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DETERMINATION OF MODELING ACCURACY BETWEEN
THREE-DIMENSIONAL OBJECT REPRESENTATIONS

BACKGROUND
[0001] Representations of three-dimensional (3D) objects may be created in an
application on a computer system. Between creating a 3D object representation
and manipulating it or preparing it for printing by a 3D printer, multiple 3D object
representation formats may be used, with a computer system converting the
representation between different representation formats.
BRIEF DESCRIPTION OF THE DRAWINGS
[0002] Various examples will be described below referring to the following
figures:
[0003] Fig. 1 shows a computer system for execution of machine-readable 3D
object representation comparison instructions in accordance with various
examples;
[0004] Fig. 2 shows a method of determining modeling accuracy between 3D
object representations in accordance with various examples;
[0005] Fig. 3 shows a method of determining modeling accuracy between
surface patches of 3D object representations in accordance with various
examples; and
[0006] Fig. 4 shows method of converting 3D object representations into
different formats and selecting a converted format in accordance with various
examples.
DETAILED DESCRIPTION
[0007] Converting 3D object representations between various formats may
introduce differences between the 3D object representations. Some 3D object
representation formats may better represent curved surfaces. Other formats may
be easier to process into planar slices for use in a 3D printing process. In creating
or updating applications, different formats or conversions between the formats
may be used. Calculating the differences between corresponding sections of
different 3D object representations of the same object may be used in evaluating

the different formats or changes in applications that manipulate the formats.
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[0008] Different 3D object representations of the same object may be sampled
and differences between corresponding portions of the 3D object representations
calculated. A 3D object representation may also be compared against itself at
short, randomly spaced points to determine a sampling error due to localized
differences of the object.

[0009] Fig. 1 shows a computer system 100 for execution of machine-readable
3D object representation comparison instructions 130 in accordance with various
examples. The computer system may comprise a processor 110 and a computer-
readable medium 120. The computer-readable medium 120 may store 3D object
representation comparison instructions 130 for execution by the processor 110.
[0010] In various examples, the processor 110 may comprise a microprocessor,
a microcomputer, a controller, a field programmable gate array (FPGA), or
discrete logic to execute machine-readable 3D object representation comparison
instructions 130. The processor 110 may be part of a computer system 100, such
as a laptop or desktop computer, a server, a cell phone, or a tablet. The
processor 110 may execute the 3D object representation comparison instructions
130 stored in the computer-readable medium 120. The processor 110 may
execute machine-readable 3D object representation comparison instructions that
implement the methods discussed in connection with other figures herein. The
computer-readable medium 120 may store 3D object representations in different
formats. The computer-readable medium 120 may include a hard drive, solid
state drive (SSD), flash memory, electrically erasable programmable read-only
memory (EEPROM), or random-access memory (RAM).

[0011] An object may be modeled in a computer-assisted design (CAD)
application. The CAD application may create a non-uniform rational basis spline
(NURBS) representation of the object. A NURBS representation format may offer
flexibility and precision in modeling the object. The NURBS representation may
capture the surface area of the object being represented. A planar mesh format
may be used to represent the same object. The planar mesh format may
comprise multiple planar polygons connected along sides. For example, different
sizes and shapes of triangles may be used to represent the surface area of the

object. The NURBS representation may be able to better capture curves of the
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object, while the planar mesh may approximate curves by using small planar
polygons. The planar mesh may be more easily manipulated for other purposes,
such as determining an intersection with a plane.

[0012] A Steiner Patch, also known as a rational quadratic Bezier triangle, may
be used to model the object to allow for more closely matching curves than planar
triangles, while using less memory. A planar triangle may be represented by three
points in Euclidean space, one per corner of the planar triangle. A point may
include three numbers for coordinates, an x, y, and z. These coordinates may be
represented by floating point numbers, or nine floating point numbers per planar
triangle. A Steiner Patch may be represented by 21 floating point numbers, such
as three corner points in Euclidean space, three intermediary control points in
Euclidean space, and one weight per intermediary control point. As the Steiner
Patch allows modeling of a 3D curve, modeling an object using a mesh of Steiner
Patches may use less storage than modeling an object using a mesh of planar
triangles, while doing so with a higher accuracy.

