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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.

VTK-m is written in C++ and makes extensive use of templates. The toolkit is implemented as a header
library, meaning that all the code is implemented in header files (with extension .h) and completely included
in any code that uses it. This allows the compiler to inline and specialize code for better performance.

1.1 How to Use This Guide

This user’s guide is organized into four parts to help guide novice to advanced users and to provide a convenient
reference. Part I, Getting Started, provides everything needed to get up and running with VITK-m. In this part
we learn the basics of reading and writing data files, using filters to process data, and performing basic rendering
to view the results.

Part II, Using VTK-m, dives deeper into the VT K-m library and provides all the information needed to customize
VTK-m’s data structures and support multiple devices.
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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 111, Developing with VTK-m, documents how to use VIK-m’s framework to develop new or custom visu-
alization algorithms. This part describes the concept of a worklet, how they are used to implement and execute
algorithms, and how to use worklets to implement new filters.

Part IV, Advanced Development, exposes the inner workings of VIK-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 VIK-m API, the following conventions are used.

e Filenames are printed in a sans serif font.

e C++ code is printed in a monospace font.

4 Chapter 1. Introduction
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e Macros and namespaces from VTK-m are printed in red.
e Identifiers from VTK-m are printed in blue.

e Signatures, described in Chapter 12, 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.

Chapter 1. Introduction 5






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

For access to the most recent work, the VI'K-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

The source code in the VI'K-m repository is access through the git version control tool. If you have not used
git before, there are several resources available to help you get familiar with it. Github has a nice setup guide
(https://help.github.com/articles/set-up-git) to help you get up and running quickly. For more complete
documentation, we recommend the Pro Git book (https://git-scm.com/book).

To get a copy of the VITK-m repository, issue a git clone command.

Example 2.1: Cloning the main VI'K-m git repository.
1 ‘ git clone https://gitlab.kitware.com/vtk/vtk-m.git

The git clone command will create a copy of all the source code to your local machine. As time passes and you
want to get an update of changes in the repository, you can do that with the git pull command.

Example 2.2: Updating a git repository with the pull command.
1 ‘git pull


http://m.vtk.org/index.php/VTK-m_Releases
https://gitlab.kitware.com/vtk/vtk-m
https://help.github.com/articles/set-up-git
https://git-scm.com/book

2.2. Configure VTK-m

The proceeding examples for using git are based on the git command line tool, which is particularly prevalent
on Uniz-based and Mac systems. There also exist several GUI tools for accessing git repositories. These
tools each have their own interface and they can be quite different. However, they all should have roughly
equivalent commands named “clone” to download a repository given a url and “pull” to update an existing
repository.

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.

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 VIK-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 2.3: Running CMake on a cloned VTK-m repository.
git clone https://gitlab.kitware.com/vtk/vtk-m.git
mkdir vtkm-build
cd vtkm-build
cmake-gui ../vtk-m

W N

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.

¢

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.

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 VT K-m, which allows you to modify both
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CMake 3.6.2 - C:/Users/kmorel/sre/builds/vtk-m

CMake 3.6.2

File Tools Options Help File Tools Options Help

Where is the source code:  [Cif vl | [Browse source...| | | Whereis the source code:  [ciA chvticm | [Browse saurce....

Where to buid the binaries: | C:/Users/kmore!orc/buidsfvticm | | BrowseBuid... | | | Where to buid the binries: [ C:/Users/kmorelfsrc/buids/vtkm | | Browseguid... |

Search: | Olerouped [ advanced |dh AddEnry | | 0 Remove Eniry Search: | Oerouped [ advanced |dh AddEnry | | 0 Remove Eniry

MName Value Mame Value

L]
|
]
L]
L]
L]

Press Configure to update and display new values in red, then press Generate to generate selected build files. Press Configure to update and display new values in red, then press Generate to generate selected build files.
e Curent Generatr i

The C compiler identification is MSVC 18.0.40629.0 ~
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 CEX 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 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.
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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 VI K-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_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.

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 2.3

Example 2.4: Using make to build VITK-m.

git clone https://gitlab.kitware.com/vtk/vtk-m.git
mkdir vtkm-build

cd vtkm-build

cmake-gui ../vtk-m

make -j

make test

make install

N O Ut W N

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 2.4.

-’VVVVVVV\/@
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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.

CMake creates several build “targets” that specify the group of things to build. The default target builds all
of VI'K-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 VIK-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.

A good portion of VTK-m is a header-only library, which does not need to be built in a traditional sense.
However, VTK-m contains a significant amount of tests to ensure that the header code does compile and
run correctly on a given system. 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 VT K-m compile time.

2.4 Linking to VTK-m

Ultimately, the value of VT K-m is the ability to link it into external projects that you write. The header files and
libraries installed with VTK-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-X. X directory of the install or build of VTK-m.
The configurable CMake variable VTKm_DIR can be set to the directory that contains this file.

Example 2.5: Loading VITK-m configuration from an external CMake project.
1 ‘ find_package (VTKm REQUIRED)

Chapter 2. Build and Install VTK-m 11



2.4. Linking to VTK-m

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

documentation for more details.

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

libraries command.

Example 2.6: 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.

vtkm_cont  Contains the base objects used to control VITK-m. This library should always be linked in.
vtkm_filter Contains VTK-m’s filtering code. Most applications will need to link this library in.

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

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 VI'K-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 VITK-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 VITK-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.
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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 VI K-m rendering library was compiled.

VTKm_ENABLE_MPI Set to true if VITK-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.

Example 2.7: 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 omn.")
endif ()

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

0O Uk WN
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CHAPTER
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FILE 1/0

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 Part II we explore efficient ways to
define VI'K-m data structures. In particular, Section 11.1 describes how to build VTK-m data set objects
and Section 18.8 documents how to adapt data structures defined in other libraries to be used directly in
VTK-m.

3.1 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. Chapter 11 provides much more details
about the contents of a data set object, but for now we treat DataSet as an opaque object that can be passed
around readers, writers, filters, and rendering units.

3.1.1 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.

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

3.2. Writers

Example 3.1: Reading a legacy VTK file.
#include <vtkm/io/reader/VTKDataSetReader .h>

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

return reader.ReadDataSet ();

}

0O Utk WN

3.2  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.

3.2.1 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 3.2: 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);
T

OO Ut W
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RUNNING FILTERS

Filters are functional units that take data as input and write new data as output. Filters operate on vtkm: :-
cont: :DataSet objects, which are introduced with the file I/O operations in Chapter 3 and are described in
more detail in Chapter 11. For now we treat DataSet mostly as an opaque object that can be passed around
readers, writers, filters, and rendering units.

The structure of filters in VI'K-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.

4.1 Field Filters

Every vtkm: :cont: :DataSet object contains a list of fields. A field describes some numerical value associated
with different parts of the data set in space. Fields often represent physical properties such as temperature,
pressure, or velocity. Field filters are a class of filters that generate a new field. These new fields are typically
derived from one or more existing fields or point coordinates on the data set. For example, mass, volume, and
density are interrelated, and any one can be derived from the other two.

Before a filter is run, it is important to set up the state of the filter object to the parameters of the algorithm.
The state parameters will vary from one filter to the next, but one state parameter that all field filters share
is the “active” field for the operation. The active field is set with a call to the SetActiveField method. The
argument to SetActiveField is a string that names this input field. Alternatively, you can call the SetUseCo-
ordinateSystemAsField with an argument of true to use the point coordinates as the input field rather than
a specified field. See Sections 11.3 and 11.4 for more information on fields and coordinate systems, respectively.
Finally, SetOutputFieldName, specifies the name assigned to the generated field. If not specified, then the filter
will use a default name.

All field filters contain an Execute method. When calling Execute a vtkm: :cont: :DataSet or vtkm::cont::-
MultiBlock object with the input data is provided as an argument. The Execute method returns a DataSet or
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MultiBlock object (matching the type of the input to Execute), which contains the data generated.

The following example provides a simple demonstration of using a field filter. It specifically uses the point
elevation filter, which is one of the field filters.

Example 4.1: 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.SetOutputFieldName ("pressure");

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

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

12 elevationFilter.SetRange (101325.0, 77325.0);

13

14 elevationFilter.SetUseCoordinateSystemAsField (true);

15

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

17

18 return result;

19 |}

4.1.1 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.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.
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4.1.2 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,0,72)

The default name for the output field is “cylindricalCoordinateSystemTransform”, 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.

SetCartesianToCylindrical This method specifies a transformation from cartesian to cylindrical coordinates.
SetCylindricalToCartesian This method specifies a transformation from cylindrical to cartesian coordinates.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 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, 6, )

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.
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SetSphericalToCartesian This method specifies a transformation from spherical to cartesian coordinates.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

4.1.3 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.
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 4.4.2 for more details.
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4.1.4 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.

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 4.4.2 for more details.

4.1.5 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.
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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.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 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:
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.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.
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4.1.6 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 VITK-m’s rendering module and are described in
Section 5.8.

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: :Vec <vtkm: :UInt8, 3> values.

FieldToColors: :RGBA Output colors are represented as RGBA values with each component represented by an
unsigned byte. Specifically, these are vtkm: :Vec <vtkm: :UInt8,4> 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 ).

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 ).
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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 4.4.2 for more details.

4.1.7 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.
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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”.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

4.1.8 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 SetNumberOfBins
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.
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SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

4.1.9 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.

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

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.
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 4.4.2 for more details.
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4.1.10 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 4.1 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 4.4.2 for more details.

4.1.11 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.

In addition the standard SetOutputFieldName and Execute methods, 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.
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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 z, 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 Z 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.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

4.1.12 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 cell normals are computed based on each cell’s winding order using vector cross-product. 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.
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SetGeneratePointNormals/GetGeneratePointNormals Specifies whether the point normals should be gener-
ated.

