1260 produces the
candidate sequences ol mesh LODs by finding, as a next

member of a candidate sequence, a mesh LOD that has twice
the number of vertices as the current member.

[0170] In some implementations, the selection manager
performs the selection by generating a directed acyclic graph
(DAG) that represents the plurality of LODs, each node of
the DAG representing a LOD of the plurality of LODs. In
some 1mplementations, performing the LOD optimization
operation on the plurality of LODs includes generating a
cost for each edge of the DAG. In some implementations,
the cost 1s the agony as defined above.

[0171] Insomeimplementations, there 1s the same number
L=M=N of geometry LODs and texture LODs, for example
L. may be 40. Instead of pairing the first geometry LOD from
SG with the first texture LOD from ST and so on, the pairs
(bit-rate; distortion) are computes for all possible LODs
(1.e., L 2 pairs of mesh/texture LOD) and store them 1n an
array. The L°LODs are ordered by increasing order of
distortion. In some implementations, the size of this array 1s
reduced as follows. Let x and y be two different LODs, D _
(resp. D) be the distortion of X (resp. y) and R (resp. R
be the bit-rate of x (resp. y). It D.<D,, and R <R, then y 1s
discarded. The array 1s now also sorted by decreasing order
of bit-rate. This sequence of LODs 1s referred to as SGT. In
these regards, qualities of single-rate LODs are better than
the progressive LODs, since their geometry do not have to
use the batched process via imndependent sets. In FIG. 14,
those discarded LODs (LOD(2)(2) and LOD(M-1)(N)) are

shown 1n light gray.

[0172] FIG. 15A 1s a diagram that 1llustrates a flow chart

representing a process 1500 for generating a hybrid encod-
ing of mesh and texture image L.ODs. The process 1500 may
be performed by software constructs described in connection
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with FIG. 12, which reside 1n memory 1226 of the user
device computer 1220 and are run by the set of processing
umts 1224,

[0173] At 1502, the LOD reduction manager 1240 gener-
ates a plurality of LODs (e.g., the LOD data 1250).

[0174] At1504, the LOD selection manager 1260 removes
or discards those LODs with a distortion and bitrate greater
than a distortion and bitrate of another LOD of the plurality,
as described with regard to FIG. 14.

[0175] At 1506, the LOD selection manager 1260 gener-
ates candidate sequences of mesh LODs as described with
regard to FIG. 14.

[0176] At 1508, the LOD selection manager 1260 gener-
ates a cost function value for each of the candidate
sequences. In some implementations, the cost function 1s the
agony.

[0177] At1510, the LOD selection manager 1510 se elects
an optimal sequence of LODs (1.e., the sequence of LODs)
as the candidate sequence having the lowest cost function
value.

[0178] At 1512, the single-rate encoding manager 1270
performs a single-rate encoding operation on each of the
mesh LODs of the selected sequence of LODs to produce a
sequence of single-rate encoded mesh LODs.

[0179] At 1514, the progressive encoding manager 1272
performs a progressive encoding of the texture image LODs
to produce progressive-encoded texture image LODs.
[0180] At 1516, the single-rate encoding manager 1270
combines the sequence of single-rate encoded mesh LODs
and the progressive-encoded texture image L.ODs to form an
encoded LOD sequence 1274.

[0181] FIG. 15B 1s a diagram that illustrates example
encoding schemes 1550 for mesh and texture image LODs.
The schemes 1550 include the hybrid approach described
above, 1n which both the initial mesh LOD 1234 and the
initial texture image LOD 1239 are single-rate encoded.
Each subsequent, reduced mesh LOD 1s single-rate encoded,
while each texture image LOD 1s progressive encoded.
[0182] FIG. 16 1llustrates an example of a generic com-
puter device 1600 and a generic mobile computer device
1650, which may be used with the techniques described
here.

