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Chapter 1

Introduction

1.1 Whatis GRUMMP?

GRUMMP stands for Generation and Refinement of Unstructiie@d-Element Meshes in Parallel, al-
though it does not yet live up to its acronym. GRUMMP is a selilofries, written in C++, supporting
unstructured mesh creation and modification, and a set cléxieles built on those libraries.

1.2 Goals of the GRUMMP Project

The goal of the GRUMMP project is to develop automatic mestegation software for unstructured meshes
with mixed element types. The software should produce kjigdlity meshes that meet user-defined mesh
density requirements, using elements appropriate forgoengtry and physics of a particular problem.

Automatic mesh generation for complex two and three dinmeradidomains is a topic of intensive research.
It is imperative that automatic mesh generation tools belskgpof generating quality finite element and

finite volume meshes. There must be a balance between riesadfithe boundary and surface features and
complexity of the problem. In addition, for problems witlisopic physics, element aspect ratio must be
small to minimize linear system condition number and indéafion error. On the other hand, problems with
anisotropic physics (for example, a shear layer in viscauid flow) require highly anisotropic elements

for efficient solution. A further level of complication isahfor some physical problems and applications,
guadrilateral (2D) or hexahedral (3D) elements are pretgreven though filling space with high quality

elements is easier using triangular (2D) or tetrahedra) &ments.

A general-purpose automatic mesh generator should adalfegshese issues without excessive user inter-
vention. We envision a system in which common types of playgicoblems have predefined mesh sizing
and element aspect ratio functions, allowing easy gemerati meshes for these applications areas. For
flexibility and generality, the user will also be able to péise these functions (for totally different appli-
cations) or modify the predefined behaviors (to provide dityumesh in the wake of an airplane wing, for
example).
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GRUMMP addresses these issues by implementing mesh matigpuprimitives to generate of modify
existing meshes so that criteria for element size and gquai@é met. In addition, automatic computation of
local length scale is performed to provide a default in cagesre solution-based adaptive length scales are
not available.

1.3 Current Status of GRUMMP

The current release of GRUMMP is version 0.8 Zhis version consists of eight executable programs.

e tri generates two-dimensional triangular isotropic unstmext meshes, using a seriously enhanced
version of Ruppert’s algorithm. Recent work at UBC has edéehRuppert’'s scheme to allow better
user control over cell size and grading[11] and to allow nvaskvith curved boundaries|[1].

» meshopt 2d improves existing two-dimensional triangular isotropitstructured meshes, including
performing adaptive refinement based on a user-providefHestale.

» coar sen2d produces a triangular unstructured mesh with approximatéte the local length scale
of the input mesh, including directional anisotropic ceaiag of quasi-structured parts of the fine
mesh.

* t et r a generates three-dimensional tetrahedral isotropic uetstred meshes, using Shewchuk’s al-
gorithm [16] modified for cell size and grading contriol[11].

» meshopt 3d improves existing three-dimensional tetrahedral isatramstructured meshes, using
techniques developed by Freitag and Ollivier-Goach [3%t &$ in 2D, this executable also performs
adaptive refinement.

» coar sen3d produces a tetrahedral unstructured mesh with approxiynatéce the local length
scale of the input mesh, including directional anisotramarsening of quasi-structured parts of the
fine mesh.

» scat 2d performs linear interpolation of two-dimensional scadtedata.

» scat 3d performs linear interpolation of three-dimensional sattl data.

For further information on invoking these programs, indghgda description of command line arguments, see
Chaptef2. For a description of the file formats which GRUMMPBGatables read and write, see Chapter 3.

versions 0.6.x are intended to be a fully-stable and wessuted set of executables. Because GRUMMP is distributetirce
form, the libraries that these executables call are in piea@ccessible for programming use. While this is perritig the terms of
the GRUMMP license (see Sectibn]l.8), the library interfaceeither documented nor supported at this time. Until tiRUGIMP
APl is officially publicly released, interested users casoalvork with the GRUMMP libraries through the ITAPS mesh ifstee
(http: 771 taps-scidac. or g), which currently supports mesh query and low-level mesHifization operations.


http://itaps-scidac.org
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1.4 Major Unimplemented Features

These are listed approximately in order by priority, alorithwestimates of when each feature is likely to be
completed, if known.

* Mesh anisotropy. There are two (possibly) related iss@es:hanisotropy meshing and anisotropic
mesh refinement.

