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Part 1

Getting Started






CHAPTER
ONE

INTRODUCTION

High-performance computing relies on ever finer threading. Advances in processor technology include ever greater
numbers of cores, hyperthreading, accelerators with integrated blocks of cores, and special vectorized instructions,
all of which require more software parallelism to achieve peak performance. Traditional visualization solutions
cannot support this extreme level of concurrency. Extreme scale systems require a new programming model and
a fundamental change in how we design algorithms. To address these issues we created VI K-m: the visualization
toolkit for multi-/many-core architectures.

VTK-m supports a number of algorithms and the ability to design further algorithms through a top-down design
with an emphasis on extreme parallelism. VTK-m also provides support for finding and building links across
topologies, making it possible to perform operations that determine manifold surfaces, interpolate generated
values, and find adjacencies. Although VTK-m provides a simplified high-level interface for programming, its
template-based code removes the overhead of abstraction.

VTK-m simplifies the development of parallel scientific visualization algorithms by providing a framework of
supporting functionality that allows developers to focus on visualization operations. Consider the listings in
Figure 1.1 that compares the size of the implementation for the Marching Cubes algorithm in VTK-m with
the equivalent reference implementation in the CUDA software development kit. Because VTK-m internally
manages the parallel distribution of work and data, the VTK-m implementation is shorter and easier to maintain.
Additionally, VTK-m provides data abstractions not provided by other libraries that make code written in
VTK-m more versatile.

1.1 How to Use This Guide

This user’s guide is organized into 5 parts to help guide novice to advanced users and to provide a convenient
reference. Part I, Getting Started, provides a brief overview of using VIK-m. This part provides instructions
on building VTK-m and some simple examples of using VITK-m. Users new to VI K-m are well served to read
through Part I first to become acquainted with the basic concepts.

The remaining parts, which provide detailed documentation of increasing complexity, have chapters that do not
need to be read in detail. Readers will likely find it useful to skip to specific topics of interest.

Part II, Using VI'K-m, dives deeper into the VI'K-m library. It provides much more detail on the concepts
introduced in Part I and introduces new topics helpful to people who use VT K-m’s existing algorithms.

Part III, Developing Algorithms, documents how to use VI'K-m’s framework to develop new or custom visual-
ization algorithms. In this part we dive into the inner workings of filters and introduce the concept of a worklet,
which is the base unit used to write a device-portable algorithm in VI'K-m. Part III also documents many
supporting functions that are helpful in implementing visualization algorithms.
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Figure 1.1: Comparison of the Marching Cubes algorithm in VTK-m and the reference implementation in the
CUDA SDK. Implementations in VTK-m are simpler, shorter, more general, and easier to maintain. (Lines of
code (LOC) measurements come from cloc.)

Part TV, Advanced Development, explores in more detail how VTK-m manages memory and devices. This
information describes how to adapt VITK-m to custom data structures and new devices.

Part V, Core Development, exposes the inner workings of VITK-m. These concepts allow you to design new
algorithmic structures not already available in VTK-m.

1.2 Conventions Used in This Guide

When documenting the VI'K-m API, the following conventions are used.

e Filenames are printed in a sans serif font.
o C++ code is printed in a monospace font.

e Macros and namespaces from VTK-m are printed in red.
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1.2. Conventions Used in This Guide

e Identifiers from VTK-m are printed in blue.
e Signatures, described in Chapter 17, and the tags used in them are printed in green.
This guide provides actual code samples throughout its discussions to demonstrate their use. These examples

are all valid code that can be compiled and used although it is often the case that code snippets are provided.
In such cases, the code must be placed in a larger context.

In this guide we periodically use these Did you know? bozes to provide additional information related to
the topic at hand.

¢

§ Common Errors blocks are used to highlight some of the common problems or complications you might
encounter when dealing with the topic of discussion.
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CHAPTER
TWO

BUILD AND INSTALL VTK-M

Before we begin describing how to develop with VITK-m, we have a brief overview of how to build VTK-m,
optionally install it on your system, and start your own programs that use VTK-m.

2.1 Getting VTK-m

VTK-m is an open source software product where the code is made freely available. To get the latest released
version of VTK-m, go to the VTK-m releases page:

http://m.vtk.org/index.php/VTK-m_Releases

From there with your favorite browser you may download the source code from any of the recent VTK-m releases
in a variety of different archive files such as zip or tar gzip.

For access to the most recent work, the VIK-m development team provides public anonymous read access to
their main source code repository. The main VTK-m repository on a GitLab instance hosted at Kitware, Inc.
The repository can be browsed from its project web page:

https://gitlab.kitware.com/vtk/vtk-m

We leave access to the githosted repository as an exercise for the user. Those interested in git access for the
purpose of contributing to VTK-m should consult the CONTRIBUTING guidelines documented in the source
code.!

2.2 Configure VTK-m

VTK-m uses a cross-platform configuration tool named CMake to simplify the configuration and building across
many supported platforms. CMake is available from many package distribution systems and can also be down-
loaded for many platforms from http://cmake.org.

Most distributions of CMake come with a convenient GUI application (cmake-gui) that allows you to browse
all of the available configuration variables and run the configuration. Many distributions also come with an
alternative terminal-based version (ccmake), which is helpful when accessing remote systems where creating GUI
windows is difficult.

Thttps://gitlab.kitware.com/vtk/vtk-m/blob/master/CONTRIBUTING .md


http://m.vtk.org/index.php/VTK-m_Releases
https://gitlab.kitware.com/vtk/vtk-m
http://cmake.org
https://gitlab.kitware.com/vtk/vtk-m/blob/master/CONTRIBUTING.md

2.2. Configure VTK-m

One helpful feature of CMake is that it allows you to establish a build directory separate from the source directory,
and the VTK-m project requires that separation. Thus, when you run CMake for the first time, you want to set
the build directory to a new empty directory and the source to the downloaded or cloned files. The following
example shows the steps for the case where the VT K-m source is cloned from the git repository. (If you extracted
files from an archive downloaded from the VTK-m web page, the instructions are the same from the second line
down.)

Example 2.1: Running CMake on downloaded VTK-m source (Unix commands).
tar xvzf “/Downloads/vtk-m-v1.5.0.tar.gz
mkdir vtkm-build
cd vtkm-build
cmake-gui ../vtk-m-v1.5.0

W N =

CMake 3.6.2 - C:/Users/kmorel/sre/builds/vtk-m X CMake 3.6.2 - C:/Users/kmorel/src/builds/vtk-m

File Tools Options Help File Tools Options Help

Where s the source code: |G /Users marelfsrc/vtim] | [eromse Source.... | | Whereis the source code: ~[CifUsers/marelfsrepvticm | [rowse saurce....

Where to buid the binaries: | C:/Userskmore!/orc/buidsfvticm ~| | Browse Buid... | | | Where to buid the binaries: [ C:/Userskmorelfsrc/buids/vtkem | | Browse Buid... |

Search: | Dlerouped [ Advanced W RemovzEatry | | | Search: | Dleroupsd [ Advanced % Remove Entry
Mame Value Mame Value

L]
|
]
L]
]
L]

Press Configure to update and display new values in red, then press Generate to generate selected buid fies. Press Configure to update and display new values in red, then press Generate to generate selected buid files.
e [ —
The C compiler identification is MSUC 18.0.40623.0 ~

The CKX compiler identification is MSVC 18.0.40829.0

Check for working € compiler: C:/Program Files (x86)/Microsoft Visual Studic 12.0/VC/bin/amdéd/cl.exe
Check for working C compiler: C:/Program Files (x86)/Microsoft Visual Studio 12.0/VC/bin/amdsd/cl exe
Detecting C compiler RBI info

Detecting C compiler ABI info - done

Check for working CEX compiler: C:/Program Files (x86)/Microsoft Visual Studic 12.0/VC/bin/amdsd/cl ex
Check for working CHX compiler: C:/Brogram Files (x86)/Microsoft Visusl Studioc 12.0/VC/bin/amd6d/cl_ex
Detecting CiX compiler AEI info

Detecting Ci¥ compiler ABI info - done

Detecting CHX compile festures v

< >

Figure 2.1: The CMake GUI configuring the VTK-m project. At left is the initial blank configuration. At right
is the state after a configure pass.

The first time the CMake GUI runs, it initially comes up blank as shown at left in Figure 2.1. Verify that the
source and build directories are correct (located at the top of the GUI) and then click the “Configure” button
near the bottom. The first time you run configure, CMake brings up a dialog box asking what generator you
want for the project. This allows you to select what build system or IDE to use (e.g. make, ninja, Visual Studio).
Once you click “Finish,” CMake will perform its first configuration. Don’t worry if CMake gives an error about
an error in this first configuration process.

Common Errors

Most options in CMake can be reconfigured at any time, but not the compiler and build system used. These
must be set the first time configure is run and cannot be subsequently changed. If you want to change the
compiler or the project file types, you will need to delete everything in the build directory and start over.
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2.2. Configure VTK-m

After the first configuration, the CMake GUI will provide several configuration options as shown in Figure 2.1
on the right. You now have a chance to modify the configuration of VTK-m, which allows you to modify both
the behavior of the compiled VTK-m code as well as find components on your system. Using the CMake GUI is
usually an iterative process where you set configuration options and re-run “Configure.” Each time you configure,
CMake might find new options, which are shown in red in the GUL

It is often the case during this iterative configuration process that configuration errors occur. This can occur
after a new option is enabled but CMake does not automatically find the necessary libraries to make that feature
possible. For example, to enable TBB support, you may have to first enable building TBB, configure for TBB
support, and then tell CMake where the TBB include directories and libraries are.

Once you have set all desired configuration variables and resolved any CMake errors, click the “Generate”
button. This will create the build files (such as makefiles or project files depending on the generator chosen at
the beginning). You can then close the CMake GUI.

There are a great number of configuration parameters available when running CMake on VTK-m. The following
list contains the most common configuration parameters.

BUILD_SHARED_LIBS Determines whether static or shared libraries are built.

CMAKE_BUILD_TYPE Selects groups of compiler options from categories like Debug and Release. Debug
builds are, obviously, easier to debug, but they run much slower than Release builds. Use Release builds
whenever releasing production software or doing performance tests.

CMAKE_INSTALL_PREFIX The root directory to place files when building the install target.

VTKm_ENABLE_EXAMPLES The VTK-m repository comes with an examples directory. This macro deter-
mines whether they are built.

VTKm_ENABLE_BENCHMARKS If on, the VTK-m build includes several benchmark programs. The bench-
marks are regression tests for performance.

VTKm_ENABLE_CUDA Determines whether VITK-m is built to run on CUDA GPU devices.

VTKm_CUDA _Architecture Specifies what GPU architecture(s) to build CUDA for. The options include
native, fermi, kepler, maxwell, pascal, and volta.

VTKm_ENABLE_OPENMP Determines whether VITK-m is built to run on multi-core devices using OpenMP
pragmas provided by the C++ compiler.

VTKm_ENABLE_RENDERING Determines whether to build the rendering library.

VTKm_ENABLE_TBB Determines whether VITK-m is built to run on multi-core x86 devices using the Intel
Threading Building Blocks library.

VTKm_ENABLE_LOGGING If on, the VTK-m library will output log messages to std-out/std-err. This can
be particuarly useful when debugging your source code or understanding what is going on in VITK-m

VTKm_ENABLE_TESTING If on, the VITK-m build includes building many test programs. The VTK-m
source includes hundreds of regression tests to ensure quality during development.

VTKm_USE_64BIT_IDS If on, then VTK-m will be compiled to use 64-bit integers to index arrays and other
lists. If off, then VTK-m will use 32-bit integers. 32-bit integers take less memory but could cause failures
on larger data.

VTKm_USE_DOUBLE_PRECISION If on, then VTK-m will use double precision (64-bit) floating point num-
bers for calculations where the precision type is not otherwise specified. If off, then single precision (32-bit)
floating point numbers are used. Regardless of this setting, VTK-m’s templates will accept either type.
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2.3.

Building VTK-m

2.3

Building VTK-m

Once CMake successfully configures VI'K-m and generates the files for the build system, you are ready to build
VTK-m. As stated earlier, CMake supports generating configuration files for several different types of build tools.
Make and ninja are common build tools, but CMake also supports building project files for several different types
of integrated development environments such as Microsoft Visual Studio and Apple XCode.

The

VTK-m libraries and test files are compiled when the default build is invoked. For example, if Makefiles

were generated, the build is invoked by calling make in the build directory. Expanding on Example 2.1

D UL W N =

-’VVV\NVVV@

&

Example 2.2: Using make to build VTK-m.

tar xvzf “/Downloads/vtk-m-v1.5.0.tar.gz
mkdir vtkm-build

cd vtkm-build

cmake-gui ../vtk-m-v1.5.0

make -j

make install

The Makefiles and other project files generated by CMake support parallel builds, which run multiple com-
pile steps simultaneously. On computers that have multiple processing cores (as do almost all modern
computers), this can significantly speed up the overall compile. Some build systems require a special flag to
engage parallel compiles. For example, make requires the -j flag to start parallel builds as demonstrated in
Ezxample 2.2.

Example 2.2 assumes that a make build system was generated, which is the default on most system. How-
ever, CMake supports many more build systems, which use different commands to run the build. If you are
not sure what the appropriate build command is, you can run cmake --build to allow CMake to start the
build using whatever build system is being used.

CMake allows you to switch between several types of builds including default, Debug, and Release. Programs
and libraries compiled as release builds can run much faster than those from other types of builds. Thus,
it is important to perform Release builds of all software released for production or where runtime is a
concern. Some integrated development environments such as Microsoft Visual Studio allow you to specify
the different build types within the build system. But for other build programs, like make, you have to
specify the build type in the CMAKE_BUILD_TYPE CMake configuration variable, which is described in
Section 2.2.

10
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2.4. Linking to VTK-m

CMake creates several build “targets” that specify the group of things to build. The default target builds all
of VTK-m’s libraries as well as tests, examples, and benchmarks if enabled. The test target executes each of
the VTK-m regression tests and verifies they complete successfully on the system. The install target copies the
subset of files required to use VI'K-m to a common installation directory. The install target may need to be run
as an administrator user if the installation directory is a system directory.

VTK-m contains a significant amount of regression tests. If you are not concerned with testing a build
on a given system, you can turn off building the testing, benchmarks, and examples using the CMake
configuration variables described in Section 2.2. This can shorten the VTK-m compile time.

2.4 Linking to VTK-m

Ultimately, the value of VITK-m is the ability to link it into external projects that you write. The header files and
libraries installed with VT K-m are typical, and thus you can link VTK-m into a software project using any type
of build system. However, VITK-m comes with several CMake configuration files that simplify linking VTK-m
into another project that is also managed by CMake. Thus, the documentation in this section is specifically for
finding and configuring VI'K-m for CMake projects.

VTK-m can be configured from an external project using the find_package CMake function. The behavior
and use of this function is well described in the CMake documentation. The first argument to find_package
is the name of the package, which in this case is VTKm. CMake configures this package by looking for a file
named VTKmConfig.cmake, which will be located in the lib/cmake/vtkm-1.5 directory of the install or build of
VTK-m. The configurable CMake variable CMAKE_PREFIX_PATH can be set to to the build or install directory,
or VTKm_DIR can be set to the directory that contains this file.

Example 2.3: Loading VITK-m configuration from an external CMake project.
1 ‘find_package(VTKm REQUIRED)

The CMake £ind_package function also supports several features not discussed here including specifying
a minimum or exact version of VITK-m and turning off some of the status messages. See the CMake
documentation for more details.

When you load the VI'K-m package in CMake, several libraries are defined. Projects building with VITK-m
components should link against one or more of these libraries as appropriate, typically with the target_link_-
libraries command.