[0183] As shown i FIG. 12, computing device 1600 is
intended to represent various forms of digital computers,
such as laptops, desktops, workstations, personal digital
assistants, servers, blade servers, mainframes, and other
appropriate computers. Computing device 1650 1s intended
to represent various forms of mobile devices, such as
personal digital assistants, cellular telephones, smart phones,
and other similar computing devices. The components
shown here, their connections and relationships, and their
functions, are meant to be exemplary only, and are not meant
to limit implementations of the iventions described and/or
claimed 1n this document.

[0184] Computing device 1600 includes a processor 1602,
memory 1604, a storage device 1606, a high-speed interface
1608 connecting to memory 1604 and high-speed expansion
ports 1610, and a low speed interface 1612 connecting to
low speed bus 1614 and storage device 1606. Each of the
components 1602, 1604, 1606, 1608, 1610, and 1612, are
interconnected using various busses, and may be mounted
on a common motherboard or 1n other manners as appro-
priate. The processor 1602 can process instructions for
execution within the computing device 1600, including
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instructions stored in the memory 1604 or on the storage
device 1606 to display graphical information for a GUI on
an external input/output device, such as display 1616
coupled to high speed iterface 1608. In other implementa-
tions, multiple processors and/or multiple buses may be
used, as appropriate, along with multiple memories and
types of memory. Also, multiple computing devices 1600
may be connected, with each device providing portions of
the necessary operations (e.g., as a server bank, a group of
blade servers, or a multi-processor system).

[0185] The memory 1604 stores information within the
computing device 1600. In one implementation, the memory
1604 1s a volatile memory unit or units. In another imple-
mentation, the memory 1604 i1s a non-volatile memory unit
or units. The memory 1604 may also be another form of
computer-readable medium, such as a magnetic or optical

disk.

[0186] The storage device 1606 1s capable of providing
mass storage for the computing device 1600. In one 1mple-
mentation, the storage device 1606 may be or contain a
computer-readable medium, such as a floppy disk device, a
hard disk device, an optical disk device, or a tape device, a
flash memory or other similar solid state memory device, or
an array ol devices, including devices 1n a storage area
network or other configurations. A computer program prod-
uct can be tangibly embodied 1n an information carrier. The
computer program product may also contain instructions
that, when executed, perform one or more methods, such as
those described above. The information carrier 1s a com-
puter- or machine-readable medium, such as the memory
1604, the storage device 1606, or memory on processor

1602.

[0187] The high speed controller 1608 manages band-
width-intensive operations for the computing device 600,
while the low speed controller 1612 manages lower band-
width-intensive operations. Such allocation of functions 1s
exemplary only. In one implementation, the high-speed
controller 1608 1s coupled to memory 1604, display 1616
(e.g., through a graphics processor or accelerator), and to
high-speed expansion ports 1610, which may accept various
expansion cards (not shown). In the implementation, low-
speed controller 1612 1s coupled to storage device 1606 and
low-speed expansion port 1614. The low-speed expansion
port, which may include various communication ports (e.g.,
USB, Bluetooth, Ethernet, wireless Ethernet) may be
coupled to one or more mput/output devices, such as a
keyboard, a pointing device, a scanner, or a networking,
device such as a switch or router, e.g., through a network
adapter.

[0188] The computing device 1600 may be implemented
in a number of different forms, as shown 1n the figure. For
example, 1t may be implemented as a standard server 1620,
or multiple times 1n a group of such servers. It may also be
implemented as part of a rack server system 1624. In
addition, 1t may be implemented 1n a personal computer such
as a laptop computer 1622. Alternatively, components from
computing device 1600 may be combined with other com-
ponents 1n a mobile device (not shown), such as device
1650. Each of such devices may contain one or more of
computing device 1600, 1650, and an entire system may be
made up of multiple computing devices 1600, 1650 com-
municating with each other.

[0189] Computing device 1650 includes a processor 1652,
memory 1664, an input/output device such as a display
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1654, a communication interface 1666, and a transceiver
1668, among other components. The device 1650 may also
be provided with a storage device, such as a microdrive or

other device, to provide additional storage. Each of the
components 1650, 1652, 1664, 1654, 1666, and 1668, arc

interconnected using various buses, and several of the com-
ponents may be mounted on a common motherboard or in
other manners as appropriate.