— Anisotropic refinement, beginning with anisotropic tri/teeshes and moving eventually to
anisotropic mixed-element meshes. (2009 thesis complé&iia2D; 3D currently in progress)

— Mixed-element meshing, including quadrilaterals in twmdnsions and pyramids, prisms, and
hexahedra in three dimensions. (2D: possibly as early a%)J@gally, we'd like to be able to
produce mixed-element meshes after anisotropic refineasentll.

 Parallelism. We are currently working to parallelize GRMM®, including both its internal operations
and an API for parallel access to data structures (this isgbéine ITAPS project).

1.5 Getting Started

1.6 Shortcut

The simplest way to build GRUMMP is this:

1. Download the latest tarball from ftp://tetra.mech.gbfpub/GRUMMP/GRUMMP.tar.gz. Anony-
mous ftp, wget, and your web browser should all work here.

2. Unpack the tar ball:
tar -zxvf GRUWP. tar. gz

3. Go to the directory that tar just created (this includesi@ion number; the tar output will show you
what to use).

4. Runconfi gure.

(a) Ifyouhave CGM installed, tell configure where itis usingm t h- CGwW pat h=/ pat h/ t o/ CGM
If you don’t have CGM installed, GRUMMP will do its best to doi@ad and configure it at this
poin@, then build it when you rumeke later. This auto-build may fail for some systems where
downloads require special magic; if you hit this, then davanl and build CGM yourself first.

(b) To enable support for the ITAPS mesh interface, specifynabl e-i t aps

(c) Other standard configure options apply, as well as soméNBRP-specific ones. Useonf i gur e
- - hel p orread the rest of this document for more information.

5. Runmake, thenmake t est to confirm success.

6. Toinstall the libraries and executables, make i nstal | .

2Fine print:wget will be used to download the tarball frol t p: /7 www. mcs. anl . gov/ ~t aut ges/ downl oads/ CGVA- | at est . tar. gzl


http://www.mcs.anl.gov/~tautges/downloads/CGMA-latest.tar.gz
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1.7 Overview

GRUMMP is distributed in source form. The software is sealfiiguring, using a script generated by GNU
aut oconf . Note thataut oconf isnotrequired to set up GRUMMP. The primary development platform
for GRUMMP is Linux, with gcc4; unfortunately, we do not cently have access to a wide range of
platforms for thorough portability testing. However, atténix variants should pose no major problems,
especially with GNU compilers. In addition, native compsl®n the following platforms have worked in
recent releases and so are expected to still work:

e x86 / Linux 2.x with Intel v5.0 compilers

* SGI/IRIX 6.x

» Compag-Alpha-HP / OSF 5.1 with Compaq compilers (teste@d @ompaqg-branded machine, but
they all use Compagq’s compiler, so all should be fine, as shalgha / Linux machines with the
Compag compiler)

* IBM/ AIX with xIC
* x86 / Win32 with VC++

» x86 /Win32 + Cygwin with gcc. Support here isn’t perfecease report any problems. In particular,
it isn’'t at all clear that shared libraries will work on Cygwat this point.

On some systems, warnings occur during compilation; nortbede warnings are thought to affect exe-
cutable performance. Other systems may also work, but hatvbeen tested in some time due to lack of
access to test machines.

1.7.1 Getting GRUMMP

GRUMMP is most easily available on the WWW from the GRUMMP legoagént t p: //t et ra. mech. ubc. ca.
GRUMMP version 0.6.4tp://tetra. mech. ubc. ca/ pub/ GRUMVP/ GRUMWP-0.6. 4. tar. gz

is also available via anonymous ftp. Or you can choose thebslimlink to the most recent version
ftp://tetra. mech. ubc. ca/ pub/ GRUMVP/ GRUMVP. t ar . gz.

1.7.2 Building GRUMMP the easy way

Suppose that you download GRUMMP and store the gzippedé¢anflhome/me. After usingunzi p and
t ar to extract the files from the distribution,

cd / hone/ me/ GRUMWP- 0. 6. 4
Now all you need to do is type

./ GRUMWP-bui I d


http://tetra.mech.ubc.ca
ftp://tetra.mech.ubc.ca/pub/GRUMMP/GRUMMP-0.6.4.tar.gz
ftp://tetra.mech.ubc.ca/pub/GRUMMP/GRUMMP.tar.gz
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This runs a shell script that will automatically configuredadmild GRUMMP for your machine, if at all
possible. The script first attempts to build an optimizedsi@r of GRUMMP. If that fails, then it tries
again without optimization (and with more compiler warrérenabled). Any compiler error and warning
messages are stored in a temporary file. After the scriptighfi building GRUMMP, it summarizes the
outcome for you.