SetNormalizeCellNormals/GetNormalizeCellNormals Specifies whether cell normals should be normalized
(made unit length). Default value is true. 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.

SetCellNormalsName/GetCellNormalsName Specifies the output cell normals field name.
SetPointNormalsName/GetPointNormalsName Specifies the output point normals field name.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

4.1.13 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 4.4.2 for more details.
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4.1.14 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).

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

4.1.15 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.
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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).

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

4.1.16 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.

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 4.4.2 for more details.
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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 4.4.2 for more details.

4.2 Data Set Filters

Data set filters are a class of filters that generate a new data set with a new topology. This new topology is
typically derived from an existing data set. For example, a data set can be significantly altered by adding,
removing, or replacing cells.

Before a filter is run, it is important to set up the state of the filter object to the parameters of the algorithm.
The state parameters will vary from one filter to the next, but one state parameter that all data set filters share
is the “active” cell set for the operation. The active cell set is set with a call to the SetActiveCellSetIndex.
Likewise, SetActiveCoordinateSystem selects which coordinate system to operate on. By default, the filter will
operate on the first cell set and coordinate system. (See Sections 11.2 and 11.4 for more information about cell
sets and coordinate systems, respectively.)

All data set filters contain an Execute method. When calling Execute a vtkm: :cont::DataSet or vtkm::-
cont: :MultiBlock object with the input data is provided as an argument. The Execute method returns a
DataSet or MultiBlock object (matching the type of the input to Execute), which contains the data generated.

The following example provides a simple demonstration of using a data set filter. It specifically uses the vertex
clustering filter, which is one of the data set filters.

Example 4.2: Using VertexClustering, which is a data set filter.

vtkm::filter::VertexClustering vertexClustering;

vertexClustering.SetNumberOfDivisions (vtkm::Id3(128, 128, 128));
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vtkm::cont::DataSet simplifiedSurface = vertexClustering.Execute(originalSurface);
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4.2.1 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 11.2.2.)
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
example, “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 1076.

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.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.
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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 4.4.2 for more details.

4.2.2 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. VITK-m’s implicit
functions are simple objects that take 3D spatial coordinates and return a field value that often describes a
shape. 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 4.3.1.)

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.

SetImplicitFunctionGetImplicitFunction Specifies the implicit function to be used to perform the clip op-
eration. 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.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 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.
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Example 4.3: Using ClipWithImplicitFunction.

1 // Parameters needed for implicit function

2 vtkm::Sphere implicitFunction(vtkm::make_Vec(1l, 0, 1), 0.5);

3

4 // Create an instance of a clip filter with this implicit function.

5 vtkm::filter::ClipWithImplicitFunction clip;

6 clip.SetImplicitFunction(

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

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);

4.2.3 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.”)

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

424 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”.
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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 4.4.2 for more details.

4.2.5 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.
Example 4.2 provides a demonstration of the vertex clustering filter.

VertexClustering provides the following methods.

SetNumberOfDivisions/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.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

4.3 Data Set with Field Filters

Data set with field filters are a class of filters that generate a new data set with a new topology. This new
topology is derived from an existing data set and at least one of the fields in the data set. For example, a field
might determine how each cell is culled, clipped, or sliced.
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Before a filter is run, it is important to set up the state of the filter object to the parameters of the algorithm.
The state parameters will vary from one filter to the next, but one state parameter that all data set with field
filters share is the “active” field for the operation. The active field is set with a call to the SetActiveField
method. The argument to SetActiveField is a string that names this input field. Another state parameters all
data set with field filters share is the “active” cell set for the operation. The active cell set is set with a call to the
SetActiveCellSetIndex. Likewise, SetActiveCoordinateSystem selects which coordinate system to operate
on. By default, the filter will operate on the first cell set and coordinate system. (See Sections 11.2 and 11.4 for
more information about cell sets and coordinate systems, respectively.) Finally, SetOutputFieldName, specifies
the name assigned to the generated field. If not specified, then the filter will use a default name.

All data set with field filters contain an Execute method. When calling Execute a vtkm::cont: :DataSet or
vtkm: :cont: :MultiBlock object with the input data is provided as an argument. The Execute method returns
a DataSet or MultiBlock object (matching the type of the input to Execute), which contains the data generated.

The following example provides a simple demonstration of using a data set with field filter. It specifically uses
the Marching Cubes filter, which is one of the data set with field filters.

Example 4.4: Using MarchingCubes, which is a data set with field filter.

vtkm::filter::MarchingCubes marchingCubes;

marchingCubes.SetActiveField ("pointvar");
marchingCubes.SetIsoValue (10.0);
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vtkm::cont::DataSet isosurface = marchingCubes.Execute (inData);

43.1 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 4.2.2.)

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 4.3.3 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 4.3.4 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.
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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 when computing spatial locations in the mesh. The default index is 0, which is the first
coordinate system.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

Example 4.5: Using ClipWithField.
// Create an instance of a clip filter that discards all regions with scalar
// value less than 25.
vtkm::filter::ClipWithField clip;
clip.SetClipValue (25.0);
clip.SetActiveField ("pointvar");

// Execute the clip filter
vtkm::cont::DataSet outData = clip.Execute(inData);
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4.3.2 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.

ConvertOutputToUnstructured Return an explict data set.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.
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4.3.3 Marching Cubes

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. Marching Cubes is a well know algorithm for computing
contours and is implemented by vtkm: :filter: :MarchingCubes. Example 4.4 provides a demonstration of the
Marching Cubes filter.

MarchingCubes 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.

SetMergeDuplicatePoints/GetMergeDuplicatePoints Specifies whether coincident points in the data set
should be merged. Because the Marching Cubes filter (like all filters in VITK-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.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.
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4.3.4 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 4.3.1 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.

SetActiveCellSetIndex/GetActiveCellSetIndex Specifies the index for the cell set to use from the data set
provided to the Execute method. The default index is 0, which is the first cell set.

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 4.4.2 for more details.

4.3.5 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 (4"

grate the seed locations through the flow field.

order Runge-Kutta method) to inte-

SetNumber0fSteps Specifies the number of integration steps to be performed on each streamline.
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Example 4.6: 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::Vec<vtkm::FloatDefault, 3>> seedArray;

5 seedArray.Allocate (2);

6 seedArray.GetPortalControl ().Set (0, vtkm::Vec<vtkm::FloatDefault, 3>(0, 0, 0));
7 seedArray.GetPortalControl ().Set (1, vtkm::Vec<vtkm::FloatDefault, 3>(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 streamlineCurves = streamlines.Execute(inData);

4.3.6 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.

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.

SetStepSize Specifies the step size used for the numerical integrator (4"

grate the seed locations through the flow field.

order Runge-Kutta method) to inte-

SetNumber0fSteps Specifies the number of integration steps to be performed on each pathline.

Example 4.7: Using Pathline, which is a data set with field filter.
vtkm::filter::Pathline pathlines;

// Specify the seeds.

vtkm::cont::ArrayHandle<vtkm::Vec<vtkm::FloatDefault, 3>> seedArray;
seedArray.Allocate (2);

seedArray.GetPortalControl ().Set (0, vtkm::Vec<vtkm::FloatDefault, 3>(0, 0, 0));
seedArray.GetPortalControl().Set (1, vtkm::Vec<vtkm::FloatDefault, 3>(1, 1, 1));

© 00~ U WN

pathlines.SetActiveField("vectorvar");
10 pathlines.SetStepSize (0.1f);
11 pathlines.SetNumber0OfSteps (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);
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4.4 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.

4.4.1 |Input Fields

Many of VIK-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 optional second argument that specifies which topological
elements the field is associated with (such as points or cells). If specified, this argument is one of the following.

vtkm: :cont::Field::ASSOC_ANY Any field regardless of the association. (This is the default if no association
is given.)

vtkm: :cont: :Field: :ASSOC_POINTS A field that applies to points. There is a separate field value attached to
each point. Point fields usually represent samples of continuous data that can be reinterpolated through
cells. Physical properties such as temperature, pressure, density, velocity, etc. are usually best represented
in point fields. Data that deals with the points of the topology, such as displacement vectors, are also
appropriate for point data.

vtkm: :cont::Field::ASSOC_CELL_SET A field that applies to cells. There is a separate field value attached
to each cell in a cell set. Cell fields usually represent values from an integration over the finite cells of the
mesh. Integrated values like mass or volume are best represented in cell fields. Statistics about each cell
like strain or cell quality are also appropriate for cell data.

vtkm: :cont: :Field: :ASSOC_WHOLE_MESH A “global” field that applies to the whole mesh. These often contain
summary or annotation information. An example of a whole mesh field could be the volume that the mesh
covers.

Example 4.8: Setting a field’s active filter with an association.
1 filter.SetActiveField ("pointvar", vtkm::cont::Field::Association::POINTS);

It is possible to have two fields with the same name that are only differentiatable by the association. That
s, you could have a point field and a cell field with different data but the same name. Thus, it is best
practice to specify the field association when possible. Likewise, it is poor practice to have two fields with
the same name, particularly if the data are not equivalent in some way. It is often the case that fields are
selected without an association.

42 Chapter 4. Running Filters



4.4. Advanced Field Management

It is also possible to set the active scalar field as a coordinate system of the data. A coordinate system essentially
provides the spatial location of the points of the data and they have a special place in the vtkm: : cont: :DataSet
structure. (See Section 11.4 for details on coordinate systems.) You can use a coordinate system as the active
scalars by calling the SetUseCoordinateSystemAsField method with a true flag. Since a DataSet can have
multiple coordinate systems, you can select the desired coordinate system with SetActiveCoordinateSystem.
(By default, the first coordinate system will be used.)

