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(57) Abstract: A method for providing an immersive VR experi-
ence comprises defining in the computer memory, a model repre-

— e senting a three-dimensional model. The method further comprises

producing field data based upon a simulation of the three-dimen-
sional model. Additionally, the method comprises storing the field
data within a data structure. The method also comprises extracting,
for display, a surface of the three-dimensional model from a simu-
lation model. The method additionally comprises creating a surface
texture for the surface of the three-dimensional model from the field
data. Further, the method comprises creating a query optimized grid
from the calculated field data. Further still, the method comprises
displaying a visualization of the calculated field data by means of
the surface and the query optimized grid.



WO 2020/097343 PCT/US2019/060284

10

15

20

25

30

INTERACTIVE SYSTEM AND METHOD PROVIDING
REAL-TIME VIRTUAL REALITY VISUALIZATION OF
SIMULATION DATA

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to and the benefit of U.S. Provisional
Application Ser. No. 62/757,627 entitled “INTERACTIVE SYSTEM AND METHOD
PROVIDING NEAR REAL TIME VIRTUAL REALITY VISUALIZATION OF
SIMULATION DATA”, filed on November 8, 2018, the entire content of which is

incorporated by reference herein in its entirety.

BACKGROUND OF THE INVENTION
1. Technical Field
[0002] The invention generally relates to the field of computer programs and
systems and more specifically to the fields of product design and simulation and augmented
and virtual reality. The embodiments of the invention may be applied in non-limiting
examples such as virtual reality, augmented reality, product design and simulation,
collaborative decision making and product lifecycle operation and education and

entertainment, e.g., video games and movies.

2. Background and Relevant Art

[0003] Applications providing virtual reality (VR) experiences are generally known.
Through the VR experience provided by this application, a user is enabled to interact with
a simulation model and visualize its results. A user typically experiences the VR experience
through a headset mounted device (HMD), such as a helmet mounted display, a pair of
wearable glasses, and/or any other types of HMD. Through the HMD, the user may traverse
the virtual space (e.g., look-around, walk-around, fly-through). The VR system may provide
controllers for the user to manipulate, inspect, measure virtual objects in the VR
environment, perform an operation, exercise controls, and/or engage in other types of
interactions within the virtual space. The user interactions are typically executed in real-
time to enhance the virtual experience. Sound, haptic devices, and other non-visual
technologies may also be used to enhance the virtual experience.

[0004] A number of existing product design and simulation systems are offered on

the market for the design and simulation of systems, parts, or assemblies of parts. Such
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product and simulation systems typically employ computer aided design (CAD) and/or
computer aided engineering (CAE) programs to specify the digital geometric representation
and functional characteristics of the product. These systems allow a user to construct,
manipulate, and simulate complex three-dimensional models of objects or assemblies of
objects. These CAD and CAE systems thus, provide a representation of modeled objects
using points, lines, polygons, and surfaces. Lines and surfaces may be represented in various
manners, ¢.g. non-uniform rational basis-splines (NURBS).

[0005] The advent of CAD and CAE systems permit a wide range of simulation
models of objects. These simulations predict the behavior of the product in various
conditions. An example would be the structural response of a building to various forces such
as wind and earthquakes. Another common simulation is computational fluid dynamics
(CFD) which simulates fluid flow around or through a product such as water through a
piping system or an airplane flying through the air. A simulation or CAE model is typically
a separate model from the CAD model. A common representation of a simulation model
consists of a system of points which are connected to form simple geometric shapes called
elements such as a triangle or quadrilateral in two dimensions or a hexahedron or tetrahedron
in three dimensions. These elements are combined to form a mesh which constitutes the
geometric aspect of the simulation model. These models may be derived from a CAD model
and may represent one or more parts or an entire assembly. Simulation models may be
programmed in such a way that the model has the properties of the underlying object that it
represents. The model is then able to predict behavior of the underlying object in the
physical environment. Moreover, CAD and CAE models can be utilized to simulate
engineering systems.