Finally, the script will collect relevant output files anceate a tar file of them. Email-ing this file to the
developers atf og@rech. ubc. ca will help us to improve portability of GRUMMP. The tar file ctains
only output files from configuring and building GRUMMP.

1.7.3 Building GRUMMP under Windows

There is a VC++ project file available in the top-level diggtof the GRUMMP distribution. In principle,

all you should have to do is use this project file. Minor profdehave been reported, however. If you should
happen to run into problems (especially if you have fixesHient to pass along), please let the developers
know, as we don’t do our own Windows testing in-house.

1.7.4 Configuring GRUMMP by hand

Under some circumstances, GRUMMP may not build properlpmatically for reasons unrelated to the
source code. The most common reasons aré thex/l ex libraries are in an odd place, or that the native
compiler on your machine has an unusual name. In these casedéngconf i gur e yourself will likely
solve the problem.

Suppose that you download GRUMMP and store the gzipped¢anfihome/me. After usingunzi p and
t ar to extract the files from the distribution,

cd / hone/ me/ GRUMVWP- 0. 6. 4
and type
./configure

Theconfi gur e shell script is an automated process for determining the tfpnachine that GRUMMP
will be running on and the capabilities of the system sofea@m the machine.

confi gur e options

--with-flex-1ib-dir=DI RNAME This option is sometimes needed so thahf i gur e can find the
libraryli bfl.a (flex)orlibl.a(l ex)E This option is not needed unlessnf i gur e exits
with a warning about not being able to find these libragiedyou want to use user-defined file formats
(see Chaptdil3). In this case, re-wmnf i gur e with the full path for the library using this option.

3f | ex is used if found; otherwiskex is used. If neither is found, then user-defined I/O formatsruat be used.
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--wi t h-c-conpi | er=NAME

--w t h-cxx- conpi | er =NAME Specify the compiler name using these options to use a C/@# ¢
piler other than the native compiler (includiggc/g++), to use a native compiler thatis in an unusual
place, or to usec/CC on Sun machines (older Sun machines have a broken native gileonOnly
the name of the compiler is needed if it resides in your usa#i.pFull path names are accepted, as
are relative path names from directories in your defaulhﬂdf in doubt, use the full path name. In
any event, output fromonf i gur e will tell you which compiler will be used.

--wi t h- addl - pat h=PATH Specify an additional entry for tHeATH environment variable. This helps
configure find its way to compilers located in odd places. I'tifufly understand why this is even
necessary, but | had to add it to compile version 0.1.7 on éngydest machines.

--wi t h-debug This option enables careful compile-time checking of theecand run-time verification
that is much more extensive than in the optimized versionyelsas producing an executable that
can be used in conjunction with a debugger. This is primartdievelopment option, but end-users are
occasionally asked to use this option in conjunction witly beports that can not be reproduced on
machines to which the developers have ready access.

--enabl e-i t aps This option builds GRUMMP with support for the iMesh interéadeveloped by the
Interoperable Tools for Advanced Petascale SimulatioR8REB) consortium. This API provides
low-level mesh query and modification functionality in aalatructure and programming language
independentway. Séd t p: / /1t aps- sci dac. or g for more information.

—with-CGM-path This specifies the location of a recent version of the Argddasmmon Geometry Mod-
ule. If this option is omitted from the configure command, fagure will automatically download and
build CGM.

Onceconf i gur e has finished, type
make -k

This nestedrake will create all the libraries required by GRUMMP as well as #xecutables.

1.7.5 SettingLD LI BRARY PATH

GRUMMP builds both shared and static libraries. By defah#,shared libraries are used to create the exe-

cutables. To be able to run these executables, you musttemite/ ne/ GRUMVP- 0. 6. 4/ i b/ 1ib[ gQ /systemtype
to the environment variableD LI BRARY _PATH. syst emt t ype is a variant on the name of your OS.

GRUMWP- bui | d andconf i gur e print this information at the end of its run, including infoation on

how to change the environment variable. If in doubt, checlsde what directory was just created in

GRUMWP/ | i b.