4.4.2 Passing Fields from Input to Output

After a filter successfully executes and returns a new data set, fields are mapped from input to output. Depending
on what operation the filter does, this could be a simple shallow copy of an array, or it could be a computed
operation. By default, the filter will automatically pass all fields from input to output (performing whatever
transformations are necessary). You can control which fields are passed (and equivalently which are not) with
the SetFieldsToPass methods of vtkm::filter::Filter.

There are multiple ways to to use Filter::SetFieldsToPass to control what fields are passed. If you want
to turn off all fields so that none are passed, call SetFieldsToPass with vtkm::filter::FieldSelection::-
MODE_NONE.

Example 4.9: Turning off the passing of all fields when executing a filter.
1 ‘ filter.SetFieldsToPass (vtkm::filter::FieldSelection::MODE_NONE);

If you want to pass one specific field, you can pass that field’s name to SetFieldsToPass.

Example 4.10: Setting one field to pass by name.
1 ‘ filter.SetFieldsToPass ("pointvar");

Or you can provide a list of fields to pass by giving SetFieldsToPass an initializer list of names.

Example 4.11: Using a list of fields for a filter to pass.
1 ‘ filter.SetFieldsToPass ({ "pointvar", "cellvar" 1});

If you want to instead select a list of fields to not pass, you can add vtkm: :filter: :FieldSelection: :MODE_-
EXCLUDE as an argument to SetFieldsToPass.

Example 4.12: Excluding a list of fields for a filter to pass.

1 filter.SetFieldsToPass ({ "pointvar", "cellvar" },
2 vtkm::filter::FieldSelection::MODE_EXCLUDE);

Ultimately, Filter: :SetFieldsToPass takes a vtkm::filter::FieldSelection object. You can create one
directly to select (or exclude) specific fields and their associations.

Example 4.13: Using vtkm::filter::FieldSelection.
vtkm::filter::FieldSelection fieldSelection;
fieldSelection.AddField ("scalars");
fieldSelection.AddField ("cellvar", vtkm::cont::Field::Association::CELL_SET);

TU W N =

filter.SetFieldsToPass(fieldSelection) ;

It is also possible to specify field attributions directly to Filter::SetFieldsToPass. If you only have one field,
you can just specify both the name and attribution. If you have multiple fields, you can provide an initializer
list of std::pair or vtkm::Pair containing a std::string and a vtkm::cont::Field::AssociationEnum.
In either case, you can add an optional last argument of vtkm::filter::FieldSelection: :MODE_EXCLUDE to
exclude the specified filters instead of selecting them.
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Example 4.14: Selecting one field and its association for a filter to pass.
1 filter.SetFieldsToPass ("pointvar", vtkm::cont::Field::Association::POINTS);

Example 4.15: Selecting a list of fields and their associations for a filter to pass.
filter.SetFieldsToPass (
{ vtkm::make_Pair ("pointvar", vtkm::cont::Field::Association::POINTS),
vtkm::make_Pair("cellvar", vtkm::cont::Field::Association::CELL_SET),
vtkm::make_Pair ("scalars", vtkm::cont::Field::Association::ANY) });

=W N
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CHAPTER
FIVE

RENDERING

Rendering, the generation of images from data, is a key component to visualization. To assist with rendering,
VTK-m provides a rendering package to produce imagery from data, which is located in the vtkm: :rendering
namespace.

The rendering package in VTK-m is not intended to be a fully featured rendering system or library. Rather, it
is a lightweight rendering package with two primary use cases:

1. New users getting started with VI'K-m need a “quick and dirty” render method to see their visualization
results.

2. In situ visualization that integrates VI'K-m with a simulation or other data-generation system might need
a lightweight rendering method.

Both of these use cases require just a basic rendering platform. Because VITK-m is designed to be integrated
into larger systems, it does not aspire to have a fully featured rendering system.

VTK-m’s big sister toolkit VTK is already integrated with VTK-m and has its own fully featured rendering
system. If you need more rendering capabilities than what VTK-m provides, you can leverage VTK instead.

5.1 Scenes and Actors

The primary intent of the rendering package in VTK-m is to visually display the data that is loaded and
processed. Data are represented in VI'K-m by vtkm: : cont: :DataSet objects. DataSet is presented in Chapters
3 and 4. For now we treat DataSet mostly as an opaque object that can be passed around readers, writers,
filters, and rendering units. Detailed documentation for DataSet is provided in Chapter 11.

To render a DataSet, the data are wrapped in a vtkm: :rendering: :Actor class. The Actor holds the compo-
nents of the DataSet to render (a cell set, a coordinate system, and a field). A color table can also be optionally
be specified, but a default color table will be specified otherwise.

Actors are collected together in an object called vtkm: :rendering: :Scene. An Actor is added to a Scene with
the AddActor method. The following example demonstrates creating a Scene with one Actor.



5.2. Canvas

Example 5.1: Creating an Actor and adding it to a Scene.

1 vtkm::rendering::Actor actor(surfaceData.GetCellSet (),
2 surfaceData.GetCoordinateSystem(),
3 surfaceData.GetField ("RandomPointScalars"));
4
5 vtkm::rendering::Scene scene;
6 scene.AddActor (actor);
5.2 Canvas

A canvas is a unit that represents the image space that is the target of the rendering. The canvas’ primary
function is to manage the buffers that hold the working image data during the rendering. The canvas also
manages the context and state of the rendering subsystem.

vtkm: :rendering: :Canvas is the base class of all canvas objects. Fach type of rendering system has its own
canvas subclass, but currently the only rendering system provided by VITK-m is the internal ray tracer. The
canvas for the ray tracer is vtkm: :rendering: :CanvasRayTracer. CanvasRayTracer is typically constructed
by giving the width and height of the image to render.

Example 5.2: Creating a canvas for rendering.
1 ‘ vtkm::rendering:: CanvasRayTracer canvas (1920, 1080);

5.3 Mappers

A mapper is a unit that converts data (managed by an Actor) and issues commands to the rendering subsystem
to generate images. All mappers in VIK-m are a subclass of vtkm: :rendering: :Mapper. Different rendering
systems (as established by the Canvas) often require different mappers. Also, different mappers could render
different types of data in different ways. For example, one mapper might render polygonal surfaces whereas
another might render polyhedra as a translucent volume. Thus, a mapper should be picked to match both the
rendering system of the Canvas and the data in the Actor.

The following mappers are provided by VITK-m.
vtkm: :rendering: :MapperRayTracer Uses VIK-m’s built in ray tracing system to render the visible surface
of a mesh. MapperRayTracer only works in conjunction with CanvasRayTracer.

vtkm: :rendering: :MapperCylinder Uses VIK-m’s built in ray tracing system to render cylinders as lines of
a mesh. MapperCylinder only works in conjunction with CanvasRayTracer.

vtkm: :rendering: :MapperPoint Uses VTK-m’s built in ray tracing system to render the visible points/vertices
of a mesh. MapperPoint only works in conjunction with CanvasRayTracer.

vtkm: :rendering: :MapperQuad Uses VITK-m’s built in ray tracing system to render the visible quadrilaterals
of a mesh. MapperQuad only works in conjunction with CanvasRayTracer.

vtkm: :rendering: :MapperVolume Uses VTK-m’s built in ray tracing system to render polyhedra as a translu-
cent volume. MapperVolume only works in conjunction with CanvasRayTracer.

vtkm: :rendering: :MapperWireframer Uses VIK-m’s built in ray tracing system to render the cell edges (i.e.
the “wireframe”) of a mesh. MapperWireframer only works in conjunction with CanvasRayTracer.
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5.4 Views

A view is a unit that collects all the structures needed to perform rendering. It contains everything needed to
take a Scene (Section 5.1) and use a Mapper (Section 5.3) to render it onto a Canvas (Section 5.2). The view
also annotates the image with spatial and scalar properties.

The base class for all views is vtkm: :rendering: : View. View is an abstract class, and you must choose one of the
three provided subclasses, vtkm: :rendering: :View3D, vtkm: :rendering: :View2D, and vtkm: :rendering: :-
View3D, depending on the type of data being presented. All three view classes take a Scene, a Mapper, and a
Canvas as arguments to their constructor.

Example 5.3: Constructing a View.

1 vtkm::rendering::Actor actor(surfaceData.GetCellSet (),

2 surfaceData.GetCoordinateSystem (),
3 surfaceData.GetField ("RandomPointScalars"));
4

5 vtkm::rendering::Scene scene;

6 scene.AddActor (actor);

7

8 vtkm::rendering::MapperRayTracer mapper;

9 vtkm::rendering:: CanvasRayTracer canvas (1920, 1080);

10

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

12 view.Initialize ();

Once the View is created but before it is used to render, the Initialize method should be called. This is
demonstrated in Example 5.3.

The View also maintains a background color (the color used in areas where nothing is drawn) and a foreground
color (the color used for annotation elements). By default, the View has a black background and a white
foreground. These can be set in the view’s constructor, but it is a bit more readable to set them using the
View: :SetBackground and View::SetForeground methods. In either case, the colors are specified using the
vtkm: :rendering: :Color helper class, which manages the red, green, and blue color channels as well as an
optional alpha channel. These channel values are given as floating point values between 0 and 1.

Example 5.4: Changing the background and foreground colors of a View.

1 view.SetBackgroundColor (vtkm::rendering::Color(1.0f, 1.0f, 1.0f));
2 view.SetForegroundColor (vtkm::rendering::Color (0.0f, 0.0f, 0.0f));

Although the background and foreground colors are set independently, it will be difficult or impossible to see
the annotation if there is not enough contrast between the background and foreground colors. Thus, when
changing a View’s background color, it is always good practice to also change the foreground color.