[0190] The processor 1652 can execute mnstructions within
the computing device 1650, including mstructions stored in
the memory 1664. The processor may be implemented as a
chipset of chips that include separate and multiple analog
and digital processors. The processor may provide, for
example, for coordination of the other components of the
device 1650, such as control of user interfaces, applications

run by device 1650, and wireless communication by device
1650.

[0191] Processor 1652 may commumnicate with a user
through control mterface 1658 and display interface 16356
coupled to a display 1654. The display 1654 may be, for
example, a TFT LCD (Thin-Film-Transistor Liquid Crystal
Display) or an OLED (Organic Light Emitting Diode)
display, or other appropriate display technology. The display
interface 1656 may comprise appropriate circuitry for driv-
ing the display 254 to present graphical and other informa-
tion to a user. The control interface 1658 may receive
commands from a user and convert them for submission to
the processor 1652. In addition, an external interface 1662
may be provided 1n communication with processor 1652, so
as to enable near area communication of device 1650 with
other devices. External interface 1662 may provide, for
example, for wired communication 1n some implementa-
tions, or for wireless communication 1n other implementa-
tions, and multiple interfaces may also be used.

[0192] The memory 1664 stores information within the
computing device 1650. The memory 1664 can be 1mple-
mented as one or more ol a computer-readable medium or
media, a volatile memory unit or units, or a non-volatile
memory unit or units. Expansion memory 1274 may also be
provided and connected to device 16350 through expansion
interface 1272, which may include, for example, a SIMM
(Single In Line Memory Module) card interface. Such
expansion memory 1274 may provide extra storage space
for device 1650, or may also store applications or other
information for device 1650. Specifically, expansion
memory 1274 may include instructions to carry out or
supplement the processes described above, and may include
secure information also. Thus, for example, expansion
memory 1274 may be provided as a security module for
device 1650, and may be programmed with 1nstructions that
permit secure use of device 1650. In addition, secure appli-
cations may be provided via the SIMM cards, along with
additional information, such as placing 1dentifying informa-
tion on the SIMM card in a non-hackable manner.

[0193] The memory may include, for example, flash
memory and/or NVRAM memory, as discussed below. In
one 1mplementation, a computer program product 1s tangibly
embodied in an information carrier. The computer program
product contains instructions that, when executed, perform
one or more methods, such as those described above. The
information carrier 1s a computer- or machine-readable
medium, such as the memory 1664, expansion memory
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1274, or memory on processor 16352, that may be received,
for example, over transceiver 1668 or external interface

1662.

[0194] Device 1650 may communicate wirelessly through
communication interface 1666, which may include digital
signal processing circuitry where necessary. Communica-
tion nterface 1666 may provide for communications under

various modes or protocols, such as GSM voice calls, SMS,
EMS, or MMS messaging, CDMA, TDMA, PDC,

WCDMA, CDMA2000, or GPRS, among others. Such
communication may occur, for example, through radio-
frequency transceirver 1668. In addition, short-range com-
munication may occur, such as using a Bluetooth, WiFi, or
other such transceiver (not shown). In addition, GPS (Global
Positioning System) receiver module 1270 may provide
additional navigation- and location-related wireless data to
device 1650, which may be used as appropriate by applica-
tions running on device 1650.

[0195] Device 1650 may also communicate audibly using
audio codec 1660, which may receive spoken nformation
from a user and convert 1t to usable digital information.
Audio codec 1660 may likewise generate audible sound for
a user, such as through a speaker, e.g., 1n a handset of device
1650. Such sound may include sound from voice telephone
calls, may include recorded sound (e.g., voice messages,
music files, etc.) and may also include sound generated by
applications operating on device 1650.

[0196] The computing device 1650 may be implemented
in a number of diflerent forms, as shown in the figure. For
example, 1t may be implemented as a cellular telephone
1680. It may also be implemented as part of a smart phone
1682, personal digital assistant, or other similar mobile
device.