4For example/ usr/ | ocal / | i b/ cc could be specified as. /| i b/ cc if / usr/ | ocal / bi nis in your default path. Note
that/ usr/1i b/ cc would be found instead in this casd ifisr / bi n precedeg usr/ | ocal / bi n in your path.


http://itaps-scidac.org
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1.7.6 If Your Machine Is Not Yet Officially Supported

First, go ahead and try to configure and build GRUMMP anywity) this minor variation: use

./configure --with-debug [other config options] >& confi g-out put

This will enable at least some compile-time checking as agknabling debugging. Then build GRUMMP
using (withcsh-type shells)

make -k >& nmake- out put

The last few lines ofrake- out put will tell you whether the build was successful. Whether thédis
successful or not, please mail the following informatioc famg@rech. ubc. ca:

e config.status

e config.log

e config.cache

e include/ GR config.h
* make- out put

e confi g-out put

* result ofuname -a

« If your compiler is notgcc/ g++, please also include the parts of your C and C++ compiler man
pages that describe optimization, debugging, and enawangings.

This information will be useful in developing full suppordrfnew systems. In particularpke- out put
and the information on enabling warnings can be used to ivgportability; and information on compiler
optimization flags will improve out-of-the-box optimizati of GRUMMP.

1.7.7 If Something Goes Wrong During Setup
Problems with conf i gur e

If conf i gur e fails, it will exit with an error message. Please reportth&ssage tof og@rech. ubc. ca,
along with copies of the filesonf i g. st at us, confi g. cache, andconfi g. | og, if they exist, and
the result ofuname - a on your machine. If more information is needed to diagnosesganfiguration
problem, you will be contacted.onf i gur e failures are quite rare: | can only recall one so far.
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Problems with make

If make fails, please re-rugonfi gur e andnmake as described in Sectidn 1.V.6 and submit the same
information requested there. At least some machines mayreegdditional configuration support for certain
system libraries, and this information will help isolatesle problems.

1.7.8 Checking to be Sure Things Built Properly

In the GRUMMP root directory, run
nmake test

This will use the newly-created GRUMMP executables to gateeseveral meshes in both 2D and 3D, as
well as improving a sample mesh in 3D. If all has gone well,dhly output from this command should be:

Testing 2D mesh generation...success
Testing 3D mesh generation...success
Testing 3D nesh inprovenent...success

Should you get a failure here, please report it to the deesop
1.8 License

GRUMMP 0.6 License Agreement

The Software included in the GRUMMP 0.6 distribution is nothe public domain. It is Copyright 1997-
2001 by The University of British Columbia and The Univeysif Chicago. As of 2001, copyright was
transfered to the principle author, Carl Ollivier-Gooclovkver, GRUMMP is available for license, without
fee, for educational and non-profit research purposes.acoimformation for the developer:

Carl Ollivier-Gooch

Dept of Mechanical Engineering
The University of British Columbia
2324 Main Mall

Vancouver, BC V6T 174

Canada

Fax: (604)822-2403
Email: cfog@mech.ubc.ca
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1. Definitions. The “Software” refers to all parts of the GRUMMP 0.6 distribution, in soarmode, ob-
ject code, or executable code form. Thédrary " refers to linkable object-code libraries created from
the source code. Th&kecutable$ refers to the included programs for 2D/3D mesh generation (

t et r a), for 2D/3D mesh quality assessment and improvenress hopt 2d, meshopt 3d), 2D/3D
mesh coarseningcpar sen3d, coar sen3d) and 2D/3D scattered data interpolatiscét 2d,
scat 3d). A “work using the Library " means a work that links to the Library but does not in-
clude any of the source code of the Library (except heade) flemodify the Library in any way. A
“work based on the Softwaré means a work containing all or a portion of the source codtbee
verbatim or with modifications, or any other derivative oé tSoftware under copyright law. Each
licensee is addressed ag@t” or “ Licenseé.

2. Copyright holders. The Software is copyrighted, and copyright is owned by C#ivier-Gooch (the
“Copyright Owner”). The Copyright Owner reserves all rights except thoseesgly granted to the
Licensee herein and U.S. Government license rights.

3. Use of the Software. Licensee shall use the Software solely for education andpmofit research
purposes within Licensee’s organization. Permission fuydbe Software for use within Licensee’s
organization is hereby granted to Licensee, provided tretopyright notice and this license accom-
pany all such copies. Licensee shall not permit the Softieabe used by persons outside Licensee’s
organization. Licensee shall not have the right to reliesarssell the Software or to transfer or assign
the Software.