[0013] In 3D printing a 3D model, the model may be “sliced” by calculating a
layer as an intersection of the 3D model with a two-dimensional plane in
Euclidean space. An object may be 3D printed by printing such layers, stacked
one of top of another. Steiner Patches and planar triangular meshes may be
sliced for 3D printing. Slicing a NURBS representation may be more difficult than
slicing a Steiner Patch or planar triangular mesh. Thus, the NURBS
representation may be converted to a Steiner Patch or planar mesh format before
being 3D printed. The Steiner Patch or planar mesh format may comprise
multiple triangles. Calculating the intersection of the 3D object representation with
a two-dimensional plane in Euclidean space may include calculating the
intersection of the plane with multiple Steiner Patches or multiple triangles of a
planar triangular mesh.

[0014] In converting between object representations, accuracy of the modeled
object may be lost. The amount of accuracy may depend on how much memory
the new object representation is allowed to consume. By using smaller triangles
and thus more triangles and more memory, the new object representation may be

more accurate when compared to the input object representation, whether planar
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triangles or Steiner Patches are used. For some objects, Steiner Patches may
result in a more accurate model representation based on memory constraints. For
other objects, a Steiner Patch may be as accurate as a planar triangular mesh,
but consume more memory (e.g., a model with flat surfaces instead of curved,
such as a cube). The ability to compare the accuracy of two object
representations in two arbitrary representation formats may enable better analysis
and selection of object representations and the tools used in modeling and
converting between models.

[0015] In various examples, an application may have the option of converting a
NURBS object representation into a Steiner Patch object representation or a
planar mesh object representation for use in 3D printing. The application may
convert the NURBS object into a Steiner Patch representation and determine the
accuracy of the conversion. The application may convert the NURBS object into a
planar mesh representation and determine the accuracy of the conversion. The
application may use the accuracy and memory used by the different
representations to select one of the representations for use.

[0016] In various examples, the application may use the accuracy and memory
usage to determine that more memory will be allowed to enable a more accurate
representation. Calculating the accuracy of the representation may be performed
on sections of the representations. Sections of the representation may be broken
into smaller Steiner Patches or planar mesh units. The representations may
include Steiner Patches or planar polygons of various sizes, such as by
increasing the number of Steiner Patches or planar polygons in sections where
the object has a more complicated curvature.

[0017] In various examples, an application may be updated to convert object
representations using different methods. Various tuning parameters may be
involved to determine a blend of accuracy, memory use, ease of use, or other
issues. Being able to compare the accuracy of the output representations to the
input representation may enable better selection of conversion methods or assist
in identification of errors in implementing the methods.

[0018] Comparing the accuracy may involve receiving a 3D object

representation of an object. The 3D object representation may be of various
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formats. For example, the 3D object representation may be a NURBS format that
is to be converted to a Steiner Patch format. The 3D object representation could
be a Steiner Patch format to be converted to a planar mesh format.