[0197] Various implementations of the systems and tech-
niques described here can be realized 1n digital electronic
circuitry, mtegrated circuitry, specially designed ASICs (ap-
plication specific integrated circuits), computer hardware,
firmware, software, and/or combinations thereof. These
various implementations can include implementation 1n one
or more computer programs that are executable and/or
interpretable on a programmable system including at least
one programmable processor, which may be special or
general purpose, coupled to receive data and instructions
from, and to transmit data and instructions to, a storage
system, at least one mput device, and at least one output
device.

[0198] Various implementations of the systems and tech-
niques described here can be realized 1n digital electronic
circuitry, mtegrated circuitry, specially designed ASICs (ap-
plication specific itegrated circuits), computer hardware,
firmware, software, and/or combinations thereof. These
various implementations can include implementation 1n one
or more computer programs that are executable and/or
interpretable on a programmable system including at least
one programmable processor, which may be special or
general purpose, coupled to receive data and instructions
from, and to transmit data and instructions to, a storage
system, at least one mput device, and at least one output
device.

[0199] These computer programs (also known as pro-
grams, soltware, soltware applications or code) include
machine 1nstructions for a programmable processor, and can
be implemented 1 a high-level procedural and/or object-
oriented programming language, and/or in assembly/ma-
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chine language. As used herein, the terms “machine-read-
able medium” “computer-readable medium” refers to any
computer program product, apparatus and/or device (e.g.,
magnetic discs, optical disks, memory, Programmable Logic
Devices (PLDs)) used to provide machine instructions and/
or data to a programmable processor, including a machine-
readable medium that recerves machine instructions as a
machine-readable signal. The term “machine-readable sig-
nal” refers to any signal used to provide machine instruc-
tions and/or data to a programmable processor.

[0200] To provide for interaction with a user, the systems
and techmiques described here can be implemented on a
computer having a display device (e.g., a CRT (cathode ray
tube) or LCD (liquid crystal display) monitor) for displaying
information to the user and a keyboard and a pointing device
(e.g., a mouse or a trackball) by which the user can provide
input to the computer. Other kinds of devices can be used to
provide for interaction with a user as well; for example,
teedback provided to the user can be any form of sensory
teedback (e.g., visual feedback, auditory feedback, or tactile
teedback); and input from the user can be received in any
form, including acoustic, speech, or tactile mput.

[0201] The systems and techniques described here can be
implemented 1n a computing system that includes a back end
component (e.g., as a data server), or that includes a middle-
ware component (e.g., an application server), or that
includes a front end component (e.g., a client computer
having a graphical user interface or a Web browser through
which a user can interact with an implementation of the
systems and techniques described here), or any combination
of such back end, middleware, or front end components. The
components of the system can be interconnected by any
form or medium of digital data communication (e.g., a
communication network). Examples of communication net-
works include a local area network (“LAN”), a wide area

network (“WAN™), and the Internet.

[0202] The computing system can include clients and
servers. A client and server are generally remote from each
other and typically interact through a communication net-
work. The relationship of client and server arises by virtue
of computer programs running on the respective computers
and having a client-server relationship to each other.

[0203] Returning to FIG. 1, 1n some implementations, the
memory 126 can be any type of memory such as a random-
access memory, a disk drive memory, flash memory, and/or
so forth. In some implementations, the memory 126 can be
implemented as more than one memory component (e.g.,
more than one RAM component or disk drive memory)
associated with the components of the compression com-
puter 120. In some implementations, the memory 126 can be
a database memory. In some 1implementations, the memory
126 can be, or can include, a non-local memory. For
example, the memory 126 can be, or can include, a memory
shared by multiple devices (not shown). In some 1mplemen-
tations, the memory 126 can be associated with a server
device (not shown) within a network and configured to serve
the components of the compression computer 120.