BRIEF SUMMARY OF THE INVENTION

[0006] The present invention can comprise systems, methods, and apparatus configured
to dynamically present visualization of CAD and CAE models through a VR application. In
particular, implementations of the present invention can additionally or alternatively
comprise a computer system containing a file import component, simulation model data
component, a data translator component, a component to provide data computation and
visualization, and a user interface component, and or any other components. The data
translator probes the original CAE model and produces an optimized data structure for the
visualization component. This invention enables users to query and interact with the CAD

and CAE models in real-time in a virtual reality.
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[0007] Additional features and advantages of exemplary implementations of the
invention will be set forth in the description which follows, and in part will be obvious from
the description, or may be learned by the practice of such exemplary implementations. The
features and advantages of such implementations may be realized and obtained by means of
the instruments and combinations particularly pointed out in the appended claims. These
and other features will become more fully apparent from the following description and
appended claims, or may be learned by the reduction to practice of such exemplary
implementations as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] In order to describe the manner in which the above recited and other advantages
and features of the invention can be obtained, a more particular description of the invention
briefly described above will be rendered by reference to specific embodiments thereof,
which are illustrated in the appended drawings. Understanding that these drawings depict
only typical embodiments of the invention and are not therefore to be considered to be
limiting of its scope, the invention will be described and explained with additional
specificity and detail through the use of the accompanying drawings in which:
[0009] FIG. 1 illustrates one example of a system configured for providing real-time
VR experiences for visualization of CAD and/or CAE simulation data in accordance with
the disclosure.
[0010] FIG. 2 is a flowchart of a method implementing the file import component
that inputs the results from a CAD and/or CAE model in the VR system according to an
embodiment of the present invention.
[0011] FIG 3 is a flowchart that illustrates a method of constructing the VR render
model of the simulated object implementing the simulation model component.
[0012] FIG. 4 is a flowchart that illustrates one method of the data translator
component which constructs a query optimized grid data structure for the CAE simulation
field data.
[0013] FIG. 5 is a flowchart that illustrates an optimized method for interpolating
the data from the CAE model at the points of the query optimized grid.
[0014] FIG. 6 depicts a polygonal geometric model embedded in a structured grid.
[0015] FIG. 7 is an image of a voxel from the structured grid displaying it’s points
1,J,k coordinates.

[0016] FIG. 8 is an image of a voxel from the structured grid and a subdivided voxel.
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[0017] FIG. 9 is a chart depicting the standard cases for the Marching Cubes
Algorithm.
[0018] FIG. 10 displays the modification of a Marching Cubes case when the design

model’s surface mesh vertices are also used.

[0019] FIG. 11 is a flowchart that illustrates one example method of the data
translator component which maps scalar field data onto the VR render model.

[0020] FIG. 12 is a flowchart that illustrates an example of the visualization

component implementation enabling real-time data visualization.

[0021] FIG. 13 is a flowchart that illustrates one example of a method to create a
streamline.
[0022] FIG. 14 illustrates the trilinear interpolation of field data in the voxel of a

query optimized grid.
[0023] FIG. 15 illustrates the Runge-Kutta fourth-order integration formula.
[0024] FIG. 16 is a flowchart that illustrates one example of the visualization
component implementation enabling real-time transient data visualization.
[0025] FIG. 17 is a flowchart that illustrates one example of the visualization
component implementation enabling real-time data visualization for a baseline CAE model
and modified CAE models simultaneously.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0026] The present invention extends to systems, methods, and apparatus configured
to dynamically present visualization of complex data models, and CAD and CAE models
through a VR application. In particular, implementations of the present invention can
additionally or alternatively comprise a computer system containing a file import
component, simulation model data component, a data translator component, a component to
provide real-time data computation and visualization, and a user interface component, and
or any other components. The data translator probes the original complex data and or CAE
model and produces an optimized data structure for the visualization component. This
invention enables users to query and interact with the complex data and or CAD and CAE
models in real-time in a virtual reality.
[0027] A system may be constructed to provide a virtual or augmented reality
interactive experience. A user of the system may be enabled with various methods to
visualize complex models such as but not limited to CAE simulation data in various forms.
This VR information may be determined based on the user's dynamic inputs to the system.

This may facilitate an iterative process in which the user is enabled to quickly immerse
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himself or herself in a virtual space that simulates the performance of a complex simulation
model, interact with the virtual space, modify the visualization inputs, and re-experience
VR based on the modified displayed results.

[0028] The file import component may be configured to facilitate a user to import a
variety of complex model files. Some non-limiting examples include at least one of: a
computer aided engineering (CAE) model, a finite element model, a finite volume model, a
computational fluid dynamics model (CFD), a high-fidelity scanned model and/or a
computer aided design model.