4. Works using the Library. The development and not-for-profit distribution of worksngsthe Li-
brary by educational or non-profit research organizatisreicouraged. Such distribution requires a
separate no-fee license; please contact the Copyright Oenfurther information. Development of
commercial products using the Library is also encouragedtact the Copyright Owner to discuss
licensing requirements.

5. Works based on the Software The Software can be modified and redistributed within thehgee’s
organization provided all copyright notices are left inttand changes in the source code are promi-
nently marked. Redistribution outside the Licensee’s oizggion is prohibited.

6. Commercial use of the Software.Commercial concerns interested in using the Software ftiogea
works using the Library, or creating works based on the Sari#vghould contact the Copyright Owner
for licensing information.

7. Acknowledgement of use.Licensee agrees to acknowledge use of the Software in anyntatt
referencing work using the Software, including but not tedito published research. Also, licensee
agrees to notify The University of British Columbia of anychuidocument and supply a copy of the
documentto the developer for the University, with appratgraccommodation made for the protection
of confidential or proprietary data.

8. NEITHER THE COPYRIGHT OWNER, THE UNIVERSITY OF BRITISH COLUMBIA, THE UNIVER-
SITY OF CHICAGO, THE UNITED STATES GOVERNMENT NOR ANY OF THEIR EMPLOYEES MAKE
ANY WARRANTY, EXPRESS OR IMPLIED OR ASSUMES ANY LEGAL LIABILITY OR RESPONSIBIL-
ITY FOR THE ACCURACY, COMPLETENESS OR USEFULNESS OF ANY INFORMATION APPARATUS,
PRODUCT, OR PROCESS DISCLOSED AND COVERED BY A LICENSE GRANTED UNDERHTS LI-
CENSE AGREEMENT OR REPRESENTS THAT ITS USE WOULD NOT INFRINGE PRIVATELY OWNE
RIGHTS.
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IN NO EVENT WILL THE COPYRIGHT OWNER, THE UNIVERSITY OF BRITISH COLUMBIA, THE
UNIVERSITY OF CHICAGO, OR THEU.S. GOVERNMENT BE LIABLE FOR ANY DAMAGES, INCLUD-
ING DIRECT, INCIDENTAL, SPECIAL, OR CONSEQUENTIAL DAMAGES RESULTING FROM EXERCISE
OF THIS LICENSE AGREEMENT OR THE USE OF THE LICENSED SOFTWARE

9. Portions of the Software resulted from work under a U.SvaBoment contract and are subject to
the following license: the Government is granted for itselfl others acting on its behalf a paid-up
nonexclusive, irrevocable worldwide license in this cotepsoftware to reproduce, prepare derivative
works, and perform publicly and display publicly.

1.9 User Services

Bug Reporting Report bugs tef og@rech. ubc. ca. Always include the command line used and the
error message that was given. If at all possible, includértpet file (compressed, for large files) as well to
be sure that | can reproduce the problem.

WWW Site The official web site for GRUMMP isit t p: / / t et ra. mech. ubc. ca/ GRUMVP.
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GRUMMP Programs

GRUMMP includes executables for two- and three-dimendioresh generatiort (i andt et r a), mesh
improvement freshopt 2d and meshopt 3d), mesh coarsening:par sen2d andcoar sen3d), and
interpolation of scattered datadat 2d andscat 3d) (see Section 214). The only major difference among
the meshing executables is their starting data:

e tri andt et r a begin by creating a valid initial mesh based on the boundeaoyrgetry.
» neshopt 2d andnmeshopt 3d read a valid mesh.

» coar sen2d and coarsen3d read a valid mesh and initially coarsen thh lyeseducing the number
of vertices by a factor of approximatel{2

From this point, all these executables combine point ife&ripoint deletion, local mesh reconnection,
and local smoothing algorithms to generate high-qualitgimes.Not surprisingly, these executables share a
number of command-line options. These common options aseritbed in Sectioh 211; additional options
are described in SectiohsP.2 2.3. All of these exemgajginerate mesh quality files (see Sedfioh 3.7).
In addition to the progress and status messages displaydt@treen, each executable also saves a more
copious set of messages in a file (see Se€fign 3.8).

2.1 Common command line options for mesh manipulation exeda-
bles

All of the GRUMMP mesh generation, improvement, and codrgpexecutables share a number of command-
line options in common.