Once the View is constructed, intialized, and set up, it is ready to render. This is done by calling the View: :Paint
method.

Example 5.5: Using Canvas: :Paint in a display callback.

1 ‘ view.Paint ();

Putting together Examples 5.3, 5.4, and 5.5, the final render of a view looks like that in Figure 5.1.
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RandomPointScalars

0.214735 0.346581 0.478427 0.610273 0.74‘2119

Figure 5.1: Example output of VT K-m’s rendering system.

Of course, the vtkm: :rendering: : CanvasRayTracer created in 5.3 is an offscreen rendering buffer, so you cannot
immediately see the image. When doing batch visualization, an easy way to output the image to a file for later
viewing is with the View: :SaveAs method. This method saves the file in the portable pixelmap (PPM) format.

Example 5.6: Saving the result of a render as an image file.

1 | view.SaveAs ("BasicRendering.ppm");

We visit doing interactive rendering in a GUI later in Section 5.7.

5.5 Changing Rendering Modes

Example 5.3 constructs the default mapper for ray tracing, which renders the data as an opaque solid. However,
you can change the rendering mode by using one of the other mappers listed in Section 5.3. For example, say you
just wanted to see a wireframe representation of your data. You can achieve this by using vtkm: :rendering: : -
MapperWireframer.

Example 5.7: Creating a mapper for a wireframe representation.

1 vtkm::rendering::MapperWireframer mapper;
2 vtkm::rendering::View3D view(scene, mapper, canvas);

Alternatively, perhaps you wish to render just the points of mesh. vtkm: :rendering: :MapperPoint renders the
points as spheres and also optionally can scale the spheres based on field values.

Example 5.8: Creating a mapper for point representation.
vtkm::rendering::MapperPoint mapper;
mapper .UseVariableRadius (true);
mapper . SetRadiusDelta (10.0f);

Tk W N

vtkm::rendering::View3D view(scene, mapper, canvas);
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These mappers respectively render the images shown in Figure 5.2. Other mappers, such as those that can
render translucent volumes, are also available.

Figure 5.2: Examples of alternate rendering modes using different mappers. The left image is rendered with
MapperWireframer. The right image is rendered with MapperPoint.

5.6 Manipulating the Camera

The vtkm: :rendering: :View uses an object called vtkm::rendering: :Camera to describe the vantage point
from which to draw the geometry. The camera can be retrieved from the View: :GetCamera method. That
retrieved camera can be directly manipulated or a new camera can be provided by calling View: :SetCamera. In
this section we discuss camera setups typical during view set up. Camera movement during interactive rendering
is revisited in Section 5.7.2.

A Camera operates in one of two major modes: 2D mode or 3D mode. 2D mode is designed for looking at flat
geometry (or close to flat geometry) that is parallel to the x-y plane. 3D mode provides the freedom to place the
camera anywhere in 3D space. The different modes can be set with SetModeTo2D and SetModeTo3D, respectively.
The interaction with the camera in these two modes is very different.

5.6.1 2D Camera Mode

The 2D camera is restricted to looking at some region of the x-y plane.

View Range

The vantage point of a 2D camera can be specified by simply giving the region in the x-y plane to look at. This
region is specified by calling Camera: :SetViewRange2D. This method takes the left, right, bottom, and top of
the region to view. Typically these are set to the range of the geometry in world space as shown in Figure 5.3.

There are 3 overloaded versions of the SetViewRange2D method. The first version takes the 4 range values, left,
right, bottom, and top, as separate arguments in that order. The second version takes two vtkm: :Range objects
specifying the range in the x and y directions, respectively. The third version trakes a single vtkm: :Bounds
object, which completely specifies the spatial range. (The range in z is ignored.) The Range and Bounds objects
are documented later in Sections 6.5.4 and 6.5.5, respectively.
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Figure 5.3: The view range bounds to give a Camera.

Pan

A camera pan moves the viewpoint left, right, up, or down. A camera pan is performed by calling the Camera: : -
Pan method. Pan takes two arguments: the amount to pan in x and the amount to pan in y.

The pan is given with respect to the projected space. So a pan of 1 in the x direction moves the camera to focus
on the right edge of the image whereas a pan of —1 in the x direction moves the camera to focus on the left edge
of the image.

Example 5.9: Panning the camera.
1 ‘ view.GetCamera () .Pan(deltaX, deltaY);

Zoom

A camera zoom draws the geometry larger or smaller. A camera zoom is performed by calling the Camera: : Zoom
method. Zoom takes a single argument specifying the zoom factor. A positive number draws the geometry larger
(zoom in), and larger zoom factor results in larger geometry. Likewise, a negative number draws the geometry
smaller (zoom out). A zoom factor of 0 has no effect.

Example 5.10: Zooming the camera.
1 ‘ view.GetCamera ().Zoom(zoomFactor);

5.6.2 3D Camera Mode

The 3D camera is a free-form camera that can be placed anywhere in 3D space and can look in any direction.
The projection of the 3D camera is based on the pinhole camera model in which all viewing rays intersect a
single point. This single point is the camera’s position.
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Position and Orientation

The position of the camera, which is the point where the observer is viewing the scene, can be set with the
Camera: :SetPosition method. The direction the camera is facing is specified by giving a position to focus on.
This is called either the “look at” point or the focal point and is specified with the Camera: : SetLookAt method.
Figure 5.4 shows the relationship between the position and look at points.

Field of

V

Clipping
Range
Near

Clipping
Range .
Far b4

Figure 5.4: The position and orientation parameters for a Camera.

In addition to specifying the direction to point the camera, the camera must also know which direction is
considered “up.” This is specified with the view up vector using the Camera: :SetViewUp method. The view up
vector points from the camera position (in the center of the image) to the top of the image. The view up vector
in relation to the camera position and orientation is shown in Figure 5.4.

Another important parameter for the camera is its field of view. The field of view specifies how wide of a region
the camera can see. It is specified by giving the angle in degrees of the cone of visible region emanating from
the pinhole of the camera to the Camera: :SetField0fView method. The field of view angle in relation to the
camera orientation is shown in Figure 5.4. A field of view angle of 60° usually works well.

Finally, the camera must specify a clipping region that defines the valid range of depths for the object. This is
a pair of planes parallel to the image that all visible data must lie in. Each of these planes is defined simply
by their distance to the camera position. The near clip plane is closer to the camera and must be in front of
all geometry. The far clip plane is further from the camera and must be behind all geometry. The distance to
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both the near and far planes are specified with the Camera: :SetClippingRange method. Figure 5.4 shows the
clipping planes in relationship to the camera position and orientation.

Example 5.11: Directly setting vtkm: :rendering: : Camera position and orientation.

1 camera.SetPosition(vtkm:: make_Vec (10.0, 6.0, 6.0));
2 camera.SetLookAt (vtkm::make_Vec (0.0, 0.0, 0.0));
3 camera.SetViewUp (vtkm::make_Vec (0.0, 1.0, 0.0));
4 camera.SetField0fView (60.0);
5 camera.SetClippingRange (0.1, 100.0);
Movement

In addition to specifically setting the position and orientation of the camera, vtkm: :rendering: : Camera contains
several convenience methods that move the camera relative to its position and look at point.

Two such methods are elevation and azimuth, which move the camera around the sphere centered at the look
at point. Camera: :Elevation raises or lowers the camera. Positive values raise the camera up (in the direction
of the view up vector) whereas negative values lower the camera down. Camera::Azimuth moves the camera
around the look at point to the left or right. Positive values move the camera to the right whereas negative
values move the camera to the left. Both Elevation and Azimuth specify the amount of rotation in terms of
degrees. Figure 5.5 shows the relative movements of Elevation and Azimuth.

Elevation

Azimuth

Figure 5.5: Camera movement functions relative to position and orientation.

Example 5.12: Moving the camera around the look at point.

1 view.GetCamera ().Azimuth (45.0);
2 view.GetCamera () .Elevation(45.0);
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The Camera::Elevation and Camera::Azimuth methods change the position of the camera, but not the
view up vector. This can cause some wild camera orientation changes when the direction of the camera
view is near parallel to the view up vector, which often happens when the elevation is raised or lowered by
about 90 degrees.

In addition to rotating the camera around the look at point, you can move the camera closer or further from the
look at point. This is done with the Camera: :Dolly method. The Dolly method takes a single value that is the
factor to scale the distance between camera and look at point. Values greater than one move the camera away,
values less than one move the camera closer. The direction of dolly movement is shown in Figure 5.5.

Finally, the Camera: :Roll method rotates the camera around the viewing direction. It has the effect of rotating
the rendered image. The Roll method takes a single value that is the angle to rotate in degrees. The direction
of roll movement is shown in Figure 5.5.

Pan

A camera pan moves the viewpoint left, right, up, or down. A camera pan is performed by calling the Camera: : -
Pan method. Pan takes two arguments: the amount to pan in x and the amount to pan in y.

The pan is given with respect to the projected space. So a pan of 1 in the x direction moves the camera to focus
on the right edge of the image whereas a pan of —1 in the x direction moves the camera to focus on the left edge
of the image.

Example 5.13: Panning the camera.
1 ‘ view.GetCamera () .Pan(deltaX, deltaY);

Zoom

A camera zoom draws the geometry larger or smaller. A camera zoom is performed by calling the Camera: : Zoom
method. Zoom takes a single argument specifying the zoom factor. A positive number draws the geometry larger
(zoom in), and larger zoom factor results in larger geometry. Likewise, a negative number draws the geometry
smaller (zoom out). A zoom factor of 0 has no effect.