[0029] The simulation model component may be configured to obtain model
information from the files imported by the file import component. This may involve
extraction of a subset of the model mesh for displaying the geometric model. This
implementation may also simplify the resulting geometric model mesh to facilitate its
display in virtual or augmented reality. This component may also extract the field data from
the simulation model which are subsequently stored in computer memory. In some non-
limiting examples, the field data may include at least one of: temperature, density, velocity,
pressure, stress, strain, magnetic fields, electric fields, field direction, current flow, and
vector potential, among others.

[0030] The data translator component is used to convert the field data in the
simulation model to a format that is efficiently queried and displayed in virtual or augmented
reality. The data translator component may be configured to create surface texture maps to
display scalar field data. The data translator component may also be configured to create a
secondary data structure for the field data. The secondary data structure is utilized by the
visualization component to enable data query and operations such as numerical integration
in real-time. Additionally, the data translator component may be configured to output data
sets to binary files that are constructed in a manner that enables their being input later as
needed using fast file loading methods.

[0031] The data computation and visualization component may be configured to
process the simulation model field data to facilitate user interaction and “what if”
evaluations and understanding of the simulation results. This may also include visualizing
the differences between a baseline CAE model and a design variation CAE model enabling
users to rapidly discern the ramifications of design changes. The ficld data may be displayed
using a variety of visualization entities which may include streamlines, particle flows,
isosurfaces, contours, slices, and glyphs. The data displayed may also include transient field

data that is rendered in a time loop.
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[0032] “Real-time” as used in this patent refers to the response of the VR system.
VR systems typically render to the HMD at either 80 or 90 frames per second (FPS). With
appropriately specified commercially available computer hardware systems, the data
computation and visualization component can provide the ability to manipulate and simulate
complex three-dimensional models of objects or assemblies of objects at the required HMD
framerate. It can also enable the user to create and/or display visualization entities at the
required HMD framerate, thus providing real-time interaction.

[0033] The user interface component may be comprised of virtual tools that enable
a user to dynamically produce visualization entities. Various interfaces may be facilitated
by the interface component to enable multiple users to simultaneously interact with the
simulation model and each other, translate or rotate the model and associated data
visualizations, add commentary to the virtual space, capture and export images and/or
videos of the VR, and/or perform any other user operations.

[0034] Accordingly, the present invention enables the real-time query and
visualization of high-fidelity CAE simulation data in a VR environment. Traditionally the
computational cost of computing visualization tools such as streamlines, particle flows,
isosurfaces, slices, and glyphs has prohibited their creation and real-time user interaction
with changing inputs, during a VR experience. They are typically created beforehand and
then displayed in VR. The present invention provides systems and methods that provide the
capability to dynamically create and render the visualization tools in VR systems that render
at 80 to 90 frames per second. This facilitates a user, or group of users to quickly query the
data in an immersive environment thereby promoting enhanced understanding of the design.
[0035] FIG. 1 illustrates one example of a system configured for providing real-time
VR experiences for visualization of CAD and/or CAE simulation data in accordance with
the disclosure. In some implementations, as shown in this example, the VR application 100
may include a server 101. As shown, the server 101, may be configured to communicate
with a client device 102 via a network. The client devices 102 may be associated with users
and implement a VR experience visualizing CAE simulation data. FIG. 1 illustrates some
examples of client devices 102, which may include one or more of a desktop computer, a
laptop computer, a tablet, a mobile phone, an HMD device, or augmented reality (AR)
glasses.

[0036] FIG 2. is a flowchart of the file import component 104 from FIG. 1 that inputs
the results from a simulation model in the VR system according to an embodiment of the

present invention. A high-fidelity CAE simulation model 201, may take hours to complete
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even if the simulation analysis, 202 is performed in parallel on a computer cluster. The
resulting field data 203 may reside in a single or multiple files. The file import system 204
reads the field data files 203, concatenates them if required, and stores them in computer
memory. Additionally, the file import system 204 inputs the CAE simulation model 201 and
stores it in computer memory.

[0037] FIG. 3 is a flowchart of the VR simulation model creation component 105,
A CAE simulation model 205 frequently consists of domains other than just the geometry
of the design model. For example, a CFD external flow simulation mesh models an extended
space around the design model which models the fluid in the volume surrounding the design
model. An internal CFD simulation mesh models a domain inside of the design model such
as a space inside a pipe. These additional meshes used to model domains separate from the
design model are not needed for the mesh render model 304. The surface extraction method
301 extracts the surface mesh 302, from the CAE simulation model 205 that corresponds to
the design model to create a mesh render model 304 that is appropriate for display in the
VR environment. For a high-fidelity CAE simulation model 208, the render model 304, may
have a very large polygon count which is too high for real-time rendering. Decimation 303
is an optional method that may be used to reduce the polygon count of a mesh render model
304. Decimation 303 reduces the number of polygons in the mesh render model 304 while
maintaining a good geometric approximation to the original data.