-i basefi | enane This argumentis mandatory and specifies the stem of the nlestafne; both relative
and absolute path names are acceptable. Extensions widlael@o this stem as appropriate for
mesh input and output, quality file outputqual ), and message outputitsg). For example,

12
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-Aarg

-b arg

-qarg

the message output file will deasef i | enanme. nsg. Becauséasefi | enane is used in
its entirety, all output files will be in the same directoryths input file.

Fort ri andt et r a, the default input file extension iddr y; these files specify the boundary
of the domain to be meshed in terms of its underlying geom&eg Sectiorls 3.1 ahd B.3 for
information on the format of these files.

The output file format and extensions for all the GRUMMP maghéxecutables are user-
definable. In particular, it is possible to write node locas in one file and connectivity in
another, or any other combination of dividing informaticetween files. This capability allows
the programs to exchange data with any other preprocesaoadysis software that uses ASCII
files for mesh data. A full description of how to use this feataf GRUMMP can be found in
Sectior 3.2.

The mesh modification executablee&hopt [ 23] d andcoar sen[ 23] d) append out to
the output file names they would otherwise use to preventilplesle name collisions with
input files.

In addition to writing output in a wide range of file formatsshopt 2d andcoar sen2d
can read any file format that they can whte.

If the argument is non-zero, use Jonathan Shewchuk’s agagtiometric predicates to evalu-
ate orientation and in-ball primitives. These predicatescarefully designed to be extremely
efficient, so there is not a large performance penalty fargigiem. On the other hand, my ex-
perience is that there is little benefit in terms of robusdriesising these predicates. There may,
however, be cases where this helps, so feel free to try thisrojm difficult casesDefault: 0.

If the argument is non-zero, the boundary of the mesh isddeas precious: no points are
inserted on the boundary, boundary points are not moved bp#rimng, and local reconnection
in three dimensions does not change boundary connectigtwithstanding,t et r a will
insert points on the boundary if necessary to create a @nett tetrahedralizationUse of
this argument is not recommended, because it can severghadie mesh quality!Default:
boundary is changeable.

Specify a cell quality measure to be evaluated; the qualita @ binned for use in producing
histograms; the maximum and minimum quality measures aceratained for each evaluation.
Five quality measures are supported in two dimensions,@mihtthree dimensions. Note that
this option affects output only: no effort is made to optimimsing the selected measure.

For each measure, the accompanying table shows the minimdimaximum attainable values,
along with the number of bins and range which those bins ¢dterlatter is more than the
attainable range for angle measur@sfault: 2 (all angles [dihedrals in 3D])

Maximum/minimum/all angles in the cell (both solid and dihedral angles are available in
three dimensions).

Marcum'’s sliver measure [3D]. This measure takes the ratio of tetrahedron volume to the
cube of the mean edge length, with normalization so that ailaggral tetrahedron has
quality 1. The measure is designed to have low valueslieers tetrahedra which have
both very large and very small dihedral angles.

1n fact, the input and output formats need not be the same,ispossible to simultaneously improve a mesh and chandieits

format.
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Marcum’s skewness measure. [3D]This measure takes the ratio of volume to the cube of the
circumradius of a tetrahedron; again, normalization makesity equal to 1 for an equi-
lateral tetrahedron. This measure is designed to deteateskeetrahedra. For more infor-
mation on these last two quality measures, see [4].

Aspect ratio |, the ratio of inscribed circle (sphere) radius to circunlei{sphere) radius, with
a constant multiplier included so that an equilateral ca#f Quality 1. A degenerate cell
has quality 0 according to this measure.

Aspectratio I, the ratio of area of the triangle (volume of tetrahedron)aameter squared
(surface area to the/2). Again a constant multiplier is used so that an equilatathhas
quality 1 and a degenerate cell has quality O.

Shortest edge to circumradius, the ratio of the shortest edge length to the circumradiukef t
cell. This is the quality measure that Jonathan Shewchgk'srse guarantees to produce
excellent values for, and is used during 3D insertion. A &tmwning of this measure is that
3D slivers, which are bad cells, can have high values of skage to circumradius ratio.
This measure is normalized so that a perfect cell has qualityand most degenerate cells
have quality 0.