Example 2.4: Linking VTK-m code into an external program.
find_package (VTKm REQUIRED)

1

2

3 | add_executable (myprog myprog.cxx)

4 | target_link_libraries (myprog vtkm_filter)

Several library targets are provided, but most projects will need to link in one or more of the following.
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vtkm_cont Contains the base objects used to control VIK-m. This library should always be linked in.

vtkm_filter Contains VTK-m’s pre-built filters including but not limited to CellAverage, CleanGrid, Contour,
ExternalFaces, and PointAverage. Applications that are looking to use VTK-m filters will need to link to
this library.

vtkm_rendering Contains VIK-m’s rendering components. This library is only available if VTKm_EN-
ABLE_RENDERING is set to true.

vtkm_source Contains VTK-m’s pre-built dataset generators including but not limited to Wavelet, Tangle,
and Oscillator. Most applications will not need to link to this library.

The “libraries” made available in the VTK-m do more than add a library to the linker line. These libraries
are actually defined as external targets that establish several compiler flags, like include file directories.
Many CMake packages require you to set up other target options to compile correctly, but for VIK-m it is
sufficient to simply link against the library.

Because the VTK-m CMake libraries do more than set the link line, correcting the link libraries can do more
than fix link problems. For example, if you are getting compile errors about not finding VTK-m header
files, then you probably need to link to one of VTK-m’s libraries to fix the problem rather than try to add
the include directories yourself.

The following is a list of all the CMake variables defined when the find_package function completes.
VTKm_FOUND Set to true if the VIK-m CMake package is successfully loaded. If find_package was not
called with the REQUIRED option, then this variable should be checked before attempting to use VI K-m.

VTKm_VERSION The version number of the loaded VTK-m package. The package also sets VTKm_VER-
SION_MAJOR, VTKm_VERSION_MINOR, and VTKm_VERSION_PATCH to get the individual compo-
nents of the version. There is also a VTKm_VERSION_FULL that is augmented with a partial git SHA to
identify snapshots in between releases.

VTKm_ENABLE_CUDA Set to true if VITK-m was compiled for CUDA.
VTKm_ENABLE_OPENMP Set to true if VTK-m was compiled for OpenMP.
VTKm_ENABLE_TBB Set to true if VTK-m was compiled for TBB.
VTKm_ENABLE_RENDERING Set to true if the VTK-m rendering library was compiled.
VTKm_ENABLE_MPI Set to true if VIK-m was compiled with MPI support.

These package variables can be used to query whether optional components are supported before they are used
in your CMake configuration.
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Example 2.5: Using an optional component of VTK-m.
find_package (VTKm REQUIRED)

if (NOT VTKm_ENABLE_RENDERING)
message (SEND_ERROR "VTK-m must be built with rendering on.")
endif ()

add_executable (myprog myprog.cxx)
target_link_libraries (myprog vtkm_cont vtkm_rendering)

0O Utk WN
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CHAPTER
THREE

QUICK START

In this chapter we go through the steps to create a simple program that uses VI K-m. This “hello world” example
presents only the bare minimum of features available. The remainder of this book documents dives into much
greater detail.

We will call the example program we are building VTKmQuickStart. It will demonstrate reading data from a
file, processing the data with a filter, and rendering an image of the data. Readers who are less interested in an
explanation and are more interested in browsing some code can skip to Section 3.5 on page 17.

3.1 Initialize

The first step to using VTK-m is to initialize the library. Although initializing VTK-m is optional, it is recommend
to allow VI'K-m to configure devices and logging. Initialization is done by calling the vtkm: :cont: :Initialize
function. The Initialize function is defined in the vtkm/cont/Initialize.h header file.

Initialize takes the argc and argv arguments that are passed to the main function of your program, find any
command line arguments relevant to VIK-m, and remove them from the list to make further command line
argument processing easier.

Example 3.1: Initializing VTK-m.

int main(int argc, char* argvl[])
{

1
2
3 vtkm::cont::Initialize (argc, argv);

Initialize has many options to customize command line argument processing. See Chapter 6 for more details.

Don’t have access to argc and argv? No problem. You can call vtkm::cont::Initialize with no
argquments.

3.2 Reading a File

VTK-m comes with a simple I/O library that can read and write files in VTK legacy format. These files have a
“.vtk” extension.



3.3. Running a Filter

VTK legacy files can be read using the vtkm: :io::reader: :VTKDataSetReader object, which is declared in
the vtkm/io/reader/VTKDataSetReader.h header file. The object is constructed with a string specifying the
filename (which for this example we will get from the command line). The data is then read in by calling the
VTKDataSetReader: :ReadDataSet method.

Example 3.2: Reading data from a VTK legacy file.

1 vtkm::io::reader::VTKDataSetReader reader (argv[1]);
2 vtkm::cont::DataSet inData = reader.ReadDataSet ();

The ReadDataSet method returns the data in a vtkm: :cont: :DataSet object. The structure and features of a
DataSet object is described in Chapter 7. For the purposes of this quick start, we will treat DataSet as a mostly
opaque object that gets passed to and from operations in VTK-m.

More information about VTK-m’s file readers and writers can be found in Chapter 8.

3.3 Running a Filter

Algorithms in VTK-m are encapsulated in units called filters. A filter takes in a DataSet, processes it, and
returns a new DataSet. The returned DataSet often, but not always, contains data inherited from the source
data.

VTK-m comes with many filters, which are documented in Chapter 9. For this example, we will demonstrate
the use of the vtkm: :filter: :MeshQuality filter, which is defined in the vtkm/filter/MeshQuality.h header file.
The MeshQuality filter will compute for each cell in the input data will compute a quantity representing some
metric of the cell’s shape. Several metrics are available, and in this example we will find the area of each cell.

Like all filters, MeshQuality contains an Execute method that takes an input DataSet and produces an output
DataSet. It also has several methods used to set up the parameters of the execution. Section 9.1.18 provides
details on all the options of MeshQuality. Suffice it to say that in this example we instruct the filter to find the
area of each cell, which it will output to a field named “area.”

Example 3.3: Running a filter.

1 vtkm::filter::MeshQuality cellArea(vtkm::filter::CellMetric::AREA);
2 vtkm::cont::DataSet outData = cellArea.Execute(inData);

3.4 Rendering an Image

Although it is possible to leverage external rendering systems, VITK-m comes with its own self-contained image
rendering algorithms. These rendering classes are completely implemented with the parallel features provided
by VTK-m, so using rendering in VI'K-m does not require any complex library dependencies.

Even a simple rendering scene requires setting up several parameters to establish what is to be featured in
the image including what data should be rendered, how that data should be represented, where objects should
be placed in space, and the qualities of the image to generate. Consequently, setting up rendering in VITK-m
involves many steps. Chapter 10 goes into much detail on the ways in which a rendering scene is specified. For
now, we just briefly present some boilerplate to achieve a simple rendering.

Example 3.4: Rendering data.
1 vtkm::rendering::Actor actor (outData.GetCellSet (),
2 outData.GetCoordinateSystem (),
3 outData.GetField ("area"));
4
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3.5. The Full Example

5 vtkm::rendering::Scene scene;

6 scene.AddActor (actor);

7

8 vtkm::rendering::MapperRayTracer mapper;

9

10 vtkm::rendering::CanvasRayTracer canvas (1280, 1024);
11

12 vtkm::rendering::View3D view(scene, mapper, canvas);
13 view.Initialize();

14

15 view.Paint ();

16

17 view.SaveAs ("image.ppm");

The first step in setting up a render is to create a scene. A scene comprises some number of actors, which
represent some data to be rendered in some location in space. In our case we only have one DataSet to render,
so we simply create a single actor and add it to a scene as shown in lines 1-6.

The second step in setting up a render is to create a view. The view comprises the aforementioned scene, a
mapper, which describes how the data are to be rendered, and a canvas, which holds the image buffer and other
rendering context. The view is created in line 12. Before it is used, the view must be initialized (line 13).

Once this set up is complete, the image generation can finally be performed by calling Paint on the view object
(line 15). However, the rendering done by VITK-m’s rendering classes is performed offscreen, which means that
the result does not appear on your computer’s monitor. The easiest way to see the image is to save it to an
image file using the SaveAs method (line 17).

3.5 The Full Example

Putting together the examples from Sections 3.1 to 3.4, here is a complete program for reading, processing, and
rendering data with VTK-m.

Example 3.5: Simple example of using VTK-m.

#include <vtkm/cont/Initialize.h>
#include <vtkm/io/reader/VTKDataSetReader .h>
#include <vtkm/filter/MeshQuality.h>

#include <vtkm/rendering/Actor.h>
#include <vtkm/rendering/CanvasRayTracer.h>
#include <vtkm/rendering/MapperRayTracer.h>
10 | #include <vtkm/rendering/Scene.h>
11 |#include <vtkm/rendering/View3D.h>

© 00~ U WN -

12

13 | int main(int argc, charx argv[])

14 | {

15 vtkm::cont::Initialize (argc, argv);

16

17 if (argc != 2)

18 {

19 std::cerr << "USAGE: " << argv[0] << " <file.vtk>" << std::endl;
20 return 1;

21 }

22

23 // Read in a file specified in the first command line argument.
24 vtkm::io::reader::VTKDataSetReader reader (argv[1]);

25 vtkm::cont::DataSet inData = reader.ReadDataSet ();

26

Chapter 3. Quick Start 17



3.6. Build Configuration

27 // Run the data through the elevation filter.

28 vtkm::filter::MeshQuality cellArea(vtkm::filter::CellMetric::AREA);
29 vtkm::cont::DataSet outData = cellArea.Execute(inData);
30

31 // Render an image and write it out to a file.

32 vtkm::rendering::Actor actor (outData.GetCellSet (),

33 outData.GetCoordinateSystem (),
34 outData.GetField ("area"));
35

36 vtkm::rendering::Scene scene;

37 scene.AddActor (actor);

38

39 vtkm::rendering::MapperRayTracer mapper;

40

41 vtkm::rendering::CanvasRayTracer canvas (1280, 1024);

42

43 vtkm::rendering::View3D view(scene, mapper, canvas);

44 view.Initialize ();

45

46 view.Paint () ;

47

48 view.SaveAs ("image.ppm");

49

50 return O;

51 |}

3.6 Build Configuration

Now that we have the program listed in Example 3.5, we still need to compile it with the appropriate compilers
and flags. By far the easiest way to compile VITK-m code is to use CMake. CMake command that can be used
to link code to VI'K-m is discussed in Section 2.4. The following example provides a minimal CMakeLists.txt
required to build this program.

Example 3.6: CMakelLists.txt to build a program using VITK-m.

cmake_minimum_required (VERSION 3.13)
project (VTKmQuickStart CXX)

find_package (VTKm REQUIRED)

add_executable (VTKmQuickStart VTKmQuickStart.cxx)
target_link_libraries (VTKmQuickStart vtkm_filter vtkm_rendering)

N O Ut W N

The first two lines contain boilerplat for any CMakeLists.txt file. They all should declare the minimum CMake
version required (for backward compatability) and have a project command to declare which languages are
used.

The remainder of the commands find the VTK-m library, declare the program begin compiled, and link the
program to the VTK-m library. These steps are described in detail in Section 2.4.
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CHAPTER
FOUR

BASE TYPES

It is common for a framework to define its own types. Even the C++ standard template library defines its own
base types like std: :size_t and std::pair. VI'K-m is no exception.

In fact VTK-m provides a great many base types. It is the general coding standard of VTK-m to not directly use
the base C types like int and float and instead to use types declared in VITK-m. The rational is to precisely
declare the representation of each variable to prevent future troubles.

Consider that you are programming something and you need to declare an integer variable. You would declare
this variable as int, right? Well, maybe. In C++, the declaration int does not simply mean “an integer.” int
means something much more specific than that. If you were to look up the C++11 standard, you would find
that int is an integer represented in 32 bits with a two’s complement signed representation. In fact, a C++
compiler has no less than 8 standard integer types.

So, int is nowhere near as general as the code might make it seem, and treating it as such could lead to trouble.
For example, consider the MPI standard, which, back in the 1990’s, implicitly selected int for its indexing
needs. Fast forward to today where there is a need to reference buffers with more than 2 billion elements, but
the standard is stuck with a data type that cannot represent sizes that big.?

Consequently, we feel that with VTK-m it is best to declare the intention of a variable with its declaration, which
should help both prevent errors and future proof code. All the types presented in this chapter are declared in
vtkm/Types.h, which is typically included either directly or indirectly by all source using VTK-m.

4.1 Floating Point Types

VTK-m declares 2 types to hold floating point numbers: vtkm: :Float32 and vtkm: :Float64. These, of course,
represent floating point numbers with 32-bits and 64-bits of precision, respectively. These should be used when
the precision of a floating point number is predetermined.

When the precision of a floating point number is not predetermined, operations usually have to be overloaded or
templated to work with multiple precisions. In cases where a precision must be set, but no particular precision
is specified, vtkm: :FloatDefault should be used. vtkm::FloatDefault will be set to either vtkm: :Float32
or vtkm: :Float64 depending on whether the CMake option VTKM_USE_DOUBLE_PRECISION was set when
VTK-m was compiled, as discussed in Section 2.2. Using vtkm: :FloatDefault makes it easier for users to trade
off precision and speed.

11 intentionally use the phrase “no less than” for our pedantic readers. One could argue that char and bool are treated distinctly by
the compiler even if their representations match either signed char or unsigned char. Furthermore, many modern C++ compilers
have extensions for less universally accepted types like 128-bit integers.

2To be fair, it is possible to represent buffers this large in MPI, but it is extraordinarily awkward to do so.
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4.2 Integer Types

The most common use of an integer in VIK-m is to index arrays and other like storage mechanisms. For
most indexing purposes, the vtkm::Id type should be used. (The width of vtkm::Id is determined by the
VTKM_USE_64BIT_IDS CMake option.)

VTK-m also has a secondary index type named vtkm::IdComponent, which is smaller and typically used for
indexing groups of components within a thread. For example, if you had an array of 3D points, you would use
vtkm: : Id to reference each point, and you would use vtkm: : IdComponent to reference the respective z, y, and
z components.

The VTK-m indezx types, vtkm::Id and vtkm::IdComponent use signed integers. This breaks with the
convention of other common index types like the C++ standard template library std::size_t, which
use unsigned integers. Unsigned integers make sense for indices as a valid index is always 0 or greater.
However, doing things like iterating in a for loop backward, representing relative indices, and representing
tnvalid values is much easier with signed integers. Thus, VTK-m chooses to use a signed integer for
indexing.

VTK-m also has types to declare an integer of a specific width and sign. The types vtkm: : Int8, vtkm: : Int16,
vtkm: :Int32, and vtkm: : Int64 specify signed integers of 1, 2, 4, and 8 bits, respectively. Likewise, the types
vtkm: :UInt8, vtkm: :UInt16, vtkm: :UInt32, and vtkm: :UInt64 specify unsigned integers of 1, 2, 4, and 8 bits,
respectively.

4.3 Vector Types

Visualization algorithms also often require operations on short vectors. Arrays indexed in up to three dimensions
are common. Data are often defined in 2-space and 3-space, and transformations are typically done in homoge-
neous coordinates of length 4. To simplify these types of operations, VTK-m provides a collection of base types
to represent these short vectors, which are collectively referred to as Vec types.

vtkm: :Vec2f, vtkm: : Vec3f, and vtkm: : Vec4f specify floating point Vecs of 2, 3, and 4 components, respectively.
The precision of the floating point numbers follows that of vtkm: :FloatDefault (which, from what is said in
Section 4.1, is specified by the VTKM_USE_DOUBLE_PRECISION compile option). Components of these and
other Vec types can be references through the [ ] operator, much like a C array. Vecs also support basic
arithmetic operators so that they can be used much like their scalar-value counterparts.

Example 4.1: Simple use of Vec objects.