[0019] Fig. 2 shows a method 200 of determining modeling accuracy between
3D object representations in accordance with various examples. The method 200
includes receiving a first and a second three-dimensional (3D) object
representation of an object (210). The method 200 includes identifying a first set
of grid points by application of a first grid to a surface of the first 3D object
representation (220). The method 200 includes selecting a set of random points
on the surface of the first 3D object representation (230). The method 200
includes calculating a sampling error based on a distance between the first set of
grid points and the set of random points (240). The method 200 includes
identifying a second set of grid points by application of a second grid to a surface
of the second 3D object representation (250). The method 200 includes
calculating a modeling difference based on a distance between the first set of grid
points and the second set of grid points (260). The method 200 includes
determining a modeling accuracy between the first and second 3D object
representations based on the modeling difference and the sampling error (270).
[0020] In various examples, two 3D object representations may be received.
One of the 3D object representations may be an originating 3D model, such as a
NURBS model created using a CAD tool. Another of the 3D object
representations may be created based on the NURBS model, such as by a
conversion into a planar mesh format or a Steiner Patch format. The two object
representations may be compared to determine how accurate the converted
representations are to the original. A third 3D object representation may also be
received. Two of the 3D object representations may have been converted from
the third, such as converting a NURBS model into a planar mesh format and a
Steiner Patch format. The accuracy of the two converted representations may be
compared against the original. The accuracy information may be used in deciding
which representation to keep. For example, a Steiner Patch representation may
consume 50% less memory than a planar mesh representation, but have a

slightly lower accuracy. The Steiner Patch representation may be saved due to its
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lower memory usage and comparable accuracy, or the planar mesh
representation may be saved where higher accuracy is desired. Alternatively, a
new Steiner Patch representation may be requested that has higher accuracy
than the planar mesh format, with an expectation that memory usage would still
be less than the planar mesh format.

[0021] In various examples, one 3D object representation may be selected to
determine a sampling error. Where an original 3D object representation has been
converted to a converted 3D object representation, the original 3D object
representation may be selected for determining the sampling error. The sampling
error may provide an approximation of how much minor differences in converting
the 3D object representation may affect the accuracy of the converted model.
[0022] A grid may be applied to the surface of a 3D object representation. A set
of grid points may be ascertained by the location of the intersecting lines of the
grid. The application of the grid may occur in parametric space and may allow the
use of a uniform grid in parametric space. The grid may include a square grid,
triangular grid, or other grid format. A triangular grid may include a grid of
equilateral triangles. A triangular grid may be created from a square or
rectangular grid by connecting the opposite corners of the square or rectangle.
[0023] A set of random points may be selected on the surface of the 3D object
representation. The term random is intended to include both true random and
pseudo-random. A sampling error may be calculated based on the set of grid
points and the random points. The set of grid points and the set of random points
create point clouds, whose distance may be compared, such calculating the
distance from grid points to the closest random points. Multiple grid points may
use the same random point as their closest random point, while other random
points may not be used. A different number of random points may be used than
the number of grid points. A distances between these sets of points may be
calculated, such as by calculating a mean distance between the grid points and
the closest corresponding random points across the modeled 3D surface. The
distance may be calculated as an arithmetic mean, geometric mean, root mean
square, or comparable calculation. In various examples, an arithmetic mean may

be used. To provide more statistical significance, the selection of random points
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and calculation of mean distances may be performed multiple times. A mean of
these mean distances may then be calculated to reduce the chances of having
picked an outlier distribution of random points. In calculating a sampling error
using different sets of random points, the number of random points used may be
different.

[0024] A grid may be applied to the surface of the second 3D object
representation, where the set of grid points on one of the two objects roughly
corresponds to the set of grid points on the other. Minor differences in location
are to be expected between corresponding grid points on the separate 3D object
representations due to minor differences in the represented surface area. These
distances may be calculated as a modeling difference between the two 3D object
representations and represented as a mean distance. The grid spacing used in
comparing the two 3D object representations may be the same in parametric
space. Due to distortions, the spacing on the object representations may differ in
the Euclidean space.

[0025] The sampling error of a 3D object representation and the modeling
difference between two 3D object representations may be considered in
determining the modeling accuracy between the two 3D object representations.
The sampling error may be used to verify the modeling accuracy between distinct
representations of the same 3D model by compensating distortions occurring at
the pairing between 3D points on distinct point clouds.

[0026] In various examples, one of the 3D object representations may be
derived from the other. This may occur as part of a conversion process, such as
converting a NURBS representation format into a Steiner Patch representation
format. The selection of the size of grid and corresponding number of grid points
used for calculating the sampling error and modeling difference may be based on
a target precision of the conversion. Using more grid points may result in a more
precise determination of any sampling error and modeling differences. For
example, if a precision within a margin of 1 millimeter is desired, selecting a grid
size of 5 millimeters will be insufficient.