Example 5.14: Zooming the camera.
1 ‘ view.GetCamera ().Zoom(zoomFactor) ;

Reset

Setting a specific camera position and orientation can be frustrating, particularly when the size, shape, and
location of the geometry is not known a priori. Typically this involves querying the data and finding a good
camera orientation.

To make this process simpler, vtkm: :rendering: : Camera has a convenience method named Camera: :ResetTo-
Bounds that automatically positions the camera based on the spatial bounds of the geometry. The most expedient
method to find the spatial bounds of the geometry being rendered is to get the vtkm: :rendering: : Scene object
and call GetSpatialBounds. The Scene object can be retrieved from the vtkm::rendering::View, which, as
described in Section 5.4, is the central object for managing rendering.
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Example 5.15: Resetting a Camera to view geometry.

1 | void ResetCamera(vtkm::rendering::View& view)

2 | {

3 vtkm::Bounds bounds = view.GetScene().GetSpatialBounds ();
4 view.GetCamera () .ResetToBounds (bounds);

5%

The ResetToBounds method operates by placing the look at point in the center of the bounds and then placing
the position of the camera relative to that look at point. The position is such that the view direction is the
same as before the call to ResetToBounds and the distance between the camera position and look at point has
the bounds roughly fill the rendered image. This behavior is a convenient way to update the camera to make
the geometry most visible while still preserving the viewing position. If you want to reset the camera to a new
viewing angle, it is best to set the camera to be pointing in the right direction and then calling ResetToBounds
to adjust the position.

Example 5.16: Resetting a Camera to be axis aligned.
view.GetCamera().SetPosition(vtkm::make_Vec (0.0, 0.0, 0.0));
view.GetCamera (). SetLookAt (vtkm::make_Vec (0.0, 0.0, -1.0));
view.GetCamera () .SetViewUp (vtkm::make_Vec (0.0, 1.0, 0.0));
vtkm::Bounds bounds = view.GetScene().GetSpatialBounds ();
view.GetCamera () .ResetToBounds (bounds);

Tk W N+~

5.7 Interactive Rendering

So far in our description of VI'K-m’s rendering capabilities we have talked about doing rendering of fixed scenes.
However, an important use case of scientific visualization is to provide an interactive rendering system to explore
data. In this case, you want to render into a GUI application that lets the user interact manipulate the view.
The full design of a 3D visualization application is well outside the scope of this book, but we discuss in general
terms what you need to plug VI'K-m’s rendering into such a system.

In this section we discuss two important concepts regarding interactive rendering. First, we need to write images
into a GUI while they are being rendered. Second, we want to translate user interaction to camera movement.

5.7.1 Rendering Into a GUI

Before being able to show rendering to a user, we need a system rendering context in which to push the images.
In this section we demonstrate the display of images using the OpenGL rendering system, which is common for
scientific visualization applications. That said, you could also use other rendering systems like DirectX or even
paste images into a blank widget.

Creating an OpenGL context varies depending on the OS platform you are using. If you do not already have
an application you want to integrate with VI K-m’s rendering, you may wish to start with graphics utility API
such as GLUT or GLFW. The process of initializing an OpenGL context is not discussed here.

The process of rendering into an OpenGL context is straightforward. First call Paint on the View object to
do the actual rendering. Second, get the image color data out of the View’s Canvas object. This is done by
calling Canvas: :GetColorBuffer. This will return a vtkm: :cont: :ArrayHandle object containing the image’s
pixel color data. (ArrayHandles are discussed in detail in Chapter 7.) A raw pointer can be pulled out of
this ArrayHandle by calling GetStorage () .GetBasePointer (). Third, the pixel color data are pasted into the
OpenGL render context. There are multiple ways to do so, but the most straightforward way is to use the
glDrawPixels function provided by OpenGL. Fourth, swap the OpenGL buffers. The method to swap OpenGL
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buffers varies by OS platform. The aforementioned graphics libraries GLUT and GLFW each provide a function
for doing so.

Example 5.17: Rendering a View and pasting the result to an active OpenGL context.

1 view.Paint ();

2

3 // Get the color buffer containing the rendered image.

4 vtkm::cont::ArrayHandle<vtkm::Vec<vtkm::Float32, 4>> colorBuffer =
5 view.GetCanvas () .GetColorBuffer ();

6

7 // Pull the C array out of the arrayhandle.

8 void* colorArray = colorBuffer.GetStorage().GetBasePointer ();
9

10 // Write the C array to an OpenGL buffer.

11 glDrawPixels ((GLint)view.GetCanvas ().GetWidth (),

12 (GLint)view.GetCanvas ().GetHeight (),

13 GL_RGBA,

14 GL_FLOAT,

15 colorArray);

16

17 // Swap the OpenGL buffers (system dependent).

5.7.2 Camera Movement

When interactively manipulating the camera in a windowing system, the camera is usually moved in response
to mouse movements. Typically, mouse movements are detected through callbacks from the windowing system
back to your application. Once again, the details on how this works depend on your windowing system. The
assumption made in this section is that through the windowing system you will be able to track the x-y pixel
location of the mouse cursor at the beginning of the movement and the end of the movement. Using these two
pixel coordinates, as well as the current width and height of the render space, we can make several typical camera
movements.

¢

Pizel coordinates in VTK-m’s rendering system originate in the lower-left corner of the image. However,
windowing systems generally report mouse coordinates with the origin in the upper-left corner. The upshot
is that the y coordinates will have to be reversed when translating mouse coordinates to VT K-m image
coordinates. This inverting is present in all the following examples.

Rotate

A common and important mode of interaction with 3D views is to allow the user to rotate the object under
inspection by dragging the mouse. To facilitate this type of interactive rotation, vtkm: :rendering: :Camera
provides a convenience method named TrackballRotate. The TrackballRotate method takes a start and end
position of the mouse on the image and rotates viewpoint as if the user grabbed a point on a sphere centered in
the image at the start position and moved under the end position.

The TrackballRotate method is typically called from within a mouse movement callback. The callback must
record the pixel position from the last event and the new pixel position of the mouse. Those pixel positions must
be normalized to the range -1 to 1 where the position (-1,-1) refers to the lower left of the image and (1,1) refers
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to the upper right of the image. The following example demonstrates the typical operations used to establish
rotations when dragging the mouse.

0O Utk WN

Pan

Example 5.18: Interactive rotations through mouse dragging with Camera: :TrackballRotate.

view

// width/height,

:Float32
:Float32
:Float32
:Float32

void DoMouseRotate (vtkm:

vtkm:
vtkm:
vtkm:
vtkm:

vtkm::Id screenWidth
vtkm::Id screenHeight

// coordiantes.
vtkm:
vtkm:
vtkm:
vtkm:

startX
startY
endX =
endY =

:rendering::View& view,
:Id mouseStartX,

:Id mouseStarty,

:Id mouseEndX,

:Id mouseEndY)

view.GetCanvas () .GetWidth () ;
view.GetCanvas () .GetHeight () ;

// Convert the mouse position coordinates, given in pixels from O to
to normalized screen coordinates from -1 to 1. Note that y
// screen coordinates are usually given from the top down whereas our

// geometry transforms

are given from bottom up, so you have to reverse the y

(2.0f * mouseStartX) / screenWidth - 1.0f;
-((2.0f * mouseStartY) / screenHeight - 1.0f);

(2.0f * mouseEndX) / screenWidth - 1.0f;
-((2.0f * mouseEndY) / screenHeight - 1.0f);

.GetCamera (). TrackballRotate (startX, startY, endX, endY);

Panning can be performed by calling Camera: :Pan with the translation relative to the width and height of the
canvas. For the translation to track the movement of the mouse cursor, simply scale the pixels the mouse has
traveled by the width and height of the image.

Example 5.19: Pan the view based on mouse movements.

1 | void DoMousePan(vtkm::rendering::View& view,
2 vtkm::Id mouseStartX,
3 vtkm::Id mouseStartY,
4 vtkm::Id mouseEndX,
5 vtkm::Id mouseEndY)
6 |{
7 vtkm::Id screenWidth = view.GetCanvas ().GetWidth();
8 vtkm::Id screenHeight view.GetCanvas () .GetHeight ();
9
10 // Convert the mouse position coordinates, given in pixels from O to
11 // width/height, to normalized screen coordinates from -1 to 1. Note that y
12 // screen coordinates are usually given from the top down whereas our
13 // geometry transforms are given from bottom up, so you have to reverse the y
14 // coordiantes.
15 vtkm::Float32 startX = (2.0f * mouseStartX) / screenWidth - 1.0f;
16 vtkm::Float32 startY = -((2.0f * mouseStartY) / screenHeight - 1.0f);
17 vtkm::Float32 endX = (2.0f * mouseEndX) / screenWidth - 1.0f;
18 vtkm::Float32 endY = -((2.0f * mouseEndY) / screenHeight - 1.0f);
19
20 vtkm::Float32 deltaX endX - startX;
21 vtkm::Float32 deltaY = endY - startV;
22
23 view.GetCamera () .Pan(deltaX, deltaY);
24 |}
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Zoom

Zooming can be performed by calling Camera: : Zoom with a positive or negative zoom factor. When using Zoom
to respond to mouse movements, a natural zoom will divide the distance traveled by the mouse pointer by the
width or height of the screen as demonstrated in the following example.

Example 5.20: Zoom the view based on mouse movements.