1 vtkm::Vec2f A(1); // A is (1, 1)

2 A[1]1 = 3; // A is (1, 3) now
3 vtkm::Vec2f B = { 4, 5 }; // B is (4, 5)

4 vtkm::Vec2f C = A + B; // C is (5, 8)

5

vtkm::FloatDefault manhattanDistance = C[0] + C[1];

You can also specify the precision for each of these vector types by appending the bit size of each component.
For example, vtkm::Vec3f_32 and vtkm: :Vec3f_64 represent 3-component floating point vectors with each
component being 32 bits and 64 bits respectively. Note that the precision number refers to the precision of each
component, not the vector as a whole. So vtkm: :Vec3f_32 contains 3 32-bit (4-byte) floating point components,
which means the entire vtkm: : Vec3f _32 requires 96 bits (12 bytes).
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To help with indexing 2-, 3-, and 4- dimensional arrays, VIK-m provides the types vtkm::Id2, vtkm: :Id3,
and vtkm: :Id4, which are Vecs of type vtkm::Id. Likewise, VIK-m provides vtkm: : IdComponent2, vtkm: : -
IdComponent3, and vtkm: : IdComponent4.

VTK-m also provides types for Vecs of integers of all varieties described in Section 4.2. vtkm: :Vec2i, vtkm: :-
Vec3i, and vtkm: :Vec4i are vectors of signed integers whereas vtkm: :Vec2ui, vtkm::Vec3ui, and vtkm::-
Vecdui are vectors of unsigned integers. All of these sport components of a width equal to vtkm::Id. The
width can be specified by appending the desired number of bits in the same way as the floating point Vecs. For
example, vtkm: : Vecd4ui_8 is a Vec of 4 unsigned bytes.

These types really just scratch the surface of the Vec types available in VTK-m and the things that can be done
with them. See Chapter 19 for more information on Vec types and what can be done with them.
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FIVE

VTK-M VERSION

As the VTK-m code evolves, changes to the interface and behavior will inevitably happen. Consequently, code
that links into VTK-m might need a specific version of VT K-m or changes its behavior based on what version of
VTK-m it is using. To facilitate this, VI'K-m software is managed with a versioning system and advertises its
version in multiple ways. As with many software products, VTK-m has three version numbers: major, minor, and
patch. The major version represents significant changes in the VTK-m implementation and interface. Changes
in the major version include backward incompatible changes. The minor version represents added functionality.
Generally, changes in the minor version to not introduce changes to the API (although the early 1.X versions of
VTK-m violate this). The patch version represents fixes provided after a release occurs. Patch versions represent
minimal change and do not add features.

If you are writing a software package that is managed by CMake and load VITK-m with the find_package
command as described in Section 2.4, then you can query the VI'K-m version directly in the CMake config-
uration. When you load VTK-m with find_package, CMake sets the variables VTKm_VERSION_MAJOR,
VTKm_VERSION_MINOR, and VTKm_VERSION_PATCH to the major, minor, and patch versions, respectively.
Additionally, VTKm_VERSION is set to the “major.minor” version number and VTKm_VERSION_FULL is set
to the “major.minor.patch” version number. If the current version of VI'K-m is actually a development version
that is in between releases of VT K-m, then and abbreviated SHA of the git commit is also included as part of
VTKm_VERSION_FULL.

If you have a specific version of VI K-m required for your software, you can also use the version option to
the find_package CMake command. The find_package command takes an optional version argument
that causes the command to fail if the wrong version of the package is found.

It is also possible to query the VTK-m version directly in your code through preprocessor macros. The vtkm/-
Version.h header file defines the following preprocessor macros to identify the VTK-m version. VTKM_VERSION_-
MAJOR, VTKM_VERSION_MINOR, and VTKM_VERSION_PATCH are set to integer numbers representing the major,
minor, and patch versions, respectively. Additionally, VTKM_VERSION is set to the “major.minor” version number
as a string and VTKM_VERSION_FULL is set to the “major.minor.patch” version number (also as a string). If the
current version of VI'K-m is actually a development version that is in between releases of VI'K-m, then and
abbreviated SHA of the git commit is also included as part of VTKM_VERSION_FULL.



with VTKM_ (all uppercase). This follows the respective conventions of CMake variables and preprocessor

§ Note that the CMake variables all begin with VTKm_ (lowercase “m”) whereas the preprocessor macros begin
macros.

Note that vtkm/Version.h does not include any other VTK-m header files. This gives your code a chance to load,
query, and react to the VI'K-m version before loading any VIK-m code proper.
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INITIALIZATION

When it comes to running VIK-m code, there are a few ways in which various facilities, such as logging and
device connections, can be initialized. The preferred method of initializing these features is to run the vtkm: :-
cont::Initialize function. Although it is not strictly necessary to call Initialize, it is recommended to set
up state and check for available devices.

Initialize can be called without any arguments, in which case VITK-m will be initialized with defaults. But it
can also optionally take the argc and argv arguments to the main function to parse some options that control the
state of VIK-m. VTK-m accepts arguments that, for example, configure the compute device to use or establish
logging levels. Any arguments that are handled by VIK-m are removed from the argc/argv list so that your
program can then respond to the remaining arguments.

Initialize takes an optional third argument that specifies some options on the behavior of the argument
parsing. The options are specified as a bit-wise “or” of fields specified in the vtkm: :cont::InitializeOptions
enum. The available initialize options are

None Placeholder used when no options are enabled. This is the value used when the third argument to Ini-
tialize is not provided.

RequireDevice Issue an error if the device argument is not specified.

«

DefaultAnyDevice If no device is specified, treat it as if the user gave “--device=Any”. This means that

DeviceAdapterTagUndefined will never be return in the result.

AddHelp Add a help option. If “-h” or “--help” is provided, prints a usage statement. Of course, the usage
statement will only print out arguments processed by VTK-m, which is why help is not given by default.
A string with usage help is returned from Initialize so that the calling program can provide VTK-m’s
help in its own usage statement.

ErrorOnBadOption If an unknown option is encountered, the program terminates with an error. If this option
is not provided, any unknown options are returned in argv. If this option is used, it is a good idea to use
AddHelp as well.

ErrorOnBadArgument If an extra argument is encountered, the program terminates with an error. If this option
is not provided, any unknown arguments are returned in argv.

Strict If supplied, Initialize treats its own arguments as the only ones supported by the application and provides
an error if not followed exactly. This is a convenience option that is a combination of ErrorOnBadOption,
ErrorOnBadArgument, and AddHelp.

As stated earlier, vtkm: :cont::Initialize removes parsed options from the argc/argv passed to it so that
the calling program can further respond to command line arguments. Additionally, Initialize returns an
vtkm: :cont::InitializeResult object that contains the following information.



Device A vtkm::cont::DeviceAdapterId that represents the device specified by the command line arguments.
(See Chapter 12 for details on how VTK-m represents devices.) If no device is specified in the command line
options, vtkm: : cont: :DeviceAdapterTagUndefined is returned (unless the DefaultAnyDevice option is
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given, in which case vtkm: :cont: :DeviceAdapterTaghny is returned).

Example 6.1: Calling Initialize.

#include <vtkm/cont/Initialize.h>

int main(int argc, char*x argv)

{

vtkm::cont::InitializeOptions options =
vtkm::cont::InitializeOptions::ErrorOnBadArgument |
vtkm::cont::InitializeOptions::DefaultAnyDevice;

vtkm::cont::

if (argec !=
{
std::cerr
std::cerr
std::cerr
return 1;
}
std::string

InitializeResult config = vtkm::cont::Initialize(argc, argv, options);
2)

<< "USAGE: " << argv[0] << " [options] filename" << std::endl;

<< "Available options are:" << std::emndl;

<< config.Usage << std::endl;

filename = argv[1];

// Do something cool with VTK-m

//

return O;

28
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CHAPTER
SEVEN

DATA SETS

A data set, implemented with the vtkm: :cont: :DataSet class, contains and manages the geometric data struc-
tures that VTK-m operates on. A data set comprises the following 3 data structures.

Cell Set A cell set describes topological connections. A cell set defines some number of points in space and how
they connect to form cells, filled regions of space. A data set has exactly one cell set.

Field A field describes numerical data associated with the topological elements in a cell set. The field is
represented as an array, and each entry in the field array corresponds to a topological element (point, edge,
face, or cell). Together the cell set topology and discrete data values in the field provide an interpolated
function throughout the volume of space covered by the data set. A cell set can have any number of fields.

Coordinate System A coordinate system is a special field that describes the physical location of the points
in a data set. Although it is most common for a data set to contain a single coordinate system, VITK-m
supports data sets with no coordinate system such as abstract data structures like graphs that might not
have positions in a space. DataSet also supports multiple coordinate systems for data that have multiple
representations for position. For example, geospatial data could simultaneously have coordinate systems
defined by 3D position, latitude-longitude, and any number of 2D projections.

In addition to the base vtkm: :cont: :DataSet, VI'K-m provides vtkm: :cont: :PartitionedDataSet to repre-
sent data partitioned into multiple domains. A PartitionedDataSet is implemented as a collection of DataSet
objects. Partitioned data sets are described later in Section 7.5.

7.1 Building Data Sets

Before we go into detail on the cell sets, fields, and coordinate systems that make up a data set in VTK-m, let
us first discuss how to build a data set. One simple way to build a data set is to load data from a file using the
vtkm: :io module. Reading files is discussed in detail in Chapter 8.

This section describes building data sets of different types using a set of classes named DataSetBuilder*, which
provide a convenience layer on top of vtkm: :cont: :DataSet to make it easier to create data sets.

To simplify the introduction of DataSets, this section uses the simplest mechanisms. In many cases this
involves loading data in a std::vector and passing that to VTK-m, which usually causes the data to be
copied. This is not the most efficient method to load data into VIK-m. Although it is sufficient for small
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data or data that come from a “slow” source, such as a file, it might be a bottleneck for large data generated
by another library. It is possible to adapt VTK-m’s DataSet to externally defined data. This is done by
wrapping existing data into what is called ArrayHandle, but this is a more advanced topic that will not be
addressed in this chapter. ArrayHandles are introduced in Chapter 16 and more adaptive techniques are
described in later chapters.

7.1.1 Creating Uniform Grids

Uniform grids are meshes that have a regular array structure with points uniformly spaced parallel to the axes.
Uniform grids are also sometimes called regular grids or images.

The vtkm: :cont: :DataSetBuilderUniform class can be used to easily create 2- or 3-dimensional uniform grids.
DataSetBuilderUniform has several versions of a method named Create that takes the number of points in
each dimension, the origin, and the spacing. The origin is the location of the first point of the data (in the lower
left corner), and the spacing is the distance between points in the x, y, and z directions. The Create methods
also take an optional name for the coordinate system and an optional name for the cell set.

The following example creates a vtkm: :cont: :DataSet containing a uniform grid of 101 x 101 x 26 points.

Example 7.1: Creating a uniform grid.

1 vtkm::cont::DataSetBuilderUniform dataSetBuilder;
2
3 vtkm::cont::DataSet dataSet = dataSetBuilder.Create(vtkm::Id3(101, 101, 26));

If not specified, the origin will be at the coordinates (0,0,0) and the spacing will be 1 in each direction. Thus,
in the previous example the width, height, and depth of the mesh in physical space will be 100, 100, and 25,
respectively, and the mesh will be centered at (50,50,12.5). Let us say we actually want a mesh of the same
dimensions, but we want the z direction to be stretched out so that the mesh will be the same size in each
direction, and we want the mesh centered at the origin.

Example 7.2: Creating a uniform grid with custom origin and spacing.
vtkm::cont::DataSetBuilderUniform dataSetBuilder;

vtkm::cont::DataSet dataSet =
dataSetBuilder.Create(vtkm::Id3(101, 101, 26),
vtkm::Vec3f (-50.0, -50.0, -50.0),
vtkm::Vec3f (1.0, 1.0, 4.0));
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7.1.2 Creating Rectilinear Grids

A rectilinear grid is similar to a uniform grid except that a rectilinear grid can adjust the spacing between
adjacent grid points. This allows the rectilinear grid to have tighter sampling in some areas of space, but the
points are still constrained to be aligned with the axes and each other. The irregular spacing of a rectilinear grid
is specified by providing a separate array each for the x, y, and z coordinates.

The vtkm: : cont: :DataSetBuilderRectilinear class can be used to easily create 2- or 3-dimensional rectilinear
grids. DataSetBuilderRectilinear has several versions of a method named Create that takes these coordinate
arrays and builds a vtkm: : cont: :DataSet out of them. The arrays can be supplied as either standard C arrays
or as std: :vector objects, in which case the data in the arrays are copied into the DataSet. These arrays can
also be passed as ArrayHandle objects (introduced later in this book), in which case the data are shallow copied.
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The following example creates a vtkm: : cont: :DataSet containing a rectilinear grid with 201 x 201 x 101 points
with different irregular spacing along each axis.

Example 7.3: Creating a rectilinear grid.

1 // Make x coordinates range from -4 to 4 with tighter spacing near O.
2 std::vector<vtkm::Float32> xCoordinates;

3 for (vtkm::Float32 x = -2.0f; x <= 2.0f; x += 0.02f)

4 {

5 xCoordinates.push_back(vtkm::CopySign(x * x, x));

6 }

7

8 // Make y coordinates range from O to 2 with tighter spacing near 2.
9 std::vector<vtkm::Float32> yCoordinates;

10 for (vtkm::Float32 y = 0.0f; y <= 4.0f; y += 0.02f)

11 {

12 yCoordinates.push_back(vtkm::Sqrt(y));

13 }

14

15 // Make z coordinates rangefrom -1 to 1 with even spacing.

16 std::vector<vtkm::Float32> zCoordinates;

17 for (vtkm::Float32 z = -1.0f; z <= 1.0f; z += 0.02f)

18 {

19 zCoordinates.push_back(z);

20 }

21

22 vtkm::cont::DataSetBuilderRectilinear dataSetBuilder;

23

24 vtkm::cont::DataSet dataSet =

25 dataSetBuilder.Create(xCoordinates, yCoordinates, zCoordinates);

7.1.3 Creating Explicit Meshes

An explicit mesh is an arbitrary collection of cells with arbitrary connections. It can have multiple different types
of cells. Explicit meshes are also known as unstructured grids. Explicit meshes can contain cells of different
shapes. The shapes that VTK-m currently supports are listed in Figure 7.1.

The cells of an explicit mesh are defined with the following 3 arrays, which are depicted graphically in Figure
7.2.

Shapes An array of ids identifying the shape of the cell. Each value is a vtkm: :UInt8 and should be set to one
of the vtkm : : CELL_SHAPE_* constants. The shapes and their identifiers are shown in Figure 7.1. The size
of this array is equal to the number of cells in the set.

Connectivity An array that lists all the points that comprise each cell. Each entry in the array is a vtkm::Id
giving the point id associated with a vertex of a cell. The points for each cell are given in a prescribed
order for each shape, which is also shown in Figure 7.1. The point indices are stored consecutively from
the first cell to the last.

Offsets An array of vtkm: :Id s pointing to the index in the connectivity array where the points for a particular
cell starts. The size of this array is equal to the number of cells in the set plus 1. The first entry is expected
to be 0 (since the connectivity of the first cell is at the start of the connectivity array). The last entry,
which does not correspond to any cell, should be the size of the connectivity array.