[0204] The components (e.g., modules, processing units
124) of the compression computer 120 can be configured to
operate based on one or more platforms (e.g., one or more
similar or different platforms) that can include one or more
types of hardware, software, firmware, operating systems,
runtime libraries, and/or so forth. In some implementations,
the components of the compression computer 120 can be
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configured to operate within a cluster of devices (e.g., a
server farm). In such an implementation, the functionality
and processing ol the components of the compression com-
puter 120 can be distributed to several devices of the cluster
of devices.

[0205] The components of the compression computer 120
can be, or can include, any type of hardware and/or software
configured to process attributes. In some 1mplementations,
one or more portions of the components shown in the
components of the compression computer 120 1n FIG. 1 can
be, or can include, a hardware-based module (e.g., a digital
signal processor (DSP), a field programmable gate array
(FPGA), a memory), a firmware module, and/or a software-
based module (e.g., a module of computer code, a set of
computer-readable instructions that can be executed at a
computer). For example, 1n some implementations, one or
more portions of the components of the compression com-
puter 120 can be, or can include, a software module con-
figured for execution by at least one processor (not shown).
In some implementations, the functionality of the compo-
nents can be included in different modules and/or diflerent
components than those shown in FIG. 1.

[0206] Although not shown, 1n some implementations, the
components of the compression computer 120 (or portions
thereot) can be configured to operate within, for example, a
data center (e.g., a cloud computing environment), a com-
puter system, one or more server/host devices, and/or so
forth. In some 1mplementations, the components of the
compression computer 120 (or portions thereol) can be
configured to operate within a network. Thus, the compo-
nents of the compression computer 120 (or portions thereot)
can be configured to function within various types of net-
work environments that can include one or more devices
and/or one or more server devices. For example, a network
can be, or can include, a local area network (LAN), a wide
area network (WAN), and/or so forth. The network can be,
or can 1nclude, a wireless network and/or wireless network
implemented using, for example, gateway devices, bridges,
switches, and/or so forth. The network can include one or
more segments and/or can have portions based on various
protocols such as Internet Protocol (IP) and/or a proprietary
protocol. The network can include at least a portion of the
Internet.

[0207] In some embodiments, one or more of the compo-
nents of the compression computer 120 can be, or can
include, processors configured to process 1nstructions stored
in a memory. For example, the LOD manager 130 (and/or a
portion thereot), the LOD reduction manager 140 (and/or a
portion thereof), the cost metric manager 160 (and/or a
portion thereol), and the selection manager 170 (and/or a
portion thereol) can be a combination of a processor and a
memory configured to execute instructions related to a
process to implement one or more functions.

[0208] Returning to FIG. 12, 1n some implementations, the
memory 1226 can be any type of memory such as a
random-access memory, a disk drive memory, flash memory,
and/or so forth. In some 1implementations, the memory 1226
can be implemented as more than one memory component
(e.g., more than one RAM component or disk drive memory)
associated with the components of the compression com-
puter 1220. In some implementations, the memory 1226 can
be a database memory. In some implementations, the
memory 1226 can be, or can include, a non-local memory.
For example, the memory 1226 can be, or can include, a
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memory shared by multiple devices (not shown). In some
implementations, the memory 126 can be associated with a
server device (not shown) within a network and configured
to serve the components of the compression computer 1220.

[0209] The components (e.g., modules, processing units
1224) of the compression computer 1220 can be configured
to operate based on one or more platiforms (e.g., one or more
similar or different platforms) that can include one or more
types ol hardware, software, firmware, operating systems,
runtime libraries, and/or so forth. In some 1implementations,
the components of the compression computer 1220 can be
configured to operate within a cluster of devices (e.g., a
server farm). In such an implementation, the functionality
and processing of the components of the compression com-
puter 1220 can be distributed to several devices of the cluster
of devices.

[0210] The components of the compression computer
1220 can be, or can include, any type of hardware and/or
soltware configured to process attributes. In some 1mple-
mentations, one or more portions of the components shown
in the components of the compression computer 1220 1n
FIG. 1 can be, or can include, a hardware-based module
(e.g., a digital signal processor (DSP), a field programmable
gate array (FPGA), a memory), a firmware module, and/or
a software-based module (e.g., a module of computer code,
a set of computer-readable instructions that can be executed
at a computer). For example, 1n some implementations, one
or more portions of the components of the compression
computer 1220 can be, or can include, a software module
configured for execution by at least one processor (not
shown). In some 1mplementations, the functionality of the
components can be included 1in different modules and/or
different components than those shown 1n FIG. 12.