[0038] FIG. 4 is a flowchart of a system of the data translator component 106. High-
fidelity CAE simulation models 205 of design models are usually created as an unstructured
grid so that the elements of the mesh are arranged in an irregular pattern that enables the
CAE simulation model 205 to model complex shapes. CAE simulation models 205
frequently consist of over 100 million elements S03. As a result, currently it is not possible
to interact with the field data 206 of CAE simulation models 205 of this size and complexity
in real-time. The data translator component 106 implements systems and methods to enable
real-time field data 206 visualization. This is primarily accomplished by the construction of
a query optimized grid (QOG) 413. A QOG 413 is an efficient data structure that stores
scalar or vector field data 206 of a CAE model 205 at regular indices with possible
refinement through spatial decomposition (for example using unstructured grid elements)
such that the data can be efficiently extracted over a three-dimensional environment.
[0039] The field data 206 to be visualized may only comprise a small subset of the

entire field data. In method 401, a sub volume is defined consisting of the volumetric region
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of interest for the visualization. In step 402, a structured grid 403 is created. An example
structured grid 403 with a sphere embedded in the center is displayed in FIG. 6.

[0040] A structured grid 403 is organized in columns and rows of voxels (also
commonly known as cells). Each point in the three-dimensional grid has a corresponding
1,j,k index value which is unique. The physical locations of the points in the grid may be
stored or may be functionally related to the mesh space (x,y,z) = {(i,},k). It is also implied
that incrementing any of the indices i,j, or k by 1 will define a point that is a neighbor of the
point defined by 1i,j,k as displayed in FIG. 7. Each point of the structured grid 403 is
classified based on whether it exists inside a region of the model associated with field data
206 or not. For example, in an external flow CFD simulation model 205 any point that
resides completely inside the design model is not in the flow field and therefore has no field
data 206 associated with it.

[0041] Step 404 of FIG. 4 is a method that determines if a voxel intersects the design
model surface mesh 302. One method that may be used to determine the intersecting voxels
405 would be a bounding volume hierarchy search. After the intersecting voxels 405 are
identified, a decision 406 is made based on a parameter possibly set by the user, to subdivide
the intersecting voxels 405 or not. Subdivision is performed in order to achieve higher
accuracy in data interpolation near the design model surface mesh 302. Method 407
subdivides an intersection voxel 405 into eight new voxels. An original voxel and
subdivided voxel are displayed in FIG.8. These new sub-voxels are classified by method
404 to determine which of them are intersecting voxels 40S. Once the subdivision process
is complete and the entire set of intersecting voxels 405 have been found, system 408
calculates the intersection points for each edge of each intersection voxel 405. These
intersection points may be calculated using an algorithm such as the Matier-Trambore ray-
triangle intersection algorithm.

[0042] In method 409 polygonal surfaces are constructed in each of the intersecting
voxels 405 that correspond to the geometric intersection of the intersecting voxels 405 and
the design model surface mesh 302. These polygonal surfaces may be an exact
representation of the intersection of the voxels with the design model surface mesh 302 or
they may be an approximation. Using algorithms such as Marching Cubes or Dual
Contouring to create isosurfaces, good approximations to the surface mesh 302 may be
quickly and efficiently created.

[0043] As one possible approach, method 409 determines the corresponding

Marching Cubes case for each intersecting voxel 405. This determination is based on the
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voxel edge intersection points and the classification of the voxel’s points. The standard
Marching Cubes cases are displayed in FIG. 9. Once an intersecting voxel’s 405 Marching
Cubes case 1s determined, method 409 creates the polygonal mesh representing the voxel,
surface mesh 302 intersection. One possible adaptation of the Marching Cubes Algorithm
would be to embed the vertices from the surface mesh 302 in the intersecting voxels 405
and utilizing them in the polygonal mesh creation as displayed in FIG. 10.

[0044] Method 410 meshes the volumes of the intersecting voxel 405 that contain
field data 206 conforming to the 2D polygonal mesh. This mesh may be composed of
hexahedron, tetrahedron, pyramid, wedge, or polyhedral elements. The Marching Cubes
cases provide stencils for the meshing the intersecting voxels 405. For example, Marching
Cubes cases are used as stencils for tetrahedron meshing in the Isosurface Stuffing
Algorithm. The intersecting voxels 405 now contain an unstructured mesh which combined
with the standard voxels of the structured grid 403, produce a QOG 411.