[0027] Fig. 3 shows a method 300 of determining modeling accuracy between

surface patches of 3D object representations in accordance with various
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examples. The method 300 includes receiving a first three-dimensional (3D)
object representation of an object, the first 3D object representation comprising a
first set of surface patches, and the first set of surface patches comprising a first
surface patch (310). The method 300 includes receiving a second 3D object
representation of the object, the second 3D object representation comprising a
second set of surface patches, and the second set of surface patches comprising
a second surface patch (315). The method 300 includes identifying a first set of
grid points by application of a first grid to a surface of the first surface patch in
parametric space (320). The method 300 includes selecting a set of random
points on the surface of the first surface patch (330). The method 300 includes
calculating a sampling error based on a distance between the first set of grid
points and the set of random points (340). The method 300 includes identifying a
second set of grid points by application of a second grid to a surface of the
second surface patch in parametric space (350). The method 300 includes
calculating a modeling difference based on a distance between the first set of grid
points and the second set of grid points (360). The method 300 includes
determining a modeling accuracy between the first and second surface patches
based on the modeling difference and the sampling error (370).

[0028] Calculating the modeling accuracy may be performed on a piecemeal
basis. For example, 3D object representations may include multiple
corresponding surface patches. These surface patches may be compared rather
than the entire 3D model. A surface patch is a section of a surface of a 3D object
representation, such as a Steiner Patch or a planar triangle.

[0029] In various examples, comparison of the surface patches may be used in
comparing different methods that may be applied to 3D object representations.
For example, two different methods may be usable to convert a NURBS object
representation into a Steiner Patch representation. A surface patch of the NURBS
object may be selected for conversion into a Steiner Patch for a representative
comparison of the two methods. The accuracy of the two Steiner Patches may be
analyzed against the original NURBS object. Such a comparison may be used in
evaluating alternative processes for 3D object manipulation or determining the

acceptability of new formats for 3D object representation.
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[0030] Fig. 4 shows method of converting 3D object representations into
different formats and selecting a converted format in accordance with various
examples. The method 400 includes receiving a first (3D) object representation of
an object to convert into an alternative 3D object representation of the object
(410). The method 400 includes converting the first 3D object representation into
a second 3D object representation and a third 3D object representation (420).
The method 400 includes identifying a first set of grid points by application of a
first grid to a surface of the first 3D object representation (430). The method 400
includes selecting a set of random points on the surface of the first 3D object
representation (440). The method 400 includes calculating a sampling error
based on a distance between the first set of grid points and the set of random
points (450). The method 400 includes identifying a second set of grid points by
application of a second grid to a surface of the second 3D object representation
(460). The method 400 includes calculating a first modeling difference based on a
distance between the first set of grid points and the second set of grid points
(470). The method 400 includes identifying a third set of grid points by application
of a third grid to a surface of the third 3D object representation (480). The method
400 includes calculating a second modeling difference based on a distance
between the first set of grid points and the third set of grid points (490). The
method 400 includes selecting the second 3D object representation as the
alternative 3D object representation based on the first and second modeling
differences and the sampling error (495).

[0031] In various examples, an application may be able to make use of multiple
different 3D object representation formats. For example, a 3D printer may be able
to convert a NURBS object representation into a Steiner Patch object
representation or a planar mesh object representation for pre-printing processing.
Different object representation formats may be better suited to different objects.
For example, a planar mesh object representation format may provide better
accuracy or lower memory footprint for objects with generally flat surfaces, while
a Steiner Patch object representation format may be better suited to objects with
lots of curved surfaces. In preparing to 3D print an object, an application may

convert the NURBS object into both a Steiner Patch object representation and a
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planar mesh object representation and evaluate which one is best suited for the
object. This evaluation may include comparison of the converted object
representations against the original NURBS object representation. Other factors,
such as memory usage and processor usage in manipulating the object
representations and a desired accuracy of measurement may be considered.
[0032] In various examples, selection of one converted object representation
may be in response to the object representation with the smaller modeling
difference.