[0211] Although not shown, 1n some implementations, the
components of the compression computer 1220 (or portions
thereol) can be configured to operate within, for example, a
data center (e.g., a cloud computing environment), a com-
puter system, one or more server/host devices, and/or so
forth. In some implementations, the components of the
compression computer 1220 (or portions thereof) can be
configured to operate within a network. Thus, the compo-
nents of the compression computer 1220 (or portions
thereol) can be configured to function within various types
of network environments that can include one or more
devices and/or one or more server devices. For example, a
network can be, or can include, a local area network (LAN),
a wide area network (WAN), and/or so forth. The network
can be, or can include, a wireless network and/or wireless
network implemented using, for example, gateway devices,
bridges, switches, and/or so forth. The network can include
one or more segments and/or can have portions based on
various protocols such as Internet Protocol (IP) and/or a
proprietary protocol. The network can include at least a
portion of the Internet.

[0212] In some embodiments, one or more of the compo-
nents of the compression computer 120 can be, or can
include, processors configured to process 1structions stored
in a memory. For example, the LOD manager 130 (and/or a
portion thereol), the LOD reduction manager 140 (and/or a
portion thereotl), the selection manager 160 (and/or a portion
thereol), the single-rate encoding manager 1270 (and/or a
portion thereof), and the progressive encoding manager
1272 (and/or a portion thereof) can be a combination of a
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processor and a memory configured to execute mnstructions
related to a process to implement one or more functions.
[0213] A number of embodiments have been described.
Nevertheless, 1t will be understood that various modifica-
tions may be made without departing from the spirit and
scope of the specification.

[0214] Forexample, in some implementations, the method
turther comprises performing a texture encoding operation
on the respective texture image LODs of the sequence of
L.ODs to produce encoded texture image L.ODs; and com-
bining the encoded texture image L.ODs with the single-rate
encoded mesh LODs to produce a hybrid-encoded recovery
bitstream.

[0215] In some implementations, the texture encoding
operation 1s a progressive encoding operation, and the
encoded texture 1image LLODs are progressive-encoded tex-
ture 1mage LODs.

[0216] In some implementations, the method further com-
prises transmitting the hybrid-encoded recovery bitstream to
a client computer, the client computer being configured to
perform a decompress operation on the hybrid-encoded
recovery bitstream to render the surface on a display con-
nected to the client computer at a specified LOD.

[0217] In some implementations, the first LOD includes a
first mesh L.LOD, and the second LLOD includes a second
mesh LOD, the first mesh LOD including a first texture atlas,
the second mesh LOD including a second texture atlas. In
such i1mplementations, generating the plurality of LODs
includes specilying the imitial texture atlas such that the first
texture atlas and the second texture atlas are compatible with
the mitial texture atlas.

[0218] In some implementations, the first LOD includes a
first mesh LOD, and the second LOD includes a second
mesh LOD, the first mesh LOD including a first texture atlas,
the second mesh LOD including a second texture atlas. In
such i1mplementations, generating the plurality of LODs
includes generating an abstraction of the 1mitial mesh LOD,
the abstraction mncluding a set of edges that form a one-to-
one correspondence with a set of seam edges of the mitial
mesh LOD.

[0219] In some implementations, generating the abstrac-
tion includes specifying the abstraction.

[0220] In some implementations, generating the abstrac-
tion includes performing a mesh decimation operation on the
initial mesh LOD.

[0221] In some implementations, performing the mesh
decimation operations includes performing a full-edge col-
lapse operation on the imitial mesh LOD.

[0222] In some implementations, generating the abstrac-
tion includes performing an optimal Delaunay triangulation
operation on the mitial mesh LOD.