1 | void DoMouseZoom(vtkm::rendering::View& view,

2 vtkm::Id mouseStartY,

3 vtkm::Id mouseEndY)

4141

5 vtkm::Id screenHeight = view.GetCanvas().GetHeight ();

6

7 // Convert the mouse position coordinates, given in pixels from O to height,
8 // to normalized screen coordinates from -1 to 1. Note that y screen

9 // coordinates are usually given from the top down whereas our geometry
10 // transforms are given from bottom up, so you have to reverse the y

11 // coordiantes.

12 vtkm::Float32 startY = -((2.0f * mouseStartY) / screenHeight - 1.0f);
13 vtkm::Float32 endY = -((2.0f * mouseEndY) / screenHeight - 1.0f);

14

15 vtkm::Float32 zoomFactor = endY - startY;

16

17 view.GetCamera () .Zoom(zoomFactor) ;

18 |}

5.8 Color Tables

An important feature of VIK-m’s rendering units is the ability to pseudocolor objects based on scalar data.
This technique maps each scalar to a potentially unique color. This mapping from scalars to colors is defined by
a vtkm: :cont::ColorTable object. A ColorTable can be specified as an optional argument when constructing
a vtkm: :rendering: :Actor. (Use of Actors is discussed in Section 5.1.)

Example 5.21: Specifying a ColorTable for an Actor.

1 vtkm::rendering::Actor actor(surfaceData.GetCellSet (),

2 surfaceData.GetCoordinateSystem (),

3 surfaceData.GetField ("RandomPointScalars"),
4 vtkm::cont::ColorTable("inferno"));

The easiest way to create a ColorTable is to provide the name of one of the many predefined sets of color
provided by VTK-m. A list of all available predefined color tables is provided below.

B Viridis Matplotlib Virdis, which is designed to have perceptual uni-
formity, accessibility to color blind viewers, and good con-
version to black and white. This is the default color map.

| B Cool to Warm A color table designed to be perceptually even, to work well
on shaded 3D surfaces, and to generally perform well across
many uses.

[ Bl Cool to Warm Extended This colormap is an expansion on cool to warm that moves

through a wider range of hue and saturation. Useful if you
are looking for a greater level of detail, but the darker colors

at the end might interfere with 3D surfaces.

B Inferno Matplotlib Inferno, which is designed to have perceptual uni-
formity, accessibility to color blind viewers, and good conver-
sion to black and white
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Plasma

Black-Body Radiation

X Ray

Green
Black - Blue - White
Blue to Orange

Gray to Red

Cold and Hot

Blue - Green - Orange
Yellow - Gray - Blue

Rainbow Uniform

Jet

Rainbow Desaturated

Matplotlib Plasma, which is designed to have perceptual uni-
formity, accessibility to color blind viewers, and good conver-

sion to black and white.
The colors are inspired by the wavelengths of light from black

body radiation. The actual colors used are designed to be

perceptually uniform.
Greyscale colormap useful for making volume renderings sim-

ilar to what you would expect in an x-ray.
A sequential color map of green varied by saturation.

A sequential color map from black to blue to white.
A double-ended (diverging) color table that goes from dark
blues to a neutral white and then a dark orange at the other

Echil.ouble—ended (diverging) color table with black/gray at
the low end and orange/red at the high end.

A double-ended color map with a black middle color and
diverging values to either side. Colors go from red to yellow

on the positive side and through blue on the negative side.
A three-part color map with blue at the low end, green in

the middle, and orange at the high end.
A three-part color map with yellow at the low end, gray in

the middle, and blue at the high end.
A color table that spans the hues of a rainbow. There have

been many scientific perceptual studies on the effectiveness
of rainbow colors, and they uniformly found them to be in-
effective. This color table modifies the hues to make them
more perceptually uniform, which should improve the effec-
tiveness of the colors. However, we still recommend the other

color tables over this one.
A rainbow color table that adds some darkness for greater

perceptual resolution. The ends of the jet color table might

be too dark for 3D surfaces.
All the badness of the rainbow color table with periodic dark

points added, which can help identify rate of change.
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CHAPTER
SIX

BASIC PROVISIONS

This section describes the core facilities provided by VIK-m. These include macros, types, and classes that
define the environment in which code is run, the core types of data stored, and template introspection. We also
start with a description of package structure used by VITK-m.

6.1 General Approach

VTK-m is designed to provide a pervasive parallelism throughout all its visualization algorithms, meaning that
the algorithm is designed to operate with independent concurrency at the finest possible level throughout. VTK-
m provides this pervasive parallelism by providing a programming construct called a worklet, which operates on
a very fine granularity of data. The worklets are designed as serial components, and VI'K-m handles whatever
layers of concurrency are necessary, thereby removing the onus from the visualization algorithm developer.
Worklet operation is then wrapped into filters, which provide a simplified interface to end users.

A worklet is essentially a small functor or kernel designed to operate on a small element of data. (The name
“worklet” means a small amount of work. We mean small in this sense to be the amount of data, not necessarily
the amount of instructions performed.) The worklet is constrained to contain a serial and stateless function.
These constraints form three critical purposes. First, the constraints on the worklets allow VTK-m to schedule
worklet invocations on a great many independent concurrent threads and thereby making the algorithm per-
vasively parallel. Second, the constraints allow VIK-m to provide thread safety. By controlling the memory
access the toolkit can insure that no worklet will have any memory collisions, false sharing, or other parallel pro-
gramming pitfalls. Third, the constraints encourage good programming practices. The worklet model provides
a natural approach to visualization algorithm design that also has good general performance characteristics.

VTK-m allows developers to design algorithms that are run on massive amounts of threads. However, VI'K-m
also allows developers to interface to applications, define data, and invoke algorithms that they have written or
are provided otherwise. These two modes represent significantly different operations on the data. The operating
code of an algorithm in a worklet is constrained to access only a small portion of data that is provided by the
framework. Conversely, code that is building the data structures needs to manage the data in its entirety, but
has little reason to perform computations on any particular element.

Consequently, VI'K-m is divided into two environments that handle each of these use cases. Each environment
has its own API, and direct interaction between the environments is disallowed. The environments are as follows.

Execution Environment This is the environment in which the computational portion of algorithms are exe-
cuted. The API for this environment provides work for one element with convenient access to information
such as connectivity and neighborhood as needed by typical visualization algorithms. Code for the execu-
tion environment is designed to always execute on a very large number of threads.
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Control Environment This is the environment that is used to interface with applications, interface with
I/O devices, and schedule parallel execution of the algorithms. The associated API is designed for users
that want to use VI'K-m to analyze their data using provided or supplied filters. Code for the control
environment is designed to run on a single thread (or one single thread per process in an MPI job).

These dual programming environments are partially a convenience to isolate the application from the execution
of the worklets and are partially a necessity to support GPU languages with host and device environments. The
control and execution environments are logically equivalent to the host and device environments, respectively, in
CUDA and other associated GPU languages.

: Control Execution
' __,  Environment Environment &
Data Model Device Cell Operations l
Array Handle Field Operations
Invoke Adapter Basic Math =
Allocate Make Cells o
Transfer ~
Schedule o
Sort
m Scan
L ]
it 2

Figure 6.1: Diagram of the VI'K-m framework.

Figure 6.1 displays the relationship between the control and execution environment. The typical workflow when
using VTK-m is that first the control thread establishes a data set in the control environment and then invokes a
parallel operation on the data using a filter. From there the data is logically divided into its constituent elements,
which are sent to independent invocations of a worklet. The worklet invocations, being independent, are run on
as many concurrent threads as are supported by the device. On completion the results of the worklet invocations
are collected to a single data structure and a handle is returned back to the control environment.

Are you only planning to use filters in VITK-m that already exist? If so, then everything you work with will
be in the control environment. The execution environment is only used when implementing algorithms for
filters.

6.2 Package Structure

VTK-m is organized in a hierarchy of nested packages. VI K-m places definitions in namespaces that correspond
to the package (with the exception that one package may specialize a template defined in a different namespace).

The base package is named vtkm . All classes within VTK-m are placed either directly in the vtkm package or
in a package beneath it. This helps prevent name collisions between VI'K-m and any other library.

As described in Section 6.1, the VIK-m API is divided into two distinct environments: the control environment
and the execution environment. The API for these two environments are located in the vtkm: : cont and vtkm: : -
exec packages, respectively. Items located in the base vtkm namespace are available in both environments.
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Although it is conventional to spell out names in identifiers,! there is an exception to abbreviate control and
execution to cont and exec, respectively. This is because it is also part of the coding convention to declare
the entire namespace when using an identifier that is part of the corresponding package. The shorter names
make the identifiers easier to read, faster to type, and more feasible to pack lines in 80 column displays. These
abbreviations are also used instead of more common abbreviations (e.g. ctrl for control) because, as part of
actual English words, they are easier to type.

Further functionality in VTK-m is built on top of the base vtkm , vtkm::cont , and vtkm::exec packages.
Support classes for building worklets, described in Chapter 12, are contained in the vtkm: :worklet package.
Other facilities in VTK-m are provided in their own packages such as vtkm::io , vtkm::filter , and vtkm::-
rendering . These packages are described in Part I.

VTK-m contains code that uses specialized compiler features, such as those with CUDA, or libraries, such as Intel
Threading Building Blocks, that will not be available on all machines. Code for these features are encapsulated
in their own packages under the vtkm: : cont namespace: vtkm: :cont: :cuda and vtkm: :cont: :tbb .

VTK-m contains OpenGL interoperability that allows data generated with VIK-m to be efficiently transferred
to OpenGL objects. This feature is encapsulated in the vtkm: : opengl package.

Figure 6.2 provides a diagram of the VT K-m package hierarchy.

vt‘km
| | | | | |
exec coFt worklet filter io rendering
| | | |
cuda openmp serial tbb reader writer

Figure 6.2: VTK-m package hierarchy.