Measure | arg | Minvalue | Max value | Bins | Min bin | Max bin |
Max angle (2D) 0 60 180 30 0 180
Min angle (2D) 1 0 60 30 0 180
All angles (2D) 2 0 180 30 0 180
Max dihed (3D) 0 70.5 180 30 0 180
Min dihed (3D) 1 0 70.5 30 0 180
All diheds (3D) 2 0 180 30 0 180
Max solid (3D) 3 31.5 360 30 0 360
Min solid (3D) 4 0 315 16 0 32
All solids (3D) 5 0 360 30 0 360
Sliver (3D) 7 0 1 25 0 1
Skewness (3D) 8 0 1 25 0 1
AR 6 0 1 25 0 1
AR I 9 0 1 25 0 1
Short edge to radius 10 0 1 25 0 1
-9G Change the rate at which cell size can change as you movesabhmmesh. Length scale in the

mesh can change by no more tiiyfG as you move a distanek Accordingly, larger values of
G lead to mesh that are more unifor®efault: 1.

-rR Resolve geometric features with ab&utells. IncreasingR therefore increases both resolution
and mesh size. This option replaces the old -s option.

-l filename (That'’s the letter ell, not the number 1.) This option can bedto specify length scale for mesh
refinement: that is, adaptive refinememeéhopt 2d/ 3d). Specifically, each line in the file
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should contain a vertex index and a length scale for thaexgstome or all vertices can have
length scale specified, in any order. This length scale igasd to the given vertex, and mesh
grading updates the length scale for nearby vertices.

2.2 Additional options for 2D GRUMMP executables

There are two command line options that apply only to the 2IJGIRIP executables.

-carg If the argumentis non-zero, protect boundary edges frormbyéasertion using diametral lenses
instead of diametral circles. Diametral lenses are smétlen diametral circles, and result
(both in theory and in practice) in better meshes. Robustegare 0 and 1. An experimental
extension that gives somewhat better meshes in practids rds robust is available with the
value 2.Default: 1.

-j arg If the argument is non-zero, coarsen anisotropic meshésthé goal of reducing cell aspect
ratio. Default: O.

2.3 Additional options for 3D GRUMMP executables

There are several command line options that apply only t8En&RUMMP executables.

-aarg If the argument is non-zero, allow changes in the surfacérakape that do not involve angle
of more tharar g degreesDefault: 5.

-e arg If the argument is non-zero, allow local reconnection vigeetemovalDefault: 1.

-Ostring

Specify a shorthand mesh optimization script. Although dlnéomatic mesh improvement
scheme creates excellent meshes, it can be quite slow. iBaetison, the optimization string
option has been revived. The string encodes a sequenceaisbir optimization. For more

information about the individual optimization procedursse [3]. The full list of supported

optionsiis:

Swapping. There are three swapping suboptiong: ", " wni, and 'ws’.

wi Insphere swapping. Use of this criterion results in a mesiclwis locally Delaunay
with respect to all faces which can be swapped either 2 tet3 éw 3 for 2. The De-
launay tetrahedralization has, in principle, a number ck#ignt properties. Insphere
swapping essentially tries to make tetrahedra as equlateipossible, but it has blind
spots which allow tetrahedra with very small or very largeediral angles to remain
and even proliferate in the mesh. This is often a good chaica first pass of swap-
ping when improving a mesh, but a very poor choice for latesspg, in that it will
undo much of the good done by other operatidres. r a produces a Delaunay mesh
at the end of its insertion process anyway, so this optiofimaise witht et r a.
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wm Minmax dihedral angle. This criterion performs swaps if anty if the new configu-
ration has a smaller maximum dihedral angle than the old gordtion. This criterion
does a better job of eliminating poor angles from the mesh theinsphere criterion,
but does not do a spectacular job with small dihedral angles.

ws Maxmin sine of dihedral angle. This criterion performs swépand only if the new
configuration has a larger minimum sine of dihedral angle tha old configuration.
As such, both very small and very large dihedral angles areved. This is the
recommended swapping criterion.

Smoothing. A smoothing command iff ’)E is followed by a single digit to specify the local
mesh quality function to use. The options are:

Maxmin dihedral angle.

Minmax dihedral angle.

Maxmin cosine of dihedral angle.

Minmax cosine of dihedral angle.

Maxmin sine of dihedral angl&ecommended.

a b~ WODN PP

The objective of each option is self-explanatory from thenaaf the quality measure. In
each case, the measure is evaluated; a single Laplaciartingstep is made; the quality
measure is re-evaluated; the