[0223] In some implementations, generating the abstrac-
tion 1ncludes performing a variational shape approximation
on the 1mitial mesh LOD.

[0224] In some implementations, performing the mesh
decimation operation includes performing a full-edge col-
lapse operation.

[0225] In some implementations, the method further com-
prises performing a LOD selection operation to produce the
sequence ol LODs, the selection operation including opti-
mizing a cost function of candidate sequences of mesh
L.ODs.

[0226] In some implementations, performing the LOD
selection operation further includes, for each of a candidate
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sequence of the specified number of LODs, generating, as
the cost function, a sum of costs per LOD improvement,
where the cost of an LOD mmprovement 1s based on a
product of an amount of bits used and a distortion of an

improved LOD.

[0227] In some implementations, performing the LOD
selection operation further includes, for a first element of the
plurality of LODs, removing the first element of the plurality
of LODs 1n response to a distortion of the LOD of the first
clement being less than a distortion of the LOD of a second
clement and a bitrate of the LOD of the first element being
less than the bitrate of the LOD of the second element.
[0228] Insome implementations, selecting the sequence of
L.ODs includes generating a directed acyclic graph (DAG)
that represents the plurality of LODs, each node of the DAG
representing a LOD of the plurality of LODs.

[0229] In some implementations, performing the LOD
optimization operation on the plurality of LODs includes
generating a cost for each edge of the DAG.

[0230] It will also be understood that when an element 1s
referred to as being on, connected to, electrically connected
to, coupled to, or electrically coupled to another element, 1t
may be directly on, connected or coupled to the other
clement, or one or more tervening elements may be
present. In contrast, when an element 1s referred to as being,
directly on, directly connected to or directly coupled to
another element, there are no intervening elements present.
Although the terms directly on, directly connected to, or
directly coupled to may not be used throughout the detailed
description, elements that are shown as being directly on,
directly connected or directly coupled can be referred to as
such. The claims of the application may be amended to recite
exemplary relationships described 1n the specification or
shown 1n the figures.

[0231] While certain features of the described implemen-
tations have been illustrated as described herein, many
modifications, substitutions, changes and equivalents will
now occur to those skilled in the art. It 1s, therefore, to be
understood that the appended claims are intended to cover
all such modifications and changes as fall within the scope
of the implementations. It should be understood that they
have been presented by way of example only, not limitation,
and various changes 1n form and details may be made. Any
portion of the apparatus and/or methods described herein
may be combined 1n any combination, except mutually
exclusive combinations. The implementations described
herein can include various combinations and/or sub-combi-
nations of the functions, components and/or features of the
different 1mplementations described.

[0232] In addition, the logic flows depicted 1n the figures
do not require the particular order shown, or sequential
order, to achieve desirable results. In addition, other steps
may be provided, or steps may be eliminated, from the
described flows, and other components may be added to, or
removed from, the described systems. Accordingly, other
embodiments are within the scope of the following claims.

1. (canceled)
2. A method, comprising:

recerving a bitstream including data representing a level
of detail (LOD) reduction process related to a surface
of a three-dimensional object that had been performed
to produce a sequence of single-rate encoded mesh
LLODs and corresponding encoded texture image
L.ODs, the single-rate encoded mesh LLODs having




US 2023/0386091 Al

been produced from a performance of single-rate
encoding operations on respective mesh LODs of a
plurality of LODs, the respective mesh LODs having
been generated based on an i1mitial mesh LOD, the
initial mesh LOD including an 1nitial triangular mesh;
and