[0033] In various examples, the calculation of a modeling accuracy may cause
the application to perform another conversion of the NURBS object into another
format. The subsequent conversion may be performed with different parameters,
such as allowing for a larger memory footprint or allowing more time for the
conversion process.

[0034] The above discussion is meant to be illustrative of the principles and
various examples of the present disclosure. Numerous variations and
modifications will become apparent to those skilled in the art once the above
disclosure is fully appreciated. It is intended that the following claims be

interpreted to embrace all such variations and modifications.
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CLAIMS

What is claimed is:

1. A non-transitory computer-readable medium to store machine-readable
instructions that, when executed by a processor, cause the processor to:
receive a first and a second three-dimensional (3D) object representation
of an object;
identify a first set of grid points by application of a first grid to a surface of
the first 3D object representation;
select a set of random points on the surface of the first 3D object
representation;
calculate a sampling error based on a distance between the first set of grid
points and the set of random points;
identify a second set of grid points by application of a second grid to a
surface of the second 3D object representation;
calculate a modeling difference based on a distance between the first set
of grid points and the second set of grid points; and
determine a modeling accuracy between the first and second 3D object
representations based on the modeling difference and the sampling

error.

2. The computer-readable medium of claim 1, wherein the first grid includes a

uniform grid in the parametric space of the first 3D object representation.

3. The computer-readable medium of claim 1, wherein the first 3D object
representation comprises a non-uniform rational basis spline (NURBS) format,
and wherein the second 3D object representation comprises a Steiner Patch

format.

4. The computer-readable medium of claim 1, wherein the number of points
in the first set of grid points is not equal to the number of points in the set of

random points.
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5. The computer-readable medium of claim 1, wherein a distribution of the
first set of grid points is based on a target precision for the second 3D object

representation.

6. A non-transitory computer-readable medium to store machine-readable
instructions that, when executed by a processor, cause the processor to:

receive a first three-dimensional (3D) object representation of an object,
the first 3D object representation comprising a first set of surface
patches, and the first set of surface patches comprising a first
surface patch;

receive a second 3D object representation of the object, the second 3D
object representation comprising a second set of surface patches,
and the second set of surface patches comprising a second surface
patch;

identify a first set of grid points by application of a first grid to a surface of
the first surface patch in parametric space;

select a set of random points on the surface of the first surface patch;

calculate a sampling error based on a distance between the first set of grid
points and the set of random points;

identify a second set of grid points by application of a second grid to a
surface of the second surface patch in parametric space;

calculate a modeling difference based on a distance between the first set
of grid points and the second set of grid points; and

determine a modeling accuracy between the first and second surface

patches based on the modeling difference and the sampling error.

7. The computer-readable medium of claim 6, wherein the machine-readable
instructions, when executed by the processor, cause the processor to:
select a second set of random points on the surface of the first surface
patch;
calculate a second sampling error based on a distance between the first

set of grid points and the second set of random points; and
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calculate a mean sampling error based on a mean of the sampling error
and the second sampling error, wherein the determination of a

modeling accuracy is based on the mean sampling error.

8. The computer-readable medium of claim 7, wherein the number of points
in the set of random points and the number of points in the second set of random

points are different.

9. The computer-readable medium of claim 6, wherein the first set of grid
points includes a first and a second grid point, wherein the set of random points
includes a first and a second random point, wherein the first random point is the
point in the set of random points closest to the first grid point, wherein the second
random point is the point in the set of random points closest to the second grid
point, and wherein calculation of a sampling error includes calculating a distance
between the first grid point and the first random point in Euclidean space and a
distance between the second grid point and the second random point in

Euclidean space.