[0045] Method 412, which is described in detail in FIG. 5, depicts a general method
for utilizing a QOG. In particular, Method 412 samples the field data 206 of interest such as
velocity, pressure, temperature, stress, strain, or other data for each point of the QOG 411.
This sampled data is stored in a QOG 413. The field data 206 is stored in the two parts of
the QOG 413. Most of the field data 206 is stored in the structured grid 403 portion of the
QOG 413 corresponding to the 1,j,k point locations. The structured grid portion of the QOG
413 provides for efficient and rapid querying of the data as compared to an unstructured
grid. The unstructured mesh created by the intersecting voxels 405 that are part of the QOG
413 may also be queried efficiently because it resides within voxels. This eliminates
extensive point classification when determining which element a point resides in. If a point
is determined to exist in an intersecting voxel 4085, only a few elements need to be checked
in the point classification process. Accordingly, the QOG 413 may be used to store field
data 206 that will be not be displayed directly on the surface of the design model.

[0046] FIG. 5 is a flowchart for method 412 describing how the sample field data
206 is obtained for each point of the QOG 413. A loop 501 is implemented which begins
with step 502 that retrieves an element 503 from the CAE model grid 205. Step 504
computes the element bounding box S0S of the retrieved element 503 from the CAE model
grid 205. A bounding box is the minimum box that contains a given geometric object with
the constraint that the edges of the box are parallel to the Cartesian coordinate axes.
Bounding boxes intersect if one or more of the intervals defined by their minimum and

maximum values for any of coordinate axes ever overlap.
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[0047] Step 506 then determines if the element bounding box 505 overlaps the QOG
bounding box 514. If there is no overlap, the field data 206 from the element 503 does not
have to be transferred to the QOG 411 so control is returned to the beginning of the loop at
step 502. If there is an overlap, step 507 computes which of the QOG 411 points are inside
the element bounding box 505. Step 509 then filters out the QOG points in the element
bound box 508 that are not in the CAE grid element S03. This creates the set of QOG points
that are inside the volume of the CAE grid element 510. Step 511 then interpolates the field
data 206 attached to the CAE grid element 503 to output the QOG points with field data
S12. This interpolation may be performed using the isoparametric shape functions for the
element 503.

[0048] The QOG 413 may be stored in either CPU or GPU computer memory or it
may be saved in data files in electronic storage 109. The data files may use relocatable data
blocks. Data files written using relocatable data blocks are essentially created by taking a
snapshot of the computer data memory region and saving it to computer storage 109.
[0049] FIG 11 illustrates another system of the data translator component 106. Often
scalar values such are pressure, temperature, stress, strain, etc. are displayed on the surfaces
of the CAE simulation model 205 that correspond to the design model. Vector data may also
be displayed on the surfaces of the CAE simulation model 205 using techniques such as line
integral convolution (LIC) vector field visualization. This field data 206 is associated with
each surface point in the CAE simulation model 205. Step 1101 maps the field data 206
scalar and/or vector values to be displayed to each point on the surface mesh 302 by
sampling the field data 206. A color may be assigned to each field data 206 value which is
then assigned to each point of the surface mesh 302.

[0050] However, in the optional decimation process 303 that may be used to create
the mesh render model 304, a significant number of surface points are eliminated along with
their associated field data 206. Other surface points are also moved, making their associated
field data 206 inaccurate. This method eliminates that problem by creating a surface texture
map from the original surface field data 206 which can be applied to the decimated render
model 304. Step 1103 creates a two-dimensional texture 1104 for the display of the field
data 206 colors. Step 1105 applies the texture 1104 to the mesh render model 304 to create
the render model 1106. Multiple surface textures 1104 may be created to quickly change the
field data 206 displayed on the render model 1106. If decimation is not performed, step 1105
performs a direct mapping from the surface mesh vertex data 1102 to each vertex of the

mesh render model 304.
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[0051] FIG 12 illustrates the visualization component 107 that provides the VR
experience for the users. This component provides the real-time computation and display of
the scalar and/or vector data by means of various visualization entities. Input to the
visualization component 107 to direct where and what visualization entities should be
created, is given by the controller input 1206. For example, if the user decides to create a
streamline from the velocity field data for a CFD simulation model 205, the users selects a
point in space inside the QOG 413. That information is sent from the controller input 1206
to the visualization computation method 1202 which creates the visualization entities like
streamlines.