rendering the surface of the three-dimensional object on a

display at a specified LOD from the bitstream.
3. The method as 1n claim 2, wherein the corresponding
encoded texture image LLODs are encoded via a texture
encoding operation on texture image LODs of the plurality
of LODs.
4. The method as 1n claim 3, wherein the texture encoding
operation 1s a progressive encoding operation, and the
corresponding encoded texture image LODs are progres-
sive-encoded texture image LLODs.
5. The method as 1n claim 3, wherein the bitstream is a
hybrid-encoded bitstream produced by combining the
sequence of single-rate encoded mesh LODs and the corre-
sponding encoded texture image LODs.
6. The method as 1in claim 2, wherein at least one of the
plurality of LODs includes an abstraction of the initial mesh
LOD, the abstraction including a set of edges that form a
one-to-one correspondence with a set of seam edges of the
initial mesh LOD.
7. The method as 1n claim 6, wherein the abstraction 1s
generated by performing a mesh decimation operation on the
initial mesh LOD.
8. The method as 1n claim 7, wherein the mesh decimation
operation includes a full-edge collapse operation on the
initial mesh LOD.
9. A bitstream, comprising:
data representing a level of detail (LOD) reduction pro-
cess related to a surface of a three-dimensional object
that had been performed to produce a sequence of
single-rate encoded mesh LODs and corresponding
encoded texture 1image LODs,
the single-rate encoded mesh LODs having been pro-
duced from a performance ol single-rate encoding
operations on respective mesh LODs of a plurality of
LODs,

the respective mesh LODs having been generated based
on an initial mesh LOD, the initial mesh LOD including
an initial triangular mesh.

10. The bitstream as 1n claim 9, wherein the correspond-
ing encoded texture image L.ODs are encoded via a texture
encoding operation on texture image LLODs of the plurality
of LODs.

11. The bitstream as 1n claim 10, wherein the texture
encoding operation 1s a progressive encoding operation, and
the corresponding encoded texture image . ODs are progres-
sive-encoded texture image LOD:s.

12. The bitstream as 1in claim 10, wherein the bitstream 1s
a hybrid-encoded bitstream produced by combining the

17

Nov. 30, 2023

sequence of single-rate encoded mesh LODs and the corre-
sponding encoded texture image LODs.

13. The bitstream as 1n claim 9, wherein at least one of the
plurality of LODs includes an abstraction of the mitial mesh
LOD, the abstraction including a set of edges that form a
one-to-one correspondence with a set of seam edges of the
initial mesh LOD.

14. The bitstream as 1n claim 13, wherein the abstraction

1s generated by performing a mesh decimation operation on
the 1mitial mesh LOD.

15. The bitstream as in claim 14, wherein the mesh
decimation operation includes a full-edge collapse operation
on the mitial mesh LOD.

16. A computer program product comprising a nontran-
sitive storage medium, the computer program product
including code that, when executed by processing circuitry,
causes the processing circuitry to perform a method, the
method comprising:

receiving a bitstream including data representing a level

of detail (LOD) reduction process related to a surface
of a three-dimensional object that had been performed
to produce a sequence of single-rate encoded mesh

LODs and corresponding encoded texture image

L.ODs, the single-rate encoded mesh LLODs having

been produced from a performance of single-rate
encoding operations on respective mesh LODs of a
plurality of LODs, the respective mesh LODs having
been generated based on an i1nmitial mesh LOD, the
initial mesh LOD including an 1nitial triangular mesh;
and

rendering the surface of the three-dimensional object on a

display at a specified LOD from the bitstream.

17. The computer program product as in claim 16,
wherein the corresponding encoded texture image LLODs are
encoded via a texture encoding operation on texture image
L.ODs of the plurality of LODs.

18. The computer program product as in claim 17,
wherein the texture encoding operation 1s a progressive
encoding operation, and the corresponding encoded texture
image LLODs are progressive-encoded texture image LODs.

19. The computer program product as in claim 17,
wherein the bitstream 1s a hybrid-encoded bitstream pro-
duced by combining the sequence of single-rate encoded
mesh LODs and the corresponding encoded texture image
L.OD:s.

20. The computer program product as in claim 16,
wherein at least one of the plurality of LODs includes an
abstraction of the 1nitial mesh LOD, the abstraction 1includ-
ing a set of edges that form a one-to-one correspondence
with a set of seam edges of the initial mesh LOD.

21. The computer program product as 1 claim 20,
wherein the abstraction 1s generated by performing a mesh
decimation operation on the initial mesh LOD.
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