10. The computer-readable medium of claim 6, wherein the first 3D object
representation comprises a non-uniform rational basis spline (NURBS) format,
and wherein the second 3D object representation comprises a Steiner Patch

format.

11. A method comprising:

receiving a first (3D) object representation of an object to convert into an
alternative 3D object representation of the object;

converting the first 3D object representation into a second 3D object
representation and a third 3D object representation;

identifying a first set of grid points by application of a first grid to a surface
of the first 3D object representation;

selecting a set of random points on the surface of the first 3D object

representation;
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calculating a sampling error based on a distance between the first set of
grid points and the set of random points;

identifying a second set of grid points by application of a second grid to a
surface of the second 3D object representation;

calculating a first modeling difference based on a distance between the
first set of grid points and the second set of grid points;

identifying a third set of grid points by application of a third grid to a surface
of the third 3D object representation;

calculating a second modeling difference based on a distance between the
first set of grid points and the third set of grid points; and

selecting the second 3D object representation as the alternative 3D object
representation based on the first and second modeling differences

and the sampling error.

12. The method of claim 11, wherein selecting the second 3D object
representation as the alternative 3D object representation is in response to the

first modeling difference being smaller than the second modeling difference.

13. The method of claim 11, comprising revising the second 3D object
representation and the third 3D object representation based on the first and

second modeling differences and the sampling error.

14. The method of claim 11, wherein the application of the first grid to the
surface of the first 3D object representation is in parametric space, wherein the
application of the second grid to the surface of the second 3D object
representation is in parametric space, and wherein the application of a third grid

to a surface of the third 3D object representation is in parametric space.

15. The method of claim 14, wherein first grid has a first grid spacing, wherein
the second grid has a second grid spacing, wherein the third grid has a third grid
spacing, and the first grid spacing, second grid spacing, and third grid spacing are

the same in parametric space.
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Calculate a sampling error based on a distance between the first set of grid
points and the set of random points

{

Identify a second set of grid points by application of a second grid to a
surface of the second 3D object representation

{

Calculate a modeling difference based on a distance between the first set
of grid points and the second set of grid points

{

Determine a modeling accuracy between the first and second 3D object
representations based on the modeling difference and the sampling error
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300
Y

Receive a first three-dimensional (3D) object representation of an object,
the first 3D object representation comprising a first set of surface patches, j— 310
and the first set of surface patches comprising a first surface patch

|

Receive a second 3D object representation of the object, the second 3D
object representation comprising a second set of surface patches, and the — 315
second set of surface patches comprising a second surface patch

|

Identify a first set of grid points by application of a first grid to a surface of
the first surface patch in parametric space

— 320

Y
Select a set of random points on the surface of the first surface patch — 330

Y
Calculate a sampling error based on a distance between the first set of grid
points and the set of random points

|

Identify a second set of grid points by application of a second grid to a
surface of the second surface patch in parametric space

|

Calculate a modeling difference based on a distance between the first set
of grid points and the second set of grid points

|

Determine a modeling accuracy between the first and second surface
patches based on the modeling difference and the sampling error
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400
x

Receiving a first (3D) object representation of an object to convert into an
alternative 3D object representation of the object

|

Converting the first 3D object representation into a second 3D object
representation and a third 3D object representation

|

Identifying a first set of grid points by application of a first grid to a surface
of the first 3D object representation

|

Selecting a set of random points on the surface of the first 3D object
representation

|

Calculating a sampling error based on a distance between the first set of
grid points and the set of random points

|

Identifying a second set of grid points by application of a second grid to a
surface of the second 3D object representation

|

Calculating a first modeling difference based on a distance between the
first set of grid points and the second set of grid points

|

Identifying a third set of grid points by application of a third grid to a
surface of the third 3D object representation

|

Calculating a second modeling difference based on a distance between the
first set of grid points and the third set of grid points

|

Selecting the second 3D object representation as the alternative 3D object
representation based on the first and second modeling differences and the |— 495
sampling error
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