By convention all classes will be defined in a file with the same name as the class name (with a .h extension)
located in a directory corresponding to the package name. For example, the vtkm: : cont: : ArrayHandle class is
found in the vtkm/cont/ArrayHandle.h header. There are, however, exceptions to this rule. Some smaller classes
and types are grouped together for convenience. These exceptions will be noted as necessary.

Within each namespace there may also be internal and detail sub-namespaces. The internal namespaces
contain features that are used internally and may change without notice. The detail namespaces contain
features that are used by a particular class but must be declared outside of that class. Users should generally
ignore classes in these namespaces.

6.3 Function and Method Environment Modifiers

Any function or method defined by VTK-m must come with a modifier that determines in which environments
the function may be run. These modifiers are C macros that VTK-m uses to instruct the compiler for which
architectures to compile each method. Most user code outside of VITK-m need not use these macros with the
important exception of any classes passed to VIK-m. This occurs when defining new worklets, array storage,
and device adapters.

VTK-m provides three modifier macros, VTKM_CONT, VTKM_EXEC, and VTKM_EXEC_CONT, which are used to declare
functions and methods that can run in the control environment, execution environment, and both environments,

LVTK-m coding conventions are outlined in the doc/CodingConventions.md file in the VTK-m source code and at https://gitlab.
kitware.com/vtk/vtk-m/blob/master/docs/CodingConventions.md
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respectively. These macros get defined by including just about any VTK-m header file, but including vtkm/-
Types.h will ensure they are defined.

The modifier macro is placed after the template declaration, if there is one, and before the return type for the
function. Here is a simple example of a function that will square a value. Since most types you would use this
function on have operators in both the control and execution environments, the function is declared for both
places.

Example 6.1: Usage of an environment modifier macro on a function.

1 | template<typename ValueType>

2 | VTKM_EXEC_CONT ValueType Square(const ValueType& inValue)
314

4 return inValue * inValue;

5

}

The primary function of the modifier macros is to inject compiler-specific keywords that specify what architecture
to compile code for. For example, when compiling with CUDA, the control modifiers have __host__ in them
and execution modifiers have __device__ in them.

It is sometimes the case that a function declared as VTKM_EXEC_CONT has to call a method declared as VTKM_-
EXEC or VTKM_CONT. Generally functions should not call other functions with incompatible control/execution
modifiers, but sometimes a generic VTKM_EXEC_CONT function calls another function determined by the template
parameters, and the valid environments of this subfunction may be inconsistent. For cases like this, you can
use the VTKM_SUPPRESS_EXEC_WARNINGS to tell the compiler to ignore the inconsistency when resolving the
template. When applied to a templated function or method, VTKM_SUPPRESS_EXEC_WARNINGS is placed before
the template keyword. When applied to a non-templated method in a templated class, VTKM_SUPPRESS_EXEC_-
WARNINGS is placed before the environment modifier macro.

Example 6.2: Suppressing warnings about functions from mixed environments.

1 | VTKM_SUPPRESS_EXEC_WARNINGS

2 | template<typename Functor>

3 | VTKM_EXEC_CONT void OverlyComplicatedForLoop (Functor& functor,

4 vtkm::Id numInterations)
5|1

6 for (vtkm::Id index = 0; index < numInterations; index++)

7 {

8 functor ();

9 }

10 |}

6.4 Initialization

When it comes to running VTK-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 VI K-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 VTK-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
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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 De-
viceAdapterTagUndefined 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 8 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
given, in which case vtkm: :cont: :DeviceAdapterTaghny is returned).

Example 6.3: Calling Initialize.

1 |#include <vtkm/cont/Initialize.h>

2

3 |int main(int argc, charx** argv)

414

5 vtkm::cont::InitializeOptions options =

6 vtkm::cont::InitializeOptions::ErrorOnBadArgument |

7 vtkm::cont::InitializeOptions::DefaultAnyDevice;

8 vtkm::cont::InitializeResult config = vtkm::cont::Initialize (argc, argv, options);
9

10 if (argc != 2)

11 {

12 std::cerr << "USAGE: " << argv[0] << " [options] filename" << std::endl;
13 std::cerr << "Available options are:" << std::endl;

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

15 return 1;

16 }

17 std::string filename = argv[1];

18
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19 // Do something cool with VTK-m

20 //

21

22 return O0;
23 |}

6.5 Core Data Types

Except in rare circumstances where precision is not a concern, VIK-m does not directly use the core C types
like int, float, and double. Instead, VIK-m provides its own core types, which are declared in vtkm/Types.h.

6.5.1 Single Number Types

To ensure portability across different compilers and architectures, VI K-m provides type aliases for the following
basic types with explicit precision: vtkm: :Float32, vtkm: :Float64, vtkm: :Int8, vtkm: :Int16, vtkm: : Int32,
vtkm: :Int64, vtkm::UInt8, vtkm::UInt16, vtkm::UInt32, and vtkm::UInt64. Under most circumstances
when using VTK-m (and performing visualization in general) the type of data is determined by the source of the
data or resolved through templates. In the case where a specific type of data is required, these VTK-m—defined
types should be preferred over basic C types like int or float.

Many of the structures in VI'K-m require indices to identify elements like points and cells. All indices for arrays
and other lists use the type vtkm::Id. By default this type is a 32-bit wide integer but can be easily changed
by compile options. The CMake configuration option VTKM_USE_64BIT_IDS can be used to change vtkm: : Id
to be 64 bits wide. This configuration can be overridden by defining the C macro VTKM_USE_64BIT_IDS or
VTKM_NO_64BIT_IDS to force vtkm::Id to be either 64 or 32 bits. These macros must be defined before any
VTK-m header files are included to take effect.

There is also a secondary index type named vtkm::IdComponent that is used to index components of short
vectors (discussed in Section 6.5.2). This type is an integer that might be a shorter width than vtkm: : Id.

There is also the rare circumstance in which an algorithm in VTK-m computes data values for which there is
no indication what the precision should be. For these circumstances, the type vtkm: :FloatDefault is provided.
By default this type is a 32-bit wide floating point number but can be easily changed by compile options. The
CMake configuration option VTKM_USE_DOUBLE_PRECISION can be used to change vtkm: :FloatDefault to
be 64 bits wide. This configuration can be overridden by defining the C macro VTKM_USE_DOUBLE_PRECISION
or VTKM_NO_DOUBLE_PRECISION to force vtkm: :FloatDefault to be either 64 or 32 bits. These macros must
be defined before any VTK-m header files are included to take effect.

For convenience, you can include either vtkm /internal /ConfigureFor32.h or vtkm /internal /ConfigureFor64.h to force
both vtkm: :Id and vtkm::FloatDefault to be 32 or 64 bits.

6.5.2 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, VIK-m provides the vtkm: :Vec <T,Size>
templated type, which is essentially a fixed length array of a given type.

The default constructor of vtkm: : Vec objects leaves the values uninitialized. All vectors have a constructor with
one argument that is used to initialize all components. All vtkm: :Vec objects also have a constructor that allows
you to set the individual components (one per argument). All vtkm: : Vec objects with a size that is greater than
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4 are constructed at run time and support an arbitrary number of initial values. Likewise, there is a vtkm: :-
make_Vec convenience function that builds initialized vector types with an arbitrary number of components.
Once created, you can use the bracket operator to get and set component values with the same syntax as an
array.

Example 6.4: Creating vector types.

1 vtkm::Vec<vtkm::Float32, 3> A{ 1 }; // A is (1, 1, 1)

2 A[1] = 2; // A is now (1, 2, 1)
3 vtkm::Vec<vtkm::Float32, 3> B{ 1, 2, 3 }; // B is (1, 2, 3)

4 vtkm::Vec<vtkm::Float32, 3> C = vtkm::make_Vec(3, 4, 5); // C is (3, 4, 5)

5 // creation with initializer lists

6 vtkm::Vec<vtkm::Float32, 5> D{ 1 }; // D is (1, 1, 1, 1, 1)

7 vtkm::Vec<vtkm::Float32, 5> E{ 1, 2, 3, 4, 5 }; // E is (1, 2, 3, 4, b5)

8 vtkm::Vec<vtkm::Float32, 5> F = { 6, 7, 8, 9, 10 }; // F is (6, 7, 8, 9, 10)

9 auto G = vtkm::make_Vec (1, 3, 5, 7, 9); // G is (1, 3, 5, 7, 9)

The types vtkm: :Id2 and vtkm::Id3 are type aliases of vtkm::Vec <vtkm::Id,2> and vtkm::Vec <vtkm::-
Id,2>. These are used to index arrays of 2 and 3 dimensions, which is common.

vtkm: : Vec supports component-wise arithmetic using the operators for plus (+), minus (=), multiply (*), and
divide (/). It also supports scalar to vector multiplication with the multiply operator. The comparison operators
equal (==) is true if every pair of corresponding components are true and not equal (!=) is true otherwise. A
special vtkm: :Dot function is overloaded to provide a dot product for every type of vector.

Example 6.5: Vector operations.