One important item that is missing from this list of arrays is a count of the number of indices associated with
each cell. This is not explicitly represented in VTK-m’s mesh structure because it can be implicitly derived from
the offsets array by subtracting consecutive entries. However, it is usually the case when building an explicit

Chapter 7. Data Sets 31



7.1. Building Data Sets

vtkm: : CELL_SHAPE_VERTEX vtkm: : CELL_SHAPE_LINE vtkm: :CELL_SHAPE_POLY_LINE
vtkm: :CellShapeTagVertex vtkm: :CellShapeTaglLine vtkm: :CellShapeTagPolyLine
2 n-2 5
n-1 3
1 1
0
0 ! 0
vtkm: :CELL_SHAPE_TRIANGLE vtkm: : CELL_SHAPE_POLYGON vtkm: : CELL_SHAPE_QUAD
vtkm: :CellShapeTagTriangle  vtkm::CellShapeTagPolygon vtkm: :CellShapeTagQuad
5

1
0

vtkm: :CELL_SHAPE_TETRA  vtkm::CELL_SHAPE_HEXAHEDRON  vtkm::CELL_SHAPE_WEDGE
vtkm: :CellShapeTagTetra  vtkm::CellShapeTagHexahedron  vtkm::CellShapeTagWedge

4
2

3

0 1

vtkm: : CELL_SHAPE_PYRAMID
vtkm: :CellShapeTagPyramid

Figure 7.1: Basic Cell Shapes

mesh that you will have an array of these counts rather than the offsets. It is for this reason that VITK-m
contains mechanisms to build an explicit data set with a “num indices” arrays rather than an offsets array.

The vtkm::cont::DataSetBuilderExplicit class can be used to create data sets with explicit meshes.
DataSetBuilderExplicit has several versions of a method named Create. Generally, these methods take
the shapes, number of indices, and connectivity arrays as well as an array of point coordinates. These arrays
can be given in std: :vector objects, and the data are copied into the DataSet created.

The following example creates a mesh like the one shown in Figure 7.2.

Example 7.4: Creating an explicit mesh with DataSetBuilderExplicit.
// Array of point coordinates.
std::vector<vtkm::Vec3f_32> pointCoordinates;
pointCoordinates.push_back(vtkm::Vec3f_32(1.1f, 0.0f, 0.0£f));
pointCoordinates.push_back(vtkm::Vec3f_32(0.2f, 0.4f, 0.0f));
pointCoordinates.push_back(vtkm::Vec3f_32(0.9f, 0.6f, 0.0f));
pointCoordinates.push_back(vtkm::Vec3f_32(1.4f, 0.5f, 0.0f));
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Shap Offsets

vtk::CELL_SHAPE_TRIANGLE - Q
vtk::CELL_SHAPE_QUAD 3
vtk::CELL_SHAPE_TRIANGLE - 7
vtk: :CELL_SHAPE_POLYGON - 10
vtk: :CELL_SHAPE_TRIANGLE - 15

Size of Connectivity Array’

6
> 7
1
4
0
Figure 7.2: An example explicit mesh.

7 pointCoordinates.push_back(vtkm::Vec3f_32(1.8f, 0.3f, 0.0f));
8 pointCoordinates.push_back(vtkm::Vec3f_32(0.4f, 1.0f, 0.0£f));
9 pointCoordinates.push_back(vtkm::Vec3f_32(1.0f, 1.2f, 0.0f));
10 pointCoordinates.push_back (vtkm::Vec3f_32(1.5f, 0.9f, 0.0f));
11
12 // Array of shapes.
13 std::vector<vtkm::UInt8> shapes;
14 shapes.push_back(vtkm::CELL_SHAPE_TRIANGLE) ;

15 shapes.push_back(vtkm:: CELL_SHAPE_QUAD);

16 shapes.push_back(vtkm::CELL_SHAPE_TRIANGLE) ;
17 shapes.push_back(vtkm::CELL_SHAPE_POLYGON);
18 shapes.push_back(vtkm::CELL_SHAPE_TRIANGLE);
19

20 // Array of number of indices per cell.

21 std::vector<vtkm::IdComponent> numlIndices;
22 numIndices.push_back(3);

23 numIndices.push_back(4);

24 numIndices.push_back(3);

25 numIndices.push_back(5);

26 numIndices.push_back (3);

27

28 // Connectivity array.

29 std::vector<vtkm::Id> connectivity;

30 connectivity.push_back(0); // Cell 0

31 connectivity.push_back(2);

32 connectivity.push_back(1);

33 connectivity.push_back(0); // Cell 1

34 connectivity.push_back (4);

35 connectivity.push_back(3);

36 connectivity.push_back (2);

37 connectivity.push_back(1); // Cell 2

38 connectivity.push_back(2);

39 connectivity.push_back(5);

40 connectivity.push_back(2); // Cell 3

41 connectivity.push_back (3);

42 connectivity.push_back (7);

43 connectivity.push_back (6);

Connectivity
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connectivity.push_back (5);
connectivity.push_back(3); // Cell
connectivity.push_back (4);
connectivity.push_back (7);

4

// Copy these arrays into a DataSet.

vtkm::cont::DataSetBuilderExplicit dataSetBuilder;

vtkm::cont::DataSet dataSet =

dataSetBuilder.Create(pointCoordinates,

numIndices,

connectivity);

Often it is awkward to build your own arrays and then pass them to DataSetBuilderExplicit. There also
exists an alternate builder class named vtkm: :cont: :DataSetBuilderExplicitIterative that allows you to
specify each cell and point one at a time rather than all at once. This is done by calling one of the versions of
AddPoint and one of the versions of AddCell for each point and cell, respectively. The next example also builds

the mesh shown in Figure 7.2 except this time using DataSetBuilderExplicitIterative.
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Example 7.5: Creating an explicit mesh with DataSetBuilderExplicitIterative.

vtkm::cont::DataSetBuilderExplicitIterative dataSetBuilder;

dataSetBuilder

dataSetBuilder
dataSetBuilder

dataSetBuilder.
dataSetBuilder.
.AddCellPoint (2);
.AddCellPoint (1);

dataSetBuilder
dataSetBuilder

dataSetBuilder.
dataSetBuilder.
dataSetBuilder.
dataSetBuilder.
.AddCellPoint (2);

dataSetBuilder

dataSetBuilder.
dataSetBuilder.
dataSetBuilder.
dataSetBuilder.

dataSetBuilder
dataSetBuilder

dataSetBuilder

vtkm::cont::DataSet dataSet = dataSetBuilder.Create();

.AddPoint (1.
dataSetBuilder.
dataSetBuilder.
dataSetBuilder.
.AddPoint (1.
.AddPoint (0.
dataSetBuilder.
dataSetBuilder.

AddPoint (0.
AddPoint (0.
AddPoint (1.

AddPoint (1.
AddPoint (1.

OO P> 0> ON -
O, P, OOOOoOOo
O NOWOUL O O

AddCell (vtkm:: CELL_
AddCellPoint (0);

AddCell (vtkm:: CELL_SHAPE_QUAD);

AddCellPoint (0);
AddCellPoint (4);
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7.1.4 Add Fields

In addition to creating the geometric structure of a data set, it is usually important to add fields to the data.
Fields describe numerical data associated with the topological elements in a cell. They often represent a physical
quantity (such as temperature, mass, or volume fraction) but can also represent other information (such as
indices or classifications).

The easiest way to define fields in a data set is to use the vtkm: : cont : :DataSetFieldAdd class. This class works
on DataSets of any type. It has methods named AddPointField and AddCellField that define a field for either
points or cells. Every field must have an associated field name.

Both AddPointField and AddCellField are overloaded to accept arrays of data in different structures. Field
arrays can be passed as standard C arrays or as std: :vectors, in which case the data are copied. Field arrays
can also be passed in a ArrayHandle (introduced later in this book), in which case the data are not copied.

The following (somewhat contrived) example defines fields for a uniform grid that identify which points and cells
are on the boundary of the mesh.

Example 7.6: Adding fields to a DataSet.

1 // Make a simple structured data set.

2 const vtkm::Id3 pointDimensions (20, 20, 10);

3 const vtkm::Id3 cellDimensions = pointDimensions - vtkm::Id3(1, 1, 1);
4 vtkm::cont::DataSetBuilderUniform dataSetBuilder;

5 vtkm::cont::DataSet dataSet = dataSetBuilder.Create(pointDimensions);
6

7 // This is the helper object to add fields to a data set.

8 vtkm::cont::DataSetFieldAdd dataSetFieldAdd;

9

10 // Create a field that identifies points on the boundary.

11 std::vector<vtkm::UInt8> boundaryPoints;

12 for (vtkm::Id zIndex = 0; zIndex < pointDimensions[2]; zIndex++)

13 {

14 for (vtkm::Id yIndex = 0; yIndex < pointDimensions[1]; yIndex++)

15 {

16 for (vtkm::Id xIndex = 0; xIndex < pointDimensions[0]; xIndex++)
17 {

18 if ((xIndex == 0) || (xIndex == pointDimensions[0] - 1) || (yIndex == 0) ||
19 (yIndex == pointDimensions[1] - 1) || (zIndex == 0) |

20 (zIndex == pointDimensions[2] - 1))

21 {

22 boundaryPoints.push_back (1);

23 }

24 else

25 {

26 boundaryPoints.push_back (0);

27 }

28 }

29 }

30 }

31

32 dataSetFieldAdd.AddPointField (dataSet, "boundary_points", boundaryPoints);
33

34 // Create a field that identifies cells on the boundary.

35 std::vector<vtkm::UInt8> boundaryCells;

36 for (vtkm::Id zIndex = 0; zIndex < cellDimensions[2]; zIndex++)

37 {

38 for (vtkm::Id yIndex = 0; yIndex < cellDimensions[1]; yIndex++)

39 {

40 for (vtkm::Id xIndex = 0; xIndex < cellDimensions[0]; xIndex++)
41 {

42 if ((xIndex == 0) || (xIndex == cellDimensions[0] - 1) || (yIndex == 0) ||
43 (yIndex == cellDimensions[1] - 1) || (zIndex == 0) ||
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44 (zIndex == cellDimensions[2] - 1))
45 {

46 boundaryCells.push_back(1);

47 }

48 else

49 {

50 boundaryCells.push_back (0);

51 }

52 ¥

53 }

54 }

55

56 dataSetFieldAdd.AddCellField (dataSet, "boundary_cells", boundaryCells);

7.2 Cell Sets

A cell set determines the topological structure of the data in a data set. Fundamentally, any cell set is a
collection of cells, which typically (but not always) represent some region in space. 3D cells are made up of
points, edges, and faces. (2D cells have only points and edges, and 1D cells have only points.) Figure 7.3 shows
the relationship between a cell’s shape and these topological elements. The arrangement of these points, edges,
and faces is defined by the shape of the cell, which prescribes a specific ordering of each. The basic cell shapes
provided by VTK-m are discussed in detail in Section 25.1 starting on page 193.

— Points —___

Face
Edges

Figure 7.3: The relationship between a cell shape and its topological elements (points, edges, and faces).

There are multiple ways to express the connections of a cell set, each with different benefits and restrictions.
These different cell set types are managed by different cell set classes in VITK-m. All VTK-m cell set classes
inherit from vtkm: :cont::CellSet. The two basic types of cell sets are structured and explicit, and there are
several variations of these types.

7.2.1 Structured Cell Sets

A vtkm: :cont::CellSetStructured defines a 1-, 2-, or 3-dimensional grid of points with lines, quadrilaterals,
or hexahedra, respectively, connecting them. The topology of a CellSetStructured is specified by simply
providing the dimensions, which is the number of points in the i, j, and k directions of the grid of points. The
number of points is implicitly ¢ X j X k and the number of cells is implicitly (i —1) x (j —1) x (k—1) (for 3D
grids). Figure 7.4 demonstrates this arrangement.

The big advantage of using vtkm: : cont: :CellSetStructured to define a cell set is that it is very space efficient
because the entire topology can be defined by the three integers specifying the dimensions. Also algorithms
can be optimized for CellSetStructured’s regular nature. However, CellSetStructured’s strictly regular grid
structure also limits its applicability. A structured cell set can only be a dense grid of lines, quadrilaterals, or
hexahedra. It cannot represent irregular data well.

Many data models in other software packages, such as the one for VTK, make a distinction between uniform,
rectilinear, and curvilinear grids. VTK-m’s cell sets do not. All three of these grid types are represented by
CellSetStructured. This is because in a VIK-m data set the cell set and the coordinate system are defined
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Figure 7.4: The arrangement of points and cells in a 3D structured grid.

independently and used interchangeably. A structured cell set with uniform point coordinates makes a uniform
grid. A structured cell set with point coordinates defined irregularly along coordinate axes makes a rectilinear
grid. And a structured cell set with arbitrary point coordinates makes a curvilinear grid. The point coordinates
are defined by the data set’s coordinate system, which is discussed in Section 7.4 starting on page 41.

7.2.2 Explicit Cell Sets

A vtkm: :cont::CellSetExplicit defines an irregular collection of cells. The cells can be of different types and
connected in arbitrary ways. The types of cell sets are listed in Figure 7.5. This is done by explicitly providing
for each cell a sequence of points that defines the cell.

An explicit cell set is defined with a minimum of three arrays. The first array identifies the shape of each cell.
(Identifiers for cell shapes are shown in Figure 7.5.) The second array has a sequence of point indices that make
up each cell. The third array identifies an offset into the second array where the point indices for each cell is
found plus an extra entry at the end set to the size of the second array. Figure 7.6 shows a simple example of
an explicit cell set.

An explicit cell set can also identify the number of indices defined for each cell by subtracting consecutive entries
in the offsets array. It is often the case when creating a CellSetExplicit that you have an array containing the
number of indices rather than the offsets. Such an array can be converted to an offsets array that can be used
with CellSetExplicit by using the vtkm::cont: :ConvertNumIndicesToOffsets convenience function.

vtkm: :cont: :ExplicitCellSet is a powerful representation for a cell set because it can represent an arbitrary
collection of cells. However, because all connections must be explicitly defined, ExplicitCellSet requires a
significant amount of memory to represent the topology.
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vtkm: : CELL_SHAPE_VERTEX vtkm: : CELL_SHAPE_LINE vtkm: :CELL_SHAPE_POLY_LINE
vtkm: :CellShapeTagVertex vtkm: :CellShapeTaglLine vtkm: :CellShapeTagPolyLine
2 n-2 5
n-1 3
1 1
0
0 ! 0
vtkm: :CELL_SHAPE_TRIANGLE vtkm: : CELL_SHAPE_POLYGON vtkm: : CELL_SHAPE_QUAD
vtkm: :CellShapeTagTriangle  vtkm::CellShapeTagPolygon vtkm: :CellShapeTagQuad
5

1
0

vtkm: :CELL_SHAPE_TETRA  vtkm::CELL_SHAPE_HEXAHEDRON  vtkm::CELL_SHAPE_WEDGE
vtkm: :CellShapeTagTetra  vtkm::CellShapeTagHexahedron  vtkm::CellShapeTagWedge

4
2

3

0 1

vtkm: : CELL_SHAPE_PYRAMID
vtkm: :CellShapeTagPyramid

Figure 7.5: Basic Cell Shapes in a CellSetExplicit.

An important specialization of an explicit cell set is vtkm: :cont: :CellSetSingleType. CellSetSingleType is
an explicit cell set constrained to contain cells that all have the same shape and all have the same number of
points. So for example if you are creating a surface that you know will contain only triangles, Cel1SetSingleType
is a good representation for these data.

Using CellSetSingleType saves memory because the array of cell shapes and the array of point counts no longer
need to be stored. CellSetSingleType also allows VI'K-m to skip some processing and other storage required
for general explicit cell sets.

7.2.3 Cell Set Permutations

A vtkm: :cont::CellSetPermutation rearranges the cells of one cell set to create another cell set. This re-
structuring of cells is not done by copying data to a new structure. Rather, CellSetPermutation establishes a
look-up from one cell structure to another. Cells are permuted on the fly while algorithms are run.
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Shape Offsets Connectivity
vitk::CELL_SHAPE_TRIANGLE - Q 0
vitk: :CELL_SHAPE_QUAD 3 2
vitk::CELL_SHAPE_TRIANGLE - 7 1
vitk::CELL_SHAPE_POLYGON - 10 0
vitk::CELL_SHAPE_TRIANGLE - 15 4
Size of Connectivity Array’ 3
2
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Figure 7.6: Example of cells in a CellSetExplicit and the arrays that define them.

A CellSetPermutation is established by providing a mapping array that for every cell index provides the
equivalent cell index in the cell set being permuted. CellSetPermutation is most often used to mask out cells
in a data set so that algorithms will skip over those cells when running.

5

Although CellSetPermutation can mask cells, it cannot mask points. All points from the original cell set
are available in the permuted cell set regardless of whether they are used.

The following example uses vtkm: :cont: :CellSetPermutation with a counting array to expose every tenth
cell. This provides a simple way to subsample a data set.
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Example 7.7: Subsampling a data set with CellSetPermutation.
// Create a simple data set.
vtkm::cont::DataSetBuilderUniform dataSetBuilder;
vtkm::cont::DataSet originalDataSet = dataSetBuilder.Create(vtkm::Id3(33, 33, 26));
vtkm::cont::CellSetStructured<3> originalCellSet;
originalDataSet.GetCellSet ().CopyTo(originalCellSet);

// Create a permutation array for the cells. Each value in the array refers
// to a cell in the original cell set. This particular array selects every
// 10th cell.

vtkm::cont::ArrayHandleCounting<vtkm::Id> permutationArray (0, 10, 2560);

// Create a permutation of that cell set containing only every 10th cell.
vtkm::cont::CellSetPermutation<vtkm::cont::CellSetStructured<3>,
vtkm::cont::ArrayHandleCounting<vtkm::Id>>
permutedCellSet (permutationArray, originalCellSet);
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7.2.4 Cell Set Extrude

A vtkm: :cont::CellSetExtrude defines a 3-dimensional extruded mesh representation from 2-dimensional co-
ordinates in the XZ-plane. This is done by providing 2-dimensional coordinates, the number of planes to extrude
along the Y-axis, and whether the resulting wedge cellset representation should be a torus or a cylinder.

{x1,2:} {x;,22} {xs,23} Wedge Count
{1, 0} {0,0} {1,2} 6
(1,5.50, 2)
(1,0,2) (1,5.5,0)

z

y (0,0,0) (1,0,0)
X

Figure 7.7: An example of an extruded wedge from XZ-plane coordinates. Six wedges are extracted from three
XZ-plane points.

The extruded mesh is advantageous because it is represented on-the-fly as required, so no additional memory
is required. In contrast other forms of cell sets, such as vtkm: :cont::CellSetExplicit, need to be explicitly
constructed by replicating the vertices and cells. Figure 7.7 shows an example of six wedges extruded from three
2-dimensional coordinates.

7.3 Fields

A field on a data set provides a value on every point in space on the mesh. Fields are often used to describe
physical properties such as pressure, temperature, mass, velocity, and much more. Fields are represented in a
VTK-m data set as an array where each value is associated with a particular element type of a mesh (such as
points or cells). This association of field values to mesh elements and the structure of the cell set determines
how the field is interpolated throughout the space of the mesh.

Fields are manged by the vtkm: :cont: :Field class. The Field object internally holds a reference to an array
in a type-agnostic way. Filters and other VTK-m units will determine the type of the array and pull it out of
the Field.

Field has a convenience method named GetRange that finds the range of values stored in the field array. The
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returned value of GetRange is an ArrayHandle containing vtkm::Range values. The ArrayHandle will have
as many values as components in the field. So, for example, calling GetRange on a scalar field will return an
ArrayHandle with exactly 1 entry in it. Calling GetRange on a field of 3D vectors will return an ArrayHandle
with exactly 3 entries corresponding to each of the components in the range. Details on how to get data from
an ArrayHandle them is given in Chapter 27.

7.4 Coordinate Systems

A coordinate system determines the location of a mesh’s elements in space. The spatial location is described
by providing a 3D vector at each point that gives the coordinates there. The point coordinates can then be
interpolated throughout the mesh.

Coordinate systems are managed by the vtkm::cont::CoordinateSystem class. In actuality, a coordinate
system is just a field with a special meaning, and so the CoordinateSystem class inherits from the Field class.
CoordinateSystem constrains the field to be associated with points and typically has 3D floating point vectors
for values.

In addition to all the methods provided by the Field superclass, the CoordinateSystem also provides a Get-
Bounds convenience method that returns a vtkm::Bounds object giving the spatial bounds of the coordinate
system.

It is typical for a DataSet to have one coordinate system defined, but it is possible to define multiple coordinate
systems. This is helpful when there are multiple ways to express coordinates. For example, positions in geographic
may be expressed as Cartesian coordinates or as latitude-longitude coordinates. Both are valid and useful in
different ways.

It is also valid to have a DataSet with no coordinate system. This is useful when the structure is not rooted in
physical space. For example, if the cell set is representing a graph structure, there might not be any physical
space that has meaning for the graph.

7.5 Partitioned Data Sets

A partitioned data set, implemented with vtkm: : cont : :PartitionedDataSet, comprises a set of vtkm: :cont: : -
DataSet objects. The PartitionedDataSet interface allows for adding, replacing, and querying DataSets in its
list with the following methods.

GetNumberOfPartitions Returns the number of partitions stored in the PartitionedDataSet.

GetPartition Returns the DataSet at a given index.

GetPartitions Returns all of the DataSets stored in the PartitionedDataSet in a std: :vector.

AppendPartition Adds a given DataSet to the end of the list of partitions.

AppendPartitions Given a list of DataSet objects, appends this list to the end of the list of partitions. This
list can be given as a std: :vector or it can be an initializer list (declared in { } curly braces).

InsertPartition Given an index and a DataSet, places the DataSet at the given index and pushes the remain-
ing partitions after it.

ReplacePartition Given an index and a DataSet, replaces the partition at that index with the new DataSet.

GetField Retrieves a vtkm: :cont: :Field object from the DataSet at a given index.
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The following example creates a vtkm::cont: :PartitionedDataSet containing two uniform grid data sets.

Example 7.8: Creating a PartitionedDataSet.

// Create two uniform data sets
vtkm::cont::DataSetBuilderUniform dataSetBuilder;

vtkm::cont::DataSet dataSetl = dataSetBuilder.Create(vtkm::Id3(10, 10, 10));
vtkm::cont::DataSet dataSet2 = dataSetBuilder.Create(vtkm::Id3(30, 30, 30));

// Add the datasets to a multi block
vtkm::cont::PartitionedDataSet partitionedData;
partitionedData.AppendPartitions ({ dataSetl, dataSet2 });
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It is always possible to retrieve the independent blocks in a PartitionedDataSet, from which you can iterate
and get information about the data. However, VIK-m provides several helper functions to collect metadata
information about the collection as a whole.

vtkm: :cont: :BoundsCompute Queries the bounds of all the DataSets contained in the given Partitioned-
DataSet and returns a vtkm: :Bounds object encompassing the conglomerate data.

vtkm: : cont: :BoundsGlobalCompute An MPI version of BoundsCompute that also finds the bounds around the
conglomerate data across all processes. All MPI processes must call this method.

vtkm: :cont: :FieldRangeCompute Given a PartitionedDataSet, the name of a field, and (optionally) an
association of the field, returns the minimum and maximum value of that field over all the contained
blocks. The result is returned in a ArrayHandle of vtkm::Range objects in the same manner as the
vtkm: :cont: :Field: :GetRange method (see Section 7.3).

vtkm: :cont: :FieldRangeGlobalCompute An MPI version of FieldRangeCompute that also finds the field
ranges over all blocks on all processes. All MPI processes must call this method.

The following example illustrates a spatial bounds query and a field range query on a vtkm::cont::Parti-
tionedDataSet.

Example 7.9: Queries on a PartitionedDataSet.

// Get the bounds of a multi-block data set
vtkm::Bounds bounds = vtkm::cont::BoundsCompute (partitionedData);

// Get the overall min/max of a field named "cellvar"
vtkm::cont::ArrayHandle<vtkm::Range> cellvarRanges =
vtkm::cont::FieldRangeCompute (partitionedData, "cellvar");

// Assuming the "cellvar" field has scalar values, then cellvarRanges has one entry
vtkm::Range cellvarRange = cellvarRanges.GetPortalConstControl ().Get (0);
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The aforementioned functions for querying a PartitionedDataSet object also work on DataSet objects.
This is particularly useful with the BoundsGlobalCompute and FieldRangeGlobalCompute to manage dis-
tributed parallel objects.

W\/\/\/@
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Filters can be executed on PartitionedDataSet objects in a similar way they are executed on DataSet objects.
In both cases, the Execute method is called on the filter giving data object as an argument.

Example 7.10: Applying a filter to multi block data.

vtkm::filter::CellAverage cellAverage;
cellAverage.SetActiveField ("pointvar", vtkm::cont::Field::Association::POINTS);

W N

vtkm::cont::PartitionedDataSet results = cellAverage.Execute(partitionedData);
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Before VI'K-m can be used to process data, data need to be loaded into the system. VITK-m comes with a basic
file I/O package to get started developing very quickly. All the file I/O classes are declared under the vtkm: :io
namespace.

Files are just one of many ways to get data in and out of VI'K-m. In later chapters we explore ways to
define VTK-m data structures of increasing power and complexity. In particular, Section 7.1 describes how
to build VTK-m data set objects and Section 36.3 documents how to adapt data structures defined in other
libraries to be used directly in VTK-m.

8.1 Readers

All reader classes provided by VTK-m are located in the vtkm: :io: :reader namespace. The general interface
for each reader class is to accept a filename in the constructor and to provide a ReadDataSet method to load
the data from disk.

The data in the file are returned in a vtkm: : cont: :DataSet object as described in Chapter 7, but it is sufficient
to known that a DataSet can be passed around readers, writers, filters, and rendering units.

8.1.1 Legacy VTK File Reader

Legacy VTK files are a simple open format for storing visualization data. These files typically have a .vtk
extension. Legacy VTK files are popular because they are simple to create and read and are consequently
supported by a large number of tools. The format of legacy VTK files is well documented in The VTK User’s
Guide.' Legacy VTK files can also be read and written with tools like ParaView and Vislt.

Legacy VTK files can be read using the vtkm::io::reader::VTKDataSetReader class. The constructor for
this class takes a string containing the filename. The ReadDataSet method reads the data from the previously
indicated file and returns a vtkm: :cont: :DataSet object, which can be used with filters and rendering.

Example 8.1: Reading a legacy VTK file.

LA free excerpt describing the file format is available at http://www.vtk.org/Wiki/File:VTK-File-Formats.pdf.


http://www.vtk.org/Wiki/File:VTK-File-Formats.pdf

8.2. Writers

#include <vtkm/io/reader/VTKDataSetReader.h>

vtkm::cont::DataSet OpenDataFromVTKFile ()
{
vtkm::io::reader::VTKDataSetReader reader ("data.vtk");

return reader.ReadDataSet ();

}
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8.2 Writers

All writer classes provided by VTK-m are located in the vtkm: :io: :writer namespace. The general interface for
each writer class is to accept a filename in the constructor and to provide a WriteDataSet method to save data
to the disk. The WriteDataSet method takes a vtkm::cont::DataSet object as an argument, which contains
the data to write to the file.

8.2.1 Legacy VTK File Writer

Legacy VTK files can be written using the vtkm: :io: :writer::VTKDataSetWriter class. The constructor for
this class takes a string containing the filename. The WriteDataSet method takes a vtkm::cont::DataSet
object and writes its data to the previously indicated file.

Example 8.2: Writing a legacy VTK file.
#include <vtkm/io/writer/VTKDataSetWriter.h>

void SaveDataAsVTKFile(vtkm::cont::DataSet data)
{

vtkm::io::writer::VTKDataSetWriter writer ("data.vtk");

writer.WriteDataSet (data);
}

0O Utk W
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Filters are functional units that take data as input and write new data as output. Filters operate on vtkm: :-
cont: :DataSet objects, which are described in Chapter?7.

The structure of filters in VTK-m is significantly simpler than their counterparts in VIK. VTK filters
are arranged in o dataflow network (a.k.a. a visualization pipeline) and execution management is handled
automatically. In contrast, VI'K-m filters are simple imperative units, which are simply called with input
data and return output data.

VTK-m comes with several filters ready for use, and in this chapter we will give a brief overview of these filters.
All VTK-m filters are currently defined in the vtkm: :filter namespace. We group filters based on the type of
operation that they do and the shared interfaces that they have. Later Part III describes the necessary steps in
creating new filters in VTK-m.

Different filters will be used in different ways, but the basic operation of all filters is to instantiate the filter class,
set the state parameters on the filter object, and then call the filter’s Execute method. The Execute method
takes a vtkm::cont::DataSet and returns a new DataSet, which contains the modified data. The Execute
method can alternately take a vtkm::cont::PartitionedDataSet object, which is a composite of DataSet
objects. In this case Execute will return another PartitionedDataSet object.

The following example provides a simple demonstration of using a filter. It specifically uses the point elevation
filter to estimate the air pressure at each point based on its elevation.

Example 9.1: Using PointElevation, which is a field filter.

1 | VTKM_CONT

2 |vtkm::cont::DataSet ComputeAirPressure(vtkm::cont::DataSet dataSet)

314

4 vtkm::filter::PointElevation elevationFilter;

5

6 // Use the elevation filter to estimate atmospheric pressure based on the
7 // height of the point coordinates. Atmospheric pressure is 101325 Pa at
8 // sea level and drops about 12 Pa per meter.

9 elevationFilter.SetLowPoint (0.0, 0.0, 0.0);

10 elevationFilter.SetHighPoint (0.0, 0.0, 2000.0);

11 elevationFilter.SetRange (101325.0, 77325.0);

12

13 elevationFilter.SetUseCoordinateSystemAsField (true);

14

15 elevationFilter.SetOutputFieldName ("pressure");
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16

17 vtkm::cont::DataSet result = elevationFilter.Execute(dataSet);
18

19 return result;

20 |}

We see that this example follows the previously described proceedure of constructing the filter (line 4), setting
the state parameters (lines 9-15), and finally executing the filter on a DataSet (line 17).

Every vtkm: : cont: :DataSet object contains a list of fields, which describe some numerical value associated with
different parts of the data set in space. Fields often represent physical properties such as temperature, pressure,
or velocity. Fields are identified with string names. There are also special fields called coordinate systems that
describe the location of points in space. Field are mentioned here because they are often used as input data to
the filter’s operation and filters often generate new fields in the output. This is the case in Example 9.1. In line
13 the coordinate system is set as the input field and in line 15 the name to use for the generated output field
is selected.

9.1 Provided Filters

VTK-m comes with the implementation of many filters.

9.1.1 Cell Average

vtkm: :filter: :CellAverage is the cell average filter. It will take a data set with a collection of cells and a field
defined on the points of the data set and create a new field defined on the cells. The values of this new derived
field are computed by averaging the values of the input field at all the incident points. This is a simple way to
convert a point field to a cell field.

The default name for the output cell field is the same name as the input point field. The name can be overridden
as always using the SetOutputFieldName method.

CellAverage provides the following methods.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.
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9.1.2 Clean Grid

vtkm: :filter: :CleanGrid is a filter that converts a cell set to an explicit representation and potentially removes
redundant or unused data. It does this by iterating over all cells in the data set, and for each one creating the
explicit cell representation that is stored in the output. (Explicit cell sets are described in Section 7.2.2.) One
benefit of using CleanGrid is that it can optionally remove unused points and combine coincident points. Another
benefit is that the resulting cell set will be of a known specific type.

The result of vtkm::filter::CleanGrid is not necessarily smaller, memory-wise, than its input. For
ezample, “cleaning” a data set with a structured topology will actually result in a data set that requires
much more memory to store an explicit topology.

CleanGrid provides the following methods.

SetCompactPointFields/GetCompactPointFields Sets a Boolean flag that determines whether unused points
are removed from the output. If true (the default), then the output data set will have a new coordinate
system containing only those points being used by the cell set, and the indices of the cells will be adjusted
to the new ordering of points.

SetMergePoints/GetMergePoints Sets a Boolean flag that determines whether points coincident in space are
merged into a single point. If true (the default), then the output data set will have a new coordinate system
containing containing only points that are unique in space, and the indices of the cells will be adjusted to
the new set of points. The tolerance parameters control the proximity used for points to be considered
coincident.

SetTolerance/GetTolerance Defines the tolerance used when determining whether two points are considered
coincident. Because floating point parameters have limited precision, point coordinates that are essentially
the same might not be bit-wise exactly the same. Thus, the CleanGrid filter has the ability to find and
merge points that are close but perhaps not exact. The default tolerance is 1075.

SetToleranceIsAbsolute/GetToleranceIsAbsolute Setsa Boolean flag that determines whether the tolerance
parameter should be considered relative to the size of the data set. If false (the default), then the tolerance
is multiplied by the length of the diagonal of the bounds of the data being processed. If true, then the
tolerance value is used as is.

SetRemoveDegenerateCellsGetRemoveDegenerateCells Sets a Boolean flag that determines whether degener-
ate cells should be removed. If true (the default), then the CleanGrid filter will look for repeated points
in cells and, if the repeated points cause the cell to drop dimensionality, the cell is removed. This is
particularly useful when point merging is on as this operation can create degenerate cells.

SetFastMerge/GetFastMerge Sets a Boolean flag that determines whether to use a faster but less accurate
method for finding coincident points. If true (the default), some corners are cut when computing coincident
points. This will make the point merge step go faster but the tolerance will not be strictly followed. If
false, then extra steps will be taken to ensure that all points within tolerance are merged and that only
points within tolerance are merged. This flag has no effect if point merging is off.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.
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Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.3 Clip with Field

Clipping is an operation that removes regions from the data set based on a user-provided value or function. The
vtkm: :filter::ClipWithField filter takes a clip value as an argument and removes regions where a named
scalar field is below (or above) that value. (A companion filter that discards a region of the data based on an
implicit function is described in Section 9.1.4.)

The result of ClipWithField is a volume. If a cell has field values at its vertices that are all below the specified
value, then it will be discarded entirely. Likewise, if a cell has field values at its vertices that are all above
the specified value, then it will be retained in its entirety. If a cell has some vertices with field values below
the specified value and some above, then the cell will be split into the portions above the value (which will be
retained) and the portions below the value (which will be discarded).

This operation is sometimes called an isovolume because it extracts the volume of a mesh that is inside the
iso-region of a scalar. This is in contrast to an isosurface (also known as a contour), which extracts only the
surface of that iso-value. (See Section 9.1.7 for extracting an isosurface.) ClipWithField is also similar to a
threshold operation, which extracts cells based on the value of field. The difference is that threshold will either
keep or remove entire cells based on the field values whereas clip with carve cells that straddle the valid regions.
(See section 9.1.24 for threshold extraction.)

ClipWithField provides the following methods.

SetClipValue/GetClipValue Specifies the field value for the clip operation. Regions where the active field is
less than this value are clipped away from each input cell.

SetInvertClip Specifies if the result for the clip filter should be inverted. If set to false (the default), regions
where the active field is less than the specified clip value are removed. If set to true, regions where the
active field is more than the specified clip value are removed.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

Example 9.2: Using ClipWithField.
1 // Create an instance of a clip filter that discards all regions with scalar
2 // value less than 25.
3 vtkm::filter::ClipWithField clip;
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clip.SetClipValue (25.0);
clip.SetActiveField ("pointvar");

// Execute the clip filter
vtkm::cont::DataSet outData = clip.Execute (inData);

0 O Ut~

9.1.4 Clip with Implicit Function

Clipping is an operation that removes regions from the data set based on a user-provided value or function.
The vtkm::filter::ClipWithImplicitFunction takes an implicit function as an argument. See Chapter 14
for more detail. ClipWithImplicitFunction discards regions of the original data set according to the values of
the implicit function. (A companion filter that discards a region of the data based on the value of a scalar field
is described in Section 9.1.3.)

The result of ClipWithImplicitFunction is a volume. If a cell has its vertices positioned all outside the implicit
function, then it will be discarded entirely. Likewise, if a cell its vertices all inside the implicit function, then
it will be retained in its entirety. If a cell has some vertices inside the implicit function and some outside, then
the cell will be split into the portions inside (which will be retained) and the portions outside (which will be
discarded).

ClipWithImplicitFunction provides the following methods.

SetImplicitFunction/GetImplicitFunction Specifies the implicit function to be used to perform the clip
operation. The filter does not directly take a vtkm: : ImplicitFunction but rather an ImplicitFunction
wrapped inside of a vtkm::cont::ImplicitFunctionHandle. The ImplicitFunctionHandle manages
the use of the virtual methods in ImplicitFunction on different devices, which may be using different
memory spaces or require different processor instructions. An ImplicitFunctionHandle is easily created
with the vtkm: :cont: :make_ImplicitFunctionHandle function.

SetInvertClip Specifies whether the result of the clip filter should be inverted. If set to false (the default), all
regions where the implicit function is negative will be removed. If set to true, all regions where the implicit
function is positive will be removed.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

In the example provided below the vtkm: : Sphere implicit function is used. This function evaluates to a negative
value if points from the original dataset occur within the sphere, evaluates to 0 if the points occur on the surface
of the sphere, and evaluates to a positive value if the points occur outside the sphere.

Example 9.3: Using ClipWithImplicitFunction.

// Parameters needed for implicit function
vtkm::Sphere implicitFunction(vtkm::make_Vec(1l, 0, 1), 0.5);

// Create an instance of a clip filter with this implicit function.
vtkm::filter::ClipWithImplicitFunction clip;
clip.SetImplicitFunction(

vtkm::cont::make_ImplicitFunctionHandle (implicitFunction));

N O U W N
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8

9 // By default, ClipWithImplicitFunction will remove everything inside the sphere.
10 // Set the invert clip flag to keep the inside of the sphere and remove everything
11 // else.

12 clip.SetInvertClip (true);

13

14 // Execute the clip filter

15 vtkm::cont::DataSet outData = clip.Execute(inData);

9.1.5 Connected Components

Connected components in a mesh are groups of mesh elements that are connected together in some way. For
example, if two cells are neighbors, then they are in the same component. Likewise, a cell is also in the same
component as its neighbor’s neighbors as well as their neighbors and so on. Connected components help identify
when features in a simulation fragment or meld.

VTK-m provides two types of connected components filters. The first filter follows topological connections to
find cells that are literally connected together. The second filter takes a structured cell set and a field that
classifies each cell and finds connected components where all the cells have the same field value.

Cell Connectivity

The vtkm: :filter: :CellSetConnectivity filter finds groups of cells that are connected together through their
topology. Two cells are considered connected if they share an edge. CellSetConnectivity identifies some
number of components and assigns each component a unique integer.

The result of the filter is a cell field of type vtkm: : Id. Each entry in the cell field will be a number that identifies
to which component the cell belongs. By default, this output cell field is named “component”. Although an
input field can be specified, it is ignored.

CellSetConnectivity provides the following methods.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

Image Field

The vtkm::filter::ImageConnectivity filter finds groups of points that have the same field value and are
connected together through their topology. Any point is considered to be connected to its Moore neighborhood:
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8 neighboring points for 2D and 27 neighboring points for 3D. As the name implies, ImageConnectivity only
works on data with a structured cell set. You will get an error if you use any other type of cell set.

The active field passed to the filter must be associated with the points.

The result of the filter is a point field of type vtkm::Id. Each entry in the point field will be a number that
identifies to which component the cell belongs. By default, this output point field is named “component”.

ImageConnectivity provides the following methods.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.6 Coordinate System Transforms

VTK-m provides multiple filters to translate between different coordiante systems.

Cylindrical Coordinate System Transform

vtkm: :filter: :CylindricalCoordinateSystemTransform is a coordinate system transformation filter. The
filter will take a data set and transform the points of the coordinate system. By default, the filter will transform
the coordinates from a cartesian coordinate system to a cylindrical coordinate system. The order for cylindrical
coordinates is (R,6,7)

The default name for the output field is “cylindricalCoordinateSystemTransform”, but that can be overridden
as always using the SetOutputFieldName method.

In addition to the standard SetOutputFieldName and Execute methods, CylindricalCoordinateSystemTrans-
form provides the following methods.

SetCartesianToCylindrical This method specifies a transformation from cartesian to cylindrical coordinates.
SetCylindricalToCartesian This method specifies a transformation from cylindrical to cartesian coordinates.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.
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SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

Spherical Coordinate System Transform

vtkm: :filter: :SphericalCoordinateSystemTransform is a coordinate system transformation filter. The filter
will take a data set and transform the points of the coordinate system. By default, the filter will transform
the coordinates from a cartesian coordinate system to a spherical coordinate system. The order for spherical
coordinates is (R,0,¢)

The default name for the output field is “sphericalCoordinateSystemTransform”, but that can be overridden as
always using the SetOutputFieldName method.

In addition the standard SetOutputFieldName and Execute methods, CylindricalCoordinateSystemTrans-
form provides the following methods.

SetCartesianToSpherical This method specifies a transformation from cartesian to spherical coordinates.
SetSphericalToCartesian This method specifies a transformation from spherical to cartesian coordinates.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.7 Contour

Contouring is one of the most fundamental filters in scientific visualization. A contour is the locus where a field
is equal to a particular value. A topographic map showing curves of various elevations often used when hiking
in hilly regions is an example of contours of an elevation field in 2 dimensions. Extended to 3 dimensions, a
contour gives a surface. Thus, a contour is often called an isosurface. The contouring/isosurface algorithm is
implemented by vtkm: :filter: :Contour.

Contour provides the following methods.

SetIsoValue/GetIsoValue Specifies the value on which to extract the contour. The contour will be the surface
where the field (provided to Execute) is equal to this value.
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SetMergeDuplicatePoints/GetMergeDuplicatePoints Specifies whether coincident points in the data set
should be merged. Because the contour filter (like all filters in VTK-m) runs in parallel, parallel threads
can (and often do) create duplicate versions of points. When this flag is set to true, a secondary operation
will find all duplicated points and combine them together.

SetGenerateNormals/GetGenerateNormals Specifies whether to generate normal vectors for the surface. Nor-
mals are used in shading calculations during rendering and can make the surface appear more smooth. By
default, the generated normals are based on the gradient of the field being contoured and can be quite
expensive to compute. A faster method is available that computes the normals based on the faces of the
isosurface mesh, but the normals do not look as good as the gradient based normals. Fast normals can be
enabled using the flags described bellow.

SetComputeFastNormalsForStructured/GetComputeFastNormalsForStructured Specifies whether to use the
fast method of normals computation for Structured data sets. This is only valid if the generate normals
flag is set.

SetComputeFastNormalsForUnstructured/GetComputeFastNormalsForUnstructured Specifies whether to
use the fast method of normals computation for unstructured data sets. This is only valid if the gen-
erate normals flag is set.

SetNormalArrayName/GetNormalArrayName Specifies the name used for the normals field if it is being created.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

Example 9.4: Using Contour, which is a data set with field filter.

vtkm::filter::Contour contour;

contour.SetActiveField ("pointvar");
contour.SetIsoValue (10.0);

S U W N

vtkm::cont::DataSet isosurface = contour.Execute(inData);

9.1.8 Cross Product

vtkm: :filter: :CrossProduct computes the cross product of two vector fields for every element in the input
data set. The cross product filter computes (PrimaryField x SecondaryField), where both the primary and
secondary field are specified using methods on the CrossProduct class. The cross product computation works
for both point and cell centered vector fields.

CrossProduct provides the following methods.
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SetPrimaryField/GetPrimaryFieldName Specifies the name of the field to use as input for the primary (first)
value of the cross product.

SetUseCoordinateSystemAsPrimaryField/GetUseCoordinateSystemAsPrimaryField Specifies a Boolean
flag that determines whether to use point coordinates as the primary input field. Set to false by default.
When true, the name for the primary field is ignored.

SetPrimaryCoordinateSystem/GetPrimaryCoordinateSystemIndex Specifies the index of which coordinate
system to use as the primary input field. The default index is 0, which is the first coordinate system.

SetSecondaryField/GetSecondaryFieldName Specifies the name of the field to use as input for the secondary
(second) value of the cross product.

SetUseCoordinateSystemAsSecondaryField/GetUseCoordinateSystemAsSecondaryField Specifies a
Boolean flag that determines whether to use point coordinates as the secondary input field. Set to
false by default. When true, the name for the secondary field is ignored.

SetSecondaryCoordinateSystem/GetSecondaryCoordinateSystemIndex Specifies the index of which coordi-
nate system to use as the secondary input field. The default index is 0, which is the first coordinate
system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.9 Dot Product

vtkm: :filter: :DotProduct computes the dot product of two vector fields for every element in the input data
set. The dot product filter computes (PrimaryField - SecondaryField), where both the primary and secondary
field are specified using methods on the DotProduct class. The dot product computation works for both point
and cell centered vector fields.

DotProduct provides the following methods.

SetPrimaryField/GetPrimaryFieldName Specifies the name of the field to use as input for the primary (first)
value of the dot product.

SetUseCoordinateSystemAsPrimaryField/GetUseCoordinateSystemAsPrimaryField Specifies a Boolean
flag that determines whether to use point coordinates as the primary input field. Set to false by default.
When true, the name for the primary field is ignored.

SetPrimaryCoordinateSystem/GetPrimaryCoordinateSystemIndex Specifies the index of which coordinate
system to use as the primary input field. The default index is 0, which is the first coordinate system.

SetSecondaryField/GetSecondaryFieldName Specifies the name of the field to use as input for the secondary
(second) value of the dot product.

SetUseCoordinateSystemAsSecondaryField/GetUseCoordinateSystemAsSecondaryField Specifies a
Boolean flag that determines whether to use point coordinates as the secondary input field. Set to
false by default. When true, the name for the secondary field is ignored.
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SetSecondaryCoordinateSystem/GetSecondaryCoordinateSystemIndex Specifies the index of which coordi-
nate system to use as the secondary input field. The default index is 0, which is the first coordinate
system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.10 External Faces

vtkm: :filter: :ExternalFaces is a filter that extracts all the external faces from a polyhedral data set. An
external face is any face that is on the boundary of a mesh. Thus, if there is a hole in a volume, the boundary
of that hole will be considered external. More formally, an external face is one that belongs to only one cell in a
mesh.

ExternalFaces provides the following methods.

SetCompactPoints/GetCompactPoints Specifies whether point fields should be compacted. If on, the filter will
remove from the output all points that are not used in the resulting surface. If off (the default), unused
points will remain listed in the topology, but point fields and coordinate systems will be shallow-copied to
the output.

SetPassPolyData/GetPassPolyData Specifies how polygonal data (polygons, lines, and vertices) will be han-
dled. If on (the default), these cells will be passed to the output. If off, these cells will be removed from
the output. (Because they have less than 3 topological dimensions, they are not considered to have any
“faces.’)

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.11 Extract Structured
vtkm::filter::ExtractStructured is a filter that extracts a volume of interest (VOI) from a structured data
set. In addition the filter is able to subsample the VOI while doing the extraction.

The output of this filter is a structured dataset. The filter treats input data of any topological dimension (i.e.,
point, line, plane, or volume) and can generate output data of any topological dimension.

Typical applications of this filter are to extract a slice from a volume for image processing, subsampling large
volumes to reduce data size, or extracting regions of a volume with interesting data.

ExtractStructured provides the following methods.
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SetV0OI/GetVOI Specifies what volume of interest (VOI) should be extracted by the filter. By default the VOI
is the entire input.

SetSampleRate/GetSampleRate Specifies the sample rate of the VOI. Supports sub-sampling on a per dimension
basis.

SetIncludeBoundary/GetIncludeBoundary Specifies if the VOI is inclusive or exclusive on the boundary of the

VOL

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.12 Field to Colors

vtkm: :filter::FieldToColors takes a field in a data set, looks up each value in a color table, and writes the
resulting colors to a new field. The color to be used for each field value is specified using a vtkm::cont::-
ColorTable object. ColorTable objects are also used with VTK-m’s rendering module and are described in
Section 10.8.

FieldToColors has three modes it can use to select how it should treat the input field.

FieldToColors: :SCALAR Treat the field as a scalar field. It is an error to a field of any type that cannot be
directly converted to a basic floating point number (such as a vector).

FieldToColors: :MAGNITUDE Given a vector field, take the magnitude of each field value before looking it up in
the color table.

FieldToColors: :COMPONENT Select a particular component of the vectors in a field to map to colors.
Additionally, FieldToColors has different modes in which it can represent colors in its output.

FieldToColors: :RGB Output colors are represented as RGB values with each component represented by an
unsigned byte. Specifically, these are vtkm: :Vec3ui_8 values.

FieldToColors: :RGBA Output colors are represented as RGBA values with each component represented by an
unsigned byte. Specifically, these are vtkm: :Vec4ui_8 values.

FieldToColors provides the following methods.
SetColorTable/GetColorTable Specifies the vtkm::cont::ColorTable object to use to map field values to
colors.

SetMappingMode/GetMappingMode Specifies the input mapping mode. The value is one of the FieldToCol-
ors: :SCALAR, FieldToColors: :MAGNITUDE, or FieldToColors: : COMPONENT selectors described previously.

SetMappingToScalar Sets the input mapping mode to scalar. Shortcut for SetMappingMode (vtkm: :filter::—
FieldToColors: :SCALAR ).
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SetMappingToMagnitude Sets the input mapping mode to vector. Shortcut for SetMappingMode (vtkm: :fil-
ter::FieldToColors: :MAGNITUDE ).

SetMappingToComponent Sets the input mapping mode to component. Shortcut for SetMappingMode (vtkm: : -
filter::FieldToColors: :COMPONENT ).

IsMappingScalar Returns true if the input mapping mode is scalar (FieldToColorsSCALAR).
IsMappingMagnitude Returns true if the input mapping mode is magnitude (FieldToColors: :MAGNITUDE).
IsMappingComponent Returns true if the input mapping mode is component (FieldToColors: :COMPONENT).

SetMappingComponent /GetMappingComponent Specifies the component of the vector to use in the mapping.
This only has an effect if the input mapping mode is set to FieldToColors: : COMPONENT.

SetOutputMode/GetOutputMode Specifies the output representation of colors. The value is one of the Field-
ToColors: :RGB or FieldToColors: :RGBA selectors described previously.

SetOutputToRGB Sets the output representation to 8-bit RGB. Shortcut for SetOutputMode (vtkm: :filter::-
FieldToColors::RGB ).

SetOutputToRGBA Sets the output representation to 8-bit RGBA. Shortcut for SetOutputMode(vtkm::fil-
ter::FieldToColors: :RGBA ).

IsOutputRGB Returns true if the output representation is 8-bit RGB (FieldToColors: :RGB).
IsOutputRGBA Returns true if the output representation is 8-bit RGBA (FieldToColors: :RGBA).

SetNumber0fSamplingPoints/GetNumberOfSamplingPoints Specifies how many samples to use when looking
up color values. The implementation of FieldToColors first builds an array of color samples to quickly
look up colors for particular values. The size of this lookup array can be adjusted with this parameter. By
default, an array of 256 colors is used.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.
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0.1.13 Ghost Cell Classification

vtkm: :filter: :GhostCellClassify adds a cell centered field to the input data set that marks each cell as
either vtkm: :CellClassification: :NORMAL or vtkm::CellClassification: :GHOST. The outer layer of cells
are marked as GHOST, and the remainder are marked as *CellClassificationNORMAL. This filter only supports
uniform and rectilinear data sets. The default field is “vtkmGhostCells”.

GhostCellClassify provides the following methods.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.14 Ghost Cell Removal

vtkm: :filter: :GhostCellRemove is a filter that is used to remove cells from a data set according to a cell
centered field that is provided to the filter. The default field used for removal is “vtkmGhostCells”. The field is
of type vtkm: : UInt8, and represents a bit-field to classify each cell. By default, if the input is a structured data
set the filter will attempt to output a structured data set. If this is not possible, an explict data set is produced.
The field specified for cell removal is not passed to the output.

GhostCellRemove provides the following methods.

RemoveAllGhost Remove all cells where the value is a ghost cell (i.e. vtkm::CellClassification: :GHOST).

RemoveByType Remove cells specified by the vtkm: :UInt8 using a bitwise “and” operation with the type field.
The values in vtkm: :CellClassification can be combined with a logical “or” operation to specify the
type. Current values of vtkm: :CellClassification include: NORMAL, GHOST, and INVALID.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.
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90.1.15 Gradients

vtkm: :filter: :Gradients computes the gradient of a point based input field for every element in the input data
set. The gradient computation can either generate cell center based gradients, which are fast but less accurate,
or more accurate but slower point based gradients. The default for the filter is output as cell centered gradients,
but can be changed by using the SetComputePointGradient method. The default name for the output fields is
“Gradients”, but that can be overriden as always using the SetOutputFieldName method.

Gradients provides the following methods.

SetComputePointGradient/GetComputePointGradient Specifies whether we are computing point or cell based
gradients. The output field(s) of this filter will be point based if this is enabled.

SetComputeDivergence/GetComputeDivergence Specifies whether the divergence field will be generated. By
default the name of the array will be “Divergence” but can be changed by using SetDivergenceName. The
field will be a cell field unless ComputePointGradient is enabled. The input array must have 3 components
in order to compute this. The default is off.

SetComputeVorticity/GetComputeVorticity Specifies whether the vorticity field will be generated. By default
the name of the array will be “Vorticity” but can be changed by using SetVorticityName. The field will
be a cell field unless ComputePointGradient is enabled. The input array must have 3 components in order
to compute this. The default is off.

SetComputeQCriterion/GetComputeQCriterion Specifies whether the Q-Criterion field will be generated. By
default the name of the array will be “QCriterion” but can be changed by using SetQCriterionName. The
field will be a cell field unless ComputePointGradient is enabled. The input array must have 3 components
in order to compute this. The default is off.

SetComputeGradient /GetComputeGradient Specifies whether the actual gradient field is written to the output.
When processing fields that have 3 components it is desirable to compute information such as Divergence,
Vorticity, or Q-Criterion without incurring the cost of also having to write out the 3x3 gradient result. The
default is on.

SetColumnMajorOrdering/SetRowMajorOrdering When processing input fields that have 3 components, the
output will be a a 3x3 gradient. By default VI'K-m outputs all matrix like arrays in Row Major ordering
(C-Ordering). The ordering can be changed when integrating with libraries like VTK or with FORTRAN
codes that use Column Major ordering. The default is Row Major. This setting is only relevant for 3
component input fields when SetComputeGradient is enabled.

SetDivergenceName/GetDivergenceName Specifies the output cell normals field name. The default is “Diver-
gence”.

SetVorticityName/GetVorticityName Specifies the output Vorticity field name. The default is “Vorticity”

SetQCriterionName/GetQCriterionName Specifies the output Q-Criterion field name. The default is “QCrite-
rion”.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines

whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.
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SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.16 Histogram

vtkm: :filter: :Histogram computes a histogram of a given field.

The default number of bins in the output histogram is 10, but that can be overridden using the SetNumber0fBins
method.

The default name for the output fields is “histogram”. The name can be overridden as always using the SetOut-
putFieldName method.

Histogram provides the following methods.

SetRange/GetRange Specifies an explicit range to use to generate the histogram. If no range is set the fields
global range is used.

GetBinDelta Get the size of each bin from the last computed field.
GetComputedRange Get the computed local range of the histogram from the last computed field.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.17 Lagrangian Coherent Structures

Lagrangian coherent structures (LCS) are distinct structures present in a flow filed that have a major influence
over nearby trajectories over some interval of time. Some of these structures may be sources, sinks, saddles, or
vortices in the flow field. Identifying Lagrangian coherent structures is part of advanced flow analysis and is an
important part of studying flow fields. These structures can be studied by calculating the finite time Lyapunov
exponent (FTLE) for a flow field at various locations, usually over a regular grid encompassing the entire flow
field. If the provided input dataset is structured, then by default the points in this dataset will be used as seeds
for advection.

The vtkm::filter::LagrangianStructures filter is used to compute the FTLE of a flow field. La-
grangianStructures has the following methods.
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SetStepSize/GetStepSize Set or retrieve the step size for a single advection step for the particles used to
calculate the FTLE.

SetNumber0fSteps/GetNumber0fSteps Set or retrieve the maximum number of steps a particle is allowed to
traverse while calculating the FTLE field.

SetAdvectionTime/GetAdvectionTime Set or retrieve the time interval of advection. The FTLE field is calcu-
lated over some finite time, and the advection time determines that interval of time used.

SetUseAuxiliaryGrid/GetUseAuxiliaryGrid Set or retrieve the flag to use auxiliary grids. When this flag
is off (the default), then the points of the mesh representing the vector field are advected and used for
computing the FTLE. However, if the mesh is too coarse, the FTLE will likely be inaccurate. Or if the
mesh is unstructured the FTLE may be less efficient to compute. When this flag is on, an auxiliary grid
of uniformly spaced points is used for the FTLE computation.

SetAuxiliaryGridDimensions/GetAuxiliaryGridDimensions Set or retrieve the dimensions of the auxiliary
grid for FTLE calculation. Seeds for advection will be placed along the points of this auxiliary grid. This
option has no effect unless the UseAuxiliaryGrid option is on.

SetUseFlowMapOutput /GetUseFlowMapOutput Set or retrieve the flag to use flow maps instead of advection. If
the start and end points for FTLE calculation are known already, advection is an unnecessary step. This
flag allows users to bypass advection, and instead use a precalculated flow map. By default this option is
off.

SetFlowMapQutput/GetFlowMapOutput Set or retrieve the array representing the flow map output to be used
for FTLE calculation.

SetOutputFieldName/GetOutputFieldName Set or retrieve the name of the output field in the dataset returned
by the LagrangianStructures filter. By default, the field will be names “FTLE”.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.18 Mesh Quality Metrics

vtkm: :filter: :MeshQuality is a filter that can calculate various metrics for evaluating mesh quality. It gen-
erates a new field as output, based on the cells of an input data set. The metrics for this filter come from the
Verdict library, and full mathematical descriptions for each metric can be found in the Verdict documentation.®

The following table lists the supported mesh quality metrics. The constructor for vtkm: :filter: :MeshQuality
takes an argument from the enum vtkm: :filter::CellMetric, which specifies the desired metric to calculate.
The possible values for the CellMetric enum are listed in the following table. Also listed in the table is the
default name for the field being created, which can be overridden using the SetOutputFieldName method. Also,
because most metrics only work on select types of cells, the table specifies on which cell types each metric works
using the abbreviations “Tri” for triangles, “Quad” for quadrilaterals, “Tet” for tetrahedrons, “Pyr” for pyramids,
“Wed” for wedges, and “Hex” for hexahedrons.

Ihttps://www.csimsoft.com/download?file=Documents/sand20071751 .pdf
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Default Supported
Constructor Argument Output Name  Cell Types Brief Description
CellMetric: :AREA area Tri, Quad  Area of a 2D cell
CellMetric: :ASPECT_GAMMA aspectGamma  Tet Compare root-mean-square
edge length to volume
CellMetric::ASPECT_RATIO aspectRatio Tri, Quad, Ratio involving longest edge
Tet, Hex and circumradius
CellMetric: :CONDITION condition Tri, Quad, Condition number of
Tet, Hex weighted Jacobian matrix
CellMetric: :DIAGONAL_RATIO diagonalRatio = Quad, Hex Ratio of minimum and
maximum diagonals
CellMetric: :DIMENSION dimension Hex Designed specifically for
Sandia’s Pronto code
CellMetric::JACOBIAN jacobian Quad, Tet, Minimum determinant of Jacobian
Hex matrix, over corners and cell center
CellMetric: :MAX_ANGLE maxAngle Tri, Quad  Maximum angle within cell, in degrees
CellMetric::MAX_DIAGONAL maxDiagonal Hex Length of maximum diagonal in cell
CellMetric: :MIN_ANGLE minAngle Tri, Quad  Minimum angle within cell, in degrees
CellMetric: :MIN_DIAGONAL minDiagonal Hex Length of minimum diagonal in cell
CellMetric: :0DDY oddy Quad, Hex Maximum deviation of a metric tensor
from an identity matrix, over all
corners and cell center
CellMetric: :- relativeSize Tri, Quad, The ratio of the area/volume of
RELATIVE_SIZE_SQUARED Squared Tet, Hex this cell compared to mesh average
CellMetric: :SCALED_JACOBIAN scaledJacobian Tri, Quad, Derived from the Jacobian metric,
Tet, Hex with normalization involving edge length
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Default Supported
Constructor Argument Output Name  Cell Types Brief Description
CellMetric: :SHAPE shape Tri, Quad, Varies by shape type, including
Tet, Hex incorporating Jacobian or Condition

Consult Verdict manual

CellMetric::SHAPE_AND_SIZE  shapeAndSize  Tri, Quad, Shape metric multiplied by
Tet, Hex relative size squared metric

CellMetric: :SHEAR shear Quad, Hex Min. value of Jacobian at each corner,
divided by length of adjacent edges

CellMetric: :SKEW skew Quad, Hex Maximum angle between principle axes

CellMetric: :STRETCH stretch Quad, Hex Ratio of minimum edges and maximum
diagonal, normalized for unit cube

CellMetric: :TAPER taper Quad Maximum ratio of cross-derivative
with associated principal axis

CellMetric: :VOLUME volume Tet, Pyr, Volume of a 3D cell
Wed, Hex
CellMetric: :WARPAGE warpage Quad Captures angles between diagonals

Finally, MeshQuality provides the following methods.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.19 Point Average

vtkm: :filter: :PointAverage is the point average filter. It will take a data set with a collection of cells and
a field defined on the cells of the data set and create a new field defined on the points. The values of this new
derived field are computed by averaging the values of the input field at all the incident cells. This is a simple
way to convert a cell field to a point field.

The default name for the output cell field is the same name as the input point field. The name can be overridden
as always using the SetOutputFieldName method.

PointAverage provides the following methods.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.
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SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.20 Point Elevation

vtkm: :filter: :PointElevation computes the “elevation” of a field of point coordinates in space. The filter
will take a data set and a field of 3 dimensional vectors and compute the distance along a line defined by a low
point and a high point. Any point in the plane touching the low point and perpendicular to the line is set to the
minimum range value in the elevation whereas any point in the plane touching the high point and perpendicular
to the line is set to the maximum range value. All other values are interpolated linearly between these two
planes. This filter is commonly used to compute the elevation of points in some direction, but can be repurposed
for a variety of measures. Example 9.1 gives a demonstration of the elevation filter.

The default name for the output field is “elevation”, but that can be overridden as always using the SetOutput-
FieldName method.

PointElevation provides the following methods.

SetLowPoint /SetHighPoint This pair of methods is used to set the low and high points, respectively, of the
elevation. Each method takes three floating point numbers specifying the z, y, and z components of the
low or high point.

SetRange Sets the range of values to use for the output field. This method takes two floating point numbers
specifying the low and high values, respectively.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.
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9.1.21 Point Transform

vtkm: :filter: :PointTransform is the point transform filter. The filter will take a data set and a field of 3
dimensional vectors and perform the specified point transform operation. Multiple point transformations can be

accomplished by subsequent calls to the filter and specifying the result of the previous transform as the input
field.

The default name for the output field is “transform”, but that can be overridden as always using the SetOut-
putFieldName method. By default, produced field replaces the coordinate system.

PointTransform provides the following methods.
SetTranslation This method translates, or moves, each point in the input field by a given direction. This
method takes either a three component vector of floats, or the x, y, z translation values separately.

SetRotation This method is used to rotate the input field about a given axis. This method takes a single
floating point number to specify the degrees of rotation and either a vector representing the rotation axis,
or the x, y, z axis components separately.

SetRotationX This method is used to rotate the input field about the x axis. This method takes a single floating
point number to specify the degrees of rotation.

SetRotationY This method is used to rotate the input field about the y axis. This method takes a single floating
point number to specify the degrees of rotation.

SetRotationZ This method is used to rotate the input field about the 20 axis. This method takes a single
floating point number to specify the degrees of rotation.

SetScale This method is used to scale the input field. This method takes either a single float to scale each
vector component of the field equally, or the x, y, z scaling values as separate floats, or a three component
vector.

SetTransform This is a generic transform method. This method takes a 4x4 matrix and applies this to the
input field.

SetChangeCoordinateSystem/GetChangeCoordinateSystem When this flag is on, the default, the coordiante
system in the output DataSet is replaced with the transformed point coordinates .

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.
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9.1.22 Stream Tracing

Stream tracing is a visualization technique used to characterize the structure of flow. The flow itself is defined
by a vector field of velocities. Stream tracing works by following the path taken by the flow. There are multiple
ways in which to represent flow in this manner, and consequently VIK-m contains several filters that trace
streams in different ways.

Streamlines

Streamlines are a powerful technique for the visualization of flow fields. A streamline is a curve that is parallel
to the velocity vector of the flow field. Individual streamlines are computed from an initial point location (seed)
using a numerical method to integrate the point through the flow field.

vtkm: :filter: :Streamline provides the following methods.
SetSeeds Specifies the seed locations for the streamlines. Each seed is advected in the vector field to generate
one streamline for each seed.

SetStepSize Specifies the step size used for the numerical integrator (4th order Runge-Kutta method) to inte-
grate the seed locations through the flow field.

SetNumber0fSteps Specifies the number of integration steps to be performed on each streamline.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

Example 9.5: Using Streamline, which is a data set with field filter.

1 vtkm::filter::Streamline streamlines;

2

3 // Specify the seeds.

4 vtkm::cont::ArrayHandle<vtkm::Vec3f> seedArray;

5 seedArray.Allocate (2);

6 seedArray.GetPortalControl ().Set (0, vtkm::Vec3f(0, 0, 0));
7 seedArray.GetPortalControl ().Set (1, vtkm::Vec3f (1, 1, 1));
8

9 streamlines.SetActiveField ("vectorvar");

10 streamlines.SetStepSize (0.1f);

11 streamlines.SetNumber0fSteps (100);

12 streamlines.SetSeeds (seedArray);

13

14 vtkm::cont::DataSet output = streamlines.Execute(inData);
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Stream Surface

A stream surface is defined as a continous sourface that is everywhere tangent to a specified vector field. vtkm: : -
filter::StreamSurface computes a stream surface from a set of input points and the vector field of the input
data set. The stream surface is created by creating streamlines from each input point and then connecting
adjacent streamlines with a series of triangles.

vtkm: :filter: :StreamSurface provides the following methods.

SetSeeds Specifies the seed locations for the edge of the stream surface.

SetStepSize Specifies the step size used for the numerical integrator (4th order Runge-Kutta method) to inte-
grate the seed locations through the flow field.

SetNumber0fSteps Specifies the number of integration steps to be performed on each seed.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

Example 9.6: Using StreamSurface, which is a data set with field filter.

1 vtkm::filter::StreamSurface streamSurface;

2

3 // Specify the seeds.

4 vtkm::cont::ArrayHandle<vtkm::Vec3f> seedArray;

5 seedArray.Allocate (2);

6 seedArray.GetPortalControl ().Set (0, vtkm::Vec3f(0, O, 0));

7 seedArray.GetPortalControl () .Set (1, vtkm::Vec3f (1, 1, 1));

8

9 streamSurface.SetActiveField ("vectorvar");

10 streamSurface.SetStepSize (0.1£f);

11 streamSurface.SetNumber0fSteps (100);

12 streamSurface.SetSeeds (seedArray);

13

14 vtkm::cont::DataSet output = streamSurface.Execute(inData);
Pathlines

Pathlines are the analog to Streamlines for time varying vector fields. Individual pathlines are computed from
an initial point location (seed) using a numerical method to integrate the point through the flow field. This filter
requires two data sets as input. The data set passed into the filter is termed “Previous” and the “Next” data set
is specified to the filter using a method.

vtkm: :filter: :Pathline provides the following methods.
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SetPreviousTime Specifies time value for the input data set.
SetNextTime Specifies time value for the next data set.
SetNextDataSet Specifies the data set for the next time step.

SetSeeds Specifies the seed locations for the pathlines. Each seed is advected in the vector field to generate one
streamline for each seed.

4th

SetStepSize Specifies the step size used for the numerical integrator (4™ order Runge-Kutta method) to inte-

grate the seed locations through the flow field.
SetNumber0fSteps Specifies the number of integration steps to be performed on each pathline.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

Example 9.7: Using Pathline, which is a data set with field filter.

1 vtkm::filter::Pathline pathlines;

2

3 // Specify the seeds.

4 vtkm::cont::ArrayHandle<vtkm::Vec3f> seedArray;

5 seedArray.Allocate (2);

6 seedArray.GetPortalControl ().Set (0, vtkm::Vec3f(0, O, 0));
7 seedArray.GetPortalControl ().Set (1, vtkm::Vec3f (1, 1, 1));
8

9 pathlines.SetActiveField ("vectorvar");

10 pathlines.SetStepSize (0.1f);

11 pathlines.SetNumber0fSteps (100);

12 pathlines.SetSeeds (seedArray);

13 pathlines.SetPreviousTime (0.0f);

14 pathlines.SetNextTime (1.0f);

15 pathlines.SetNextDataSet (inData2);

16

17 vtkm::cont::DataSet pathlineCurves = pathlines.Execute(inDatal);

9.1.23 Surface Normals

vtkm: :filter: :SurfaceNormals computes the surface normals of a polygonal data set at its points and/or
cells. The filter takes a data set as input and by default, uses the active coordinate system to compute the
normals. Optionally, a coordinate system or a point field of 3d vectors can be explicitly provided to the Execute
method. The point and cell normals may be oriented to a point outside of the manifold surface by setting the
auto orient normals option (SetAutoOrientNormals), or they may point inward by also setting flip normals
(SetFlipNormals) to true. Triangle vertices will be wound counter-clockwise around the cell normals when the
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consistency option (SetConsistency) is enabled. For non-polygonal cells, a zeroed vector is assigned. The point
normals are computed by averaging the cell normals of the incident cells of each point.

The default name for the output fields is “Normals”, but that can be overridden using the SetCellNormalsName
and SetPointNormalsName methods. The filter will also respect the name in SetOutputFieldName if neither of
the others are set.

SurfaceNormals provides the following methods.

SetGenerateCellNormals/GetGenerateCellNormals Specifies whether the cell normals should be generated.
This is off by default.

SetGeneratePointNormals/GetGeneratePointNormals Specifies whether the point normals should be gener-
ated. This is on by default.

SetNormalizeCellNormals/GetNormalizeCellNormals Specifies whether cell normals should be normalized
(made unit length). This is on by default. The intended use case of this flag is for faster, approximate
point normals generation by skipping the normalization of the face normals. Note that when set to false,
the result cell normals will not be unit length normals and the point normals will be different.

SetAutoOrientNormals/GetAutoOrientNormals If true, any generated point and/or cell normals will be ori-
ented to point outwards from the surface. This requires a closed manifold surface or else the behavior is
undefined. This is off by default.

SetFlipNormals/GetFlipNormals When AutoOrientNormals is true, this option will reverse the point and cell
normals to point inward. This is off by default.

SetConsistency/GetConsistency When GenerateCellNormals is true, this option will ensure that the triangle
vertices in the output dataset are wound counter-clockwise around the generated cell normal. This only
affects triangles. This is on by default.

SetCellNormalsName/GetCellNormalsName Specifies the output cell normals field name. If no cell or point
normal name is specified, “Normals” is used.

SetPointNormalsName/GetPointNormalsName Specifies the output point normals field name. If no cell or point
normal name is specified, “Normals” is used.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.
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9.1.24 Threshold

A threshold operation removes topology elements from a data set that do not meet a specified criterion. The
vtkm::filter: :Threshold filter removes all cells where the field (provided to Execute) is not between a range
of values.

Note that Threshold either passes an entire cell or discards an entire cell. This can consequently lead to jagged
surfaces at the interface of the threshold caused by the shape of cells that jut inside or outside the removed
region. See Section 9.1.3 for a clipping filter that will clip off a smooth region of the mesh.

Threshold provides the following methods.
SetLowerThreshold/GetLowerThreshold Specifies the lower scalar value. Any cells where the scalar field is
less than this value are removed.

SetUpperThresholdGetUpperThreshold Specifies the upper scalar value. Any cells where the scalar field is
more than this value are removed.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

0.1.25 Tube

vtkm: :filter: :Tube generates a tube around each line and polyline in the input data set. The radius, number of
sides, and end capping can be specified for each tube. The orientation of the geometry of the tube are computed
automatically using a heuristic to minimize the twisting along the input data set.

Tube provides the following methods.

SetRadius Specifies the radius of the tube.
SetNumber0fSides Specifies the number of sides for the tube geometry.
SetCapping Specifies if the ends of the tube should be capped.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.
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Example 9.8: Using Tube, which is a data set with field filter.
vtkm::filter::Tube tubeFilter;

tubeFilter.SetRadius (0.5f);
tubeFilter.SetNumber0fSides (7);
tubeFilter.SetCapping (true);

N O U W N

vtkm::cont::DataSet output = tubeFilter.Execute(inData);

9.1.26 Vector Magnitude

vtkm: :filter: :VectorMagnitude takes a field comprising vectors and computes the magnitude for each vector.
The vector field is selected as usual with the SetActiveField method. The default name for the output field is
“magnitude”, but that can be overridden as always using the SetOutputFieldName method.

VectorMagnitude provides the following methods.

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.27 \Vertex Clustering

vtkm: :filter: :VertexClustering is a filter that simplifies a polygonal mesh. It does so by dividing space into
a uniform grid of bin and then merges together all points located in the same bin. The smaller the dimensions of
this binning grid, the fewer polygons will be in the output cells and the coarser the representation. This surface
simplification is an important operation to support level of detail (LOD) rendering in visualization applications.

VertexClustering provides the following methods.

SetNumber0fDivisions/GetNumberOfDimensions Specifies the dimensions of the uniform grid that establishes
the bins used for clustering. Setting smaller numbers of dimensions produces a smaller output, but with a
coarser representation of the surface. The dimensions are provided as a vtkm: : Id3.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.
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SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

Example 9.9: Using VertexClustering.
vtkm::filter::VertexClustering vertexClustering;

vertexClustering.SetNumberOfDivisions (vtkm::Id3(128, 128, 128));

U W N -

vtkm::cont::DataSet simplifiedSurface = vertexClustering.Execute(originalSurface);

9.1.28 Warp Scalar

vtkm: :filter: :WarpScalar is a specialized point transformation filter. The filter transforms points by moving
them based on a scalar field and a constant scale factor. This filter is useful for creating carpet plots.

The WarpScalar filter will take a data set, a normal field, a scalar field, and a constant scale factor. The
coordinates will be scaled based on the scalar field and the scale factor. If no explicit normal field is provided
the filter will search for a field named “normal”. If no explicit scalar field is provided the filter will search for a
field named “scalarfactor”.

The default name for the output field is “warpscalar”, but that can be overridden as always using the SetOut-
putFieldName method.

In addition to the standard SetOutputFieldName and Execute methods, WarpScalar provides the following
methods.

SetNormalField This method allows the user to select the name of the normal field. The normal field is the B
field in the warp equation of A+ B x scaleAmount X scalar Factor (where A is the original position of the
point).

SetScalarFactorField This method allows the user to select the name of the scale factor field. The scale factor
field is the scalarFactor field in the warp equation of A+ B X scaleAmount x scalar Factor (where A is
the original position of the point).

SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.
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9.1.29 Warp Vector

vtkm: :filter: :WarpVector is a specialized point transformation filter. The filter transforms points by moving
them based on a vector field and a constant scale factor. This filter can be used to highlight interesting features
such as flow or deformations.

The WarpScalar filter will take a data set, a vector field, and a constant scale factor. The coordinates will be
scaled based on the vector field and the scale factor. If no explicit vector field is provided the filter will search
for a field named “normal”.

The default name for the output field is “warpvector”, but that can be overridden as always using the SetOut-
putFieldName method.

In addition the standard SetOutputFieldName and Execute methods, WarpVector provides the following meth-
ods.

SetVectorField This method allows the user to select the name of the vector field. The vector field is the B
field in the warp equation of A+ B (where A is the original position of the point).
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.1.30 ZFP Compression

vtkm: :filter: :ZFPCompressor takes a 1D, 2D, or 3D field and compresses the values using the compression
algorithm ZFP. The field is selected as usual with the SetActiveField method. The rate of compression is set
using SetRate. The default name for the output field is “compressed”

ZFPCompressor provides the following methods:

SetRate/GetRate Specifies the rate of compression.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

Chapter 9. Running Filters 75



9.2. Advanced Field Management

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.
SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields

are passed. See Section 9.2.2 for more details.

vtkm: :filter: : ZFPDecompressor takes a field of compressed values and decompresses into scalar values using
the compression algorithm ZFP. The field is selected as usual with the SetActiveField method. The rate of
compression is set using SetRate. The default name for the output field is “decompressed”

ZFPDecompressor provides the following methods:

SetRate Specifies the rate of compression.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.
SetActiveField/GetActiveFieldName Specifies the name of the field to use as input.

SetUseCoordinateSystemAsField/GetUseCoordinateSystemAsField Specifies a Boolean flag that determines
whether to use point coordinates as the input field. Set to false by default. When true, the values for the
active field are ignored.

SetActiveCoordinateSystem/GetActiveCoordinateSystemIndex Specifies the index of which coordinate sys-
tem to use as the input field. The default index is 0, which is the first coordinate system.

SetOutputFieldName/GetOutputFieldName Specifies the name of the output field generated.
Execute Takes a data set, executes the filter on a device, and returns a data set that contains the result.

SetFieldsToPass/GetFieldsToPass Specifies which fields to pass from input to output. By default all fields
are passed. See Section 9.2.2 for more details.

9.2 Advanced Field Management

Most filters work with fields as inputs and outputs to their algorithms. Although in the previous discussions of
the filters we have seen examples of specifying fields, these examples have been kept brief in the interest of clarity.
In this section we revisit how filters manage fields and provide more detailed documentation of the controls.

Note that not all of the discussion in this section applies to all the aforementioned filters. For example, not all
filters have a specified input field. But where possible, the interface to the filter objects is kept consistent.

9.2.1 Input Fields

Many of VTK-m’s filters have a method named SetActiveField, which selects a field in the input data to use
as the data for the filter’s algorithm. We have already seen how SetActiveField takes the name of the field as
an argument. However, SetActiveField also takes an