[0052] Step 1203 uses the point data generated by the computation step 1202 to
create the visualization entities. As an example, a streamline entity may be created by a
piecewise linear line of the points data or a spline interpolating the point data. The streamline
may then be colored using the scalar data associated with the streamline points. Particles
may also be created which have their position updated by integration of the velocity field
data of the QOG 413. For example, these particles may be used to create a virtual smoke
wand to determine actual particle flow in the velocity field. This method may also change
the scalar color values or surface texture displayed on the surface of the render model 1106.
[0053] The methods and systems of the visualization component 107 are performed
in real-time during the VR experience. The environment displayed is continuously rendered
at typically 80 to 90 frames per second to achieve a realistic, immersive experience. The
continuous render loop is illustrated in steps 1201 and 1204. The rendered information is
displayed in step 1205. The VR experience may be displayed on a variety of devices
including client devices 102.

[0054] As one possible example of the visualization entity computation 1202, F1G.
13 describes how a streamline is calculated. A streamline is a line that is everywhere tangent
to the vector field. It indicates the path a massless particle would travel through the velocity
field if released at the starting point of the streamline. Method 1302 sets the initial values
for the creation of the streamline which includes the location for the start of the streamline.
Step 1303 creates the first point in the streamline. Then method 1304 checks to see if the
point resides in the domain of the QOG 413. If it does not, there is no valid field data 206
associated with that point and method 1304 terminates the creation of the streamline. If the
streamline point does reside inside the QOG 413, method 1306 determines if the point

resides in a standard voxel 601, a subdivided voxel 701, or an intersecting voxel 405.
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[0055] If the point is found inside a standard voxel 601 or a subdivided voxel 701
as depicted in 1401 of FIG. 14, a trilinear interpolation 1313 is performed to determine the
field data 206 values for that point 1312. The trilinear interpolation steps 1302 are also
shown in FIG. 14. The structure of a standard voxel 601 or a subdivided voxel 701, enables
the use of the computationally efficient trilinear interpolation 1402. If the point is found
inside an intersecting voxel 405, a determination 1308 is made to specify which three
dimensional element of the meshed volume of the intersecting voxel 405 contains the point.
Once the element is found, standard isoparametric interpolation 1309 is performed for the
specified element’s type to determine the field data 206 values for the point 1312,

[0056] One possible method of calculating the next streamline point is the Runge-
Kutta integration method 1311. The fourth-order formula is illustrated in FIG 15. Scalar
values may also be calculated at each point in the streamline and may be used to color the
streamline. An example would be to calculate the velocity magnitude and to use it to color
the line to indicate the speed of a particle as it moves along the streamline.

[0057] The data structure imposed in the QOG 413 enables rapid numeric
calculation because at each step of the integration, the voxel 601 which the point resides in,
is easily determined because each voxel 601 is also an axis aligned bounding box.

[0058] FIG. 16 illustrates an embodiment of the visualization component 107 that
provides a method for users to visualize transient field data 206. Transient simulation is used
when the field data 206 changes with respect to time. Simulations are performed at specified
time steps for a predetermined period of time in order to capture the time variant behavior
of the field data 206. Typically, the results of these multiple analysis are used to create
animations to visualize the varying field data 206. This system is a modification of the
system illustrated in FIG. 12 by the addition of a QOG cache 1602 which contains the QOGs
413 that are created for the field data 206 at each time step. Method 1601 retrieves the QOGs
413 from the query optimized grid cache 1602 as the user selected visualization entities may
be continuously created in step 1203 and displayed 1205 to visualize the transient field data
206 in real-time.

[0059] FIG. 17 illustrates an embodiment of the visualization component 107 that
provides for users to visualize a baseline CAE model and a design variation CAE model.
This system is a modification of the system illustrated in FIG. 12 by the addition of a QOG
cache 1602 and a render model cache 1702 which contain the QOG 413 and render models
1106 for the baseline design and modified designs respectively. Method 1701 retrieves the

render models 1106 to be displayed from the render model cache 1702 which are in
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computer memory. Method 1601 retrieves the QOGs 413 from the QOG cache 1602 which
correspond to the retrieved render models 1106. Step 1203 then creates the visualization
entities for the baseline model and the design variation model which may then be display
simultaneously.

[0060] The VR experience provided by the VR application 100 will permit users to
traverse the virtual environment, translate and rotate the CAE simulation model 205 and
fully control the field data 206 visualization. The users may interact with the CAE
simulation model 205 by using virtual provided tools to direct what type and where
visualization entities are created. Hand controllers may be provided that users can use to
manipulate objects, teleport in the virtual environment, and control the user interface
component 108. Control may be exercised by virtual graphical user interface menus with
buttons, sliders, checkboxes, and other standard user interface widgets manipulated by the
controllers. Users may interact with each other in the environment, by exchanging
communications either verbally or other communications.

[0061] Although the subject matter has been described in language specific to structural
features and/or methodological acts, it is to be understood that the subject matter defined in
the appended claims is not necessarily limited to the described features or acts described
above, or the order of the acts described above. Rather, the described features and acts are
disclosed as example forms of implementing the claims.

[0062] The present invention may comprise or utilize a special-purpose or general-
purpose computer system that includes computer hardware, such as, for example, one or
more processors and system memory, as discussed in greater detail below. Embodiments
within the scope of the present invention also include physical and other computer-readable
media for carrying or storing computer-executable instructions and/or data structures. Such
computer-readable media can be any available media that can be accessed by a general-
purpose or special-purpose computer system. Computer-readable media that store
computer-executable instructions and/or data structures are computer storage media.
Computer-readable media that carry computer-executable instructions and/or data structures
are transmission media. Thus, by way of example, and not limitation, embodiments of the
invention can comprise at least two distinctly different kinds of computer-readable media:
computer storage media and transmission media.

[0063] Computer storage media are physical storage media that store computer-
executable instructions and/or data structures. Physical storage media include computer

hardware, such as RAM, ROM, EEPROM, solid state drives (“SSDs”), flash memory,
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phase-change memory (“PCM”), optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other hardware storage device(s) which can be used to
store program code in the form of computer-executable instructions or data structures, which
can be accessed and executed by a general-purpose or special-purpose computer system to
implement the disclosed functionality of the invention.

[0064] Transmission media can include a network and/or data links which can be used
to carry program code in the form of computer-executable instructions or data structures,
and which can be accessed by a general-purpose or special-purpose computer system. A
“network” is defined as one or more data links that enable the transport of electronic data
between computer systems and/or modules and/or other electronic devices. When
information is transferred or provided over a network or another communications
connection (either hardwired, wireless, or a combination of hardwired or wireless) to a
computer system, the computer system may view the connection as transmission media.
Combinations of the above should also be included within the scope of computer-readable
media.

[0065] Further, upon reaching various computer system components, program code in
the form of computer-executable instructions or data structures can be transferred
automatically from transmission media to computer storage media (or vice versa). For
example, computer-executable instructions or data structures received over a network or
data link can be buffered in RAM within a network interface module (e.g., a “NIC”), and
then eventually transferred to computer system RAM and/or to less volatile computer
storage media at a computer system. Thus, it should be understood that computer storage
media can be included in computer system components that also (or even primarily) utilize
transmission media.

[0066] Computer-executable instructions comprise, for example, instructions and data
which, when executed at one or more processors, cause a general-purpose computer system,
special-purpose computer system, or special-purpose processing device to perform a certain
function or group of functions. Computer-executable instructions may be, for example,
binaries, intermediate format instructions such as assembly language, or even source code.
[0067] Those skilled in the art will appreciate that the invention may be practiced in
network computing environments with many types of computer system configurations,
including, personal computers, desktop computers, laptop computers, message processors,
hand-held devices, multi-processor systems, microprocessor-based or programmable

consumer electronics, network PCs, minicomputers, mainframe computers, mobile
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telephones, PDAs, tablets, pagers, routers, switches, and the like. The invention may also
be practiced in distributed system environments where local and remote computer systems,
which are linked (either by hardwired data links, wireless data links, or by a combination of
hardwired and wireless data links) through a network, both perform tasks. As such, in a
distributed system environment, a computer system may include a plurality of constituent
computer systems. In a distributed system environment, program modules may be located
in both local and remote memory storage devices.

[0068] Those skilled in the art will also appreciate that the invention may be practiced
in a cloud-computing environment. Cloud computing environments may be distributed,
although this is not required. When distributed, cloud computing environments may be
distributed internationally within an organization and/or have components possessed across
multiple organizations. In this description and the following claims, “cloud computing” is
defined as a model for enabling on-demand network access to a shared pool of configurable
computing resources (e.g., networks, servers, storage, applications, and services). The
definition of “cloud computing” is not limited to any of the other numerous advantages that
can be obtained from such a model when properly deployed.

[0069] A cloud-computing model can be composed of various characteristics, such as
on-demand self-service, broad network access, resource pooling, rapid elasticity, measured
service, and so forth. A cloud-computing model may also come in the form of various
service models such as, for example, Software as a Service (“SaaS”), Platform as a Service
(“PaaS”), and Infrastructure as a Service (“IaaS”). The cloud-computing model may also be
deployed using different deployment models such as private cloud, community cloud, public
cloud, hybrid cloud, and so forth.

[0070] Some embodiments, such as a cloud-computing environment, may comprise a
system that includes one or more hosts that are each capable of running one or more virtual
machines. During operation, virtual machines emulate an operational computing system,
supporting an operating system and perhaps one or more other applications as well. In some
embodiments, each host includes a hypervisor that emulates virtual resources for the virtual
machines using physical resources that are abstracted from view of the virtual machines.
The hypervisor also provides proper isolation between the virtual machines. Thus, from the
perspective of any given virtual machine, the hypervisor provides the illusion that the virtual
machine is interfacing with a physical resource, even though the virtual machine only

interfaces with the appearance (e.g., a virtual resource) of a physical resource. Examples of
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physical resources including processing capacity, memory, disk space, network bandwidth,
media drives, and so forth.

[0071] The present invention may be embodied in other specific forms without
departing from its spirit or essential characteristics. The described embodiments are to be
considered in all respects only as illustrative and not restrictive. The scope of the invention
is, therefore, indicated by the appended claims rather than by the foregoing description. All
changes which come within the meaning and range of equivalency of the claims are to be

embraced within their scope.
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CLAIMS
We claim:
1. A method for providing an immersive VR experience, the method executed on a
computer processor from instructions stored in computer memory, the method comprising:
defining in the computer memory, a model representing a three-dimensional
model,;
producing field data based upon a simulation of the three-dimensional
model,;
storing the field data within a data structure;
extracting, for display, a surface of the three-dimensional model from a
simulation model;
creating a surface texture for the surface of the three-dimensional model from
the field data;
creating a query optimized grid from the field data; and
displaying a visualization of the field data by means of the surface and the
query optimized grid.

2. The method of claim 1, wherein surface elements of the simulation model
corresponding to the three-dimensional model are extracted from the simulation model.

3. The method of claim 2, wherein a surface texture is created from the surface
elements.

4. The method of claim 3, wherein scalar and/or vector values of the field data are
mapped to the surface texture.

5. The method of claim 1, wherein a structured grid is created for a domain of the
simulation model or a subset of the simulation model.

6. The method of claim 5, wherein a size and number of points in the structured grid
are defined by a user.

7. The method of claim 5, wherein the field data is sampled at points corresponding to
point locations of the structured grid.

8.  The method of claim 7, wherein the field data includes at least one of: temperature,
density, velocity, pressure, stress, strain, magnetic fields, electric fields, field direction,
current flow, and vector potential.

9. The method of claim 7, wherein visualization data is used to construct visualization
entities which include at least one of: streamlines, particle flows, isosurfaces, contours,

slices, and glyphs.
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10. The method of claim 5, wherein an unstructured grid is created for a mesh of the
surface of the domain of the simulation model or the subset of the simulation model.
11. A computer system for providing a VR experience, the computer system comprising;
a processor; and
a memory with computer code instructions stored thereon, the processor and
the memory, with the computer code instructions be configured to cause the
computer system to:
define in the memory, a model representing a three-dimensional
model,
produce field data based upon a simulation of the three-dimensional
model,
store the field data within a data structure;
extract, for display, a surface of the three-dimensional model from a
simulation model,
create a surface texture for the surface of the three-dimensional model
from the field data;
create a query optimized grid from the field data; and
display a visualization of the field data by means of the surface and
the query optimized grid.
12. The computer system of claim 11, wherein the VR experience is provided to users
via a VR headset.
13. The computer system of claim 11, wherein the VR experience is provided to users
via an augmented reality headset.
14. The computer system of claim 11, wherein a structured grid is created for a domain
of the simulation model or a subset of the simulation model.
15. The computer system of claim 14, wherein an unstructured grid is created for a mesh

of the surface of the domain of the simulation model or the subset of the simulation model.
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