1 vtkm::Vec<vtkm::Float32, 3> A{ 1, 2, 3 };

2 vtkm::Vec<vtkm::Float32, 3> B{ 4, 5, 6.5 };

3 vtkm::Vec<vtkm::Float32, 3> C = A + B; // C is (5, 7, 9.5)

4 vtkm::Vec<vtkm::Float32, 3> D = 2.0f * C; // D is (10, 14, 19)

5 vtkm::Float32 s = vtkm::Dot(A, B); // s is 33.5

6 bool bl = (A == B); // bl is false

7 bool b2 = (A == vtkm::make_Vec(l, 2, 3)); // b2 is true

8

9 vtkm::Vec<vtkm::Float32, 5> E{ 1, 2.5, 3, 4, 5 }; // E is (1, 2, 3, 4, 5)
10 vtkm::Vec<vtkm::Float32, 5> F{ 6, 7, 8.5, 9, 10.5 }; // F is (6, 7, 8, 9, 10)
11 vtkm::Vec<vtkm::Float32, 5> G = E + F; // G is (7, 9.5, 11.5, 13, 15.5)

12 bool b3 = (E == F); // b3 is false

13 bool b4 = (G == vtkm::make_Vec(7.f, 9.5f, 11.5f, 13.f, 15.5f)); // b4 is true

These operators, of course, only work if they are also defined for the component type of the vtkm: :Vec. For
example, the multiply operator will work fine on objects of type vtkm: :Vec <char, 3>, but the multiply operator
will not work on objects of type vtkm::Vec <std::string,3> because you cannot multiply objects of type
std: :string.

In addition to generalizing vector operations and making arbitrarily long vectors, vtkm: :Vec can be repurposed
for creating any sequence of homogeneous objects. Here is a simple example of using vtkm: :Vec to hold the
state of a polygon.

Example 6.6: Repurposing a vtkm: :Vec.

1 vtkm::Vec<vtkm::Vec<vtkm::Float32, 2>, 3> equilateralTriangle(
2 vtkm::make_Vec (0.0, 0.0),

3 vtkm::make_Vec (1.0, 0.0),

4 vtkm: :make_Vec (0.5, 0.8660254));

The vtkm: :Vec class provides a convenient structure for holding and passing small vectors of data. However,
there are times when using Vec is inconvenient or inappropriate. For example, the size of vtkm: :Vec must be
known at compile time, but there may be need for a vector whose size is unknown until compile time. Also, the
data populating a vtkm: : Vec might come from a source that makes it inconvenient or less efficient to construct
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a vtkm: :Vec. For this reason, VITK-m also provides several Vec-like objects that behave much like vtkm: : Vec
but are a different class. These Vec-like objects have the same interface as vtkm: :Vec except that the NUM_-
COMPONENTS constant is not available on those that are sized at run time. Vec-like objects also come with a
CopyInto method that will take their contents and copy them into a standard Vec class. (The standard Vec
class also has a CopyInto method for consistency.)

The first Vec-like object is vtkm: : VecC, which exposes a C-type array as a Vec. The constructor for vtkm: : VecC
takes a C array and a size of that array. There is also a constant version of VecC named vtkm: : VecCConst, which
takes a constant array and cannot be mutated. The vtkm/Types.h header defines both VecC and VecCConst as
well as multiple versions of vtkm: :make_VecC to easily convert a C array to either a VecC or VecCConst.

The following example demonstrates converting values from a constant table into a vtkm: : VecCConst for further
consumption. The table and associated methods define how 8 points come together to form a hexahedron.

Example 6.7: Using vtkm: : VecCConst with a constant array.

1 | VTKM_EXEC

2 | vtkm::VecCConst<vtkm::IdComponent > HexagonIndexToIJK(vtkm::IdComponent index)
314

4 static const vtkm::IdComponent HexagonIndexToIJKTable [8][3] = {
5 {0,0,03% {1t,0,013 {1,1,01%}, {0, 1, 013,

6 {0,0, 13} {1t,0, ¢t} {1,1, 1} {0, 1, 173

7 };

8

9 return vtkm::make_VecC(HexagonIndexToIJKTable [index], 3);

10 |}

11

12 | VTKM_EXEC

13 | vtkm:: IdComponent HexagonIJKToIndex (vtkm::VecCConst<vtkm::IdComponent> ijk)
14 | {

15 static const vtkm::IdComponent HexagonIJKToIndexTable [2][2][2] = {

= O

~N
~
o
= O

28 return HexagonIJKToIndexTable[ijk[0]]1[ijk[1]1]1[ijk[2]1];
29 |}

The vtkm: :VecC and vtkm: :VecCConst classes only hold a pointer to a buffer that contains the data. They
do not manage the memory holding the data. Thus, if the pointer given to vtkm: : VecC or vtkm: : VecCConst
becomes invalid, then using the object becomes invalid. Make sure that the scope of the vtkm::VecC or
vtkm: : VecCConst does not outlive the scope of the data it points to.

The next Vec-like object is vtkm: : VecVariable, which provides a Vec-like object that can be resized at run time
to a maximum value. Unlike VecC, VecVariable holds its own memory, which makes it a bit safer to use. But
also unlike VecC, you must define the maximum size of VecVariable at compile time. Thus, VecVariable is
really only appropriate to use when there is a predetermined limit to the vector size that is fairly small.
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The following example uses a vtkm: : VecVariable to store the trace of edges within a hexahedron. This example
uses the methods defined in Example 6.7.

Example 6.8: Using vtkm: :VecVariable.

1 |vtkm::VecVariable<vtkm::IdComponent , 4> HexagonShortestPath (

2 vtkm::IdComponent startPoint,

3 vtkm::IdComponent endPoint)

4|4

5 vtkm::VecCConst<vtkm::IdComponent > startIJK = HexagonIndexToIJK(startPoint);
6 vtkm::VecCConst <vtkm::IdComponent> endIJK = HexagonIndexToIJK(endPoint);
7

8 vtkm::Vec<vtkm::IdComponent, 3> currentIJK;

9 startIJK.CopyInto (currentIJK);

10

11 vtkm::VecVariable<vtkm::IdComponent, 4> path;

12 path.Append (startPoint);

13 for (Vtkm::IdComponent dimension = 0; dimension < 3; dimension++)
14 {

15 if (currentIJK[dimension] != endIJK[dimension])

16 {

17 currentIJK[dimension] = endIJK[dimension];

18 path.Append (HexagonIJKToIndex (currentIJK));

19 }

20 }

21

22 return path;

23 |}

VTK-m provides further examples of Vec-like objects as well. For example, the vtkm: :VecFromPortal and
vtkm: : VecFromPortalPermute objects allow you to treat a subsection of an arbitrarily large array as a Vec.
These objects work by attaching to array portals, which are described in Section 7.2. Another example of a
Vec-like object is vtkm: :VecRectilinearPointCoordinates, which efficiently represents the point coordinates
in an axis-aligned hexahedron. Such shapes are common in structured grids. These and other data sets are
described in Chapter 11.

6.5.3 Pair

VTK-m defines a vtkm: :Pair <T1,T2> templated object that behaves just like std::pair from the standard
template library. The difference is that vtkm: :Pair will work in both the execution and control environment,
whereas the STL std: :pair does not always work in the execution environment.

The VTK-m version of vtkm: :Pair supports the same types, fields, and operations as the STL version. VTK-m
also provides a vtkm: :make_Pair function for convenience.

6.5.4 Range

VTK-m provides a convenience structure named vtkm: :Range to help manage a range of values. The Range
struct contains two data members, Min and Max, which represent the ends of the range of numbers. Min and
Max are both of type vtkm::Float64. Min and Max can be directly accessed, but Range also comes with the
following helper functions to make it easier to build and use ranges. Note that all of these functions treat the
minimum and maximum value as inclusive to the range.

IsNonEmpty Returns true if the range covers at least one value.

Contains Takes a single number and returns true if that number is contained within the range.
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Length Returns the distance between Min and Max. Empty ranges return a length of 0. Note that if the range
is non-empty and the length is 0, then Min and Max must be equal, and the range contains exactly one
number.

Center Returns the number equidistant to Min and Max. If the range is empty, NaN is returned.

Include Takes either a single number or another range and modifies this range to include the given number or
range. If necessary, the range is grown just enough to encompass the given argument. If the argument is
already in the range, nothing changes.

Union A nondestructive version of Include, which builds a new Range that is the union of this range and the
argument. The + operator is also overloaded to compute the union.

The following example demonstrates the operation of vtkm: :Range.

Example 6.9: Using vtkm: :Range.

1 vtkm::Range range; // default constructor is empty range
2 bool bl = range.IsNonEmpty(); // bl is false
3
4 range.Include (0.5); // range now is [0.5 .. 0.5]
5 bool b2 = range.IsNonEmpty(); // b2 is true
6 bool b3 = range.Contains(0.5); // b3 is true

7 bool b4 = range.Contains(0.6); // b4 is false

8

9 range.Include (2.0); // range is now [0.5 .. 2]

10 bool b5 = range.Contains(0.5); // b3 is true
11 bool b6 = range.Contains(0.6); // b4 is true

12

13 range.Include (vtkm::Range (-1, 1)); // range is now [-1 .. 2]

14

15 range.Include (vtkm::Range (3, 4)); // range is now [-1 .. 4]

16

17 vtkm::Float64 lower = range.Min; // lower is -1

18 vtkm::Float64 upper = range.Max; // upper is 4

19 vtkm::Float64 length = range.Length(); // length is 5

20 vtkm::Float64 center = range.Center(); // center is 1.5
6.5.5 Bounds

VTK-m provides a convenience structure named vtkm: :Bounds to help manage an axis-aligned region in 3D
space. Among other things, this structure is often useful for representing a bounding box for geometry. The
Bounds struct contains three data members, X, Y, and Z, which represent the range of the bounds along each re-
spective axis. All three of these members are of type vtkm: :Range, which is discussed previously in Section 6.5.4.
X, Y, and Z can be directly accessed, but Bounds also comes with the following helper functions to make it easier
to build and use ranges.

IsNonEmpty Returns true if the bounds cover at least one value.
Contains Takes a vtkm: :Vec of size 3 and returns true if those point coordinates are contained within the range.

Center Returns the point at the center of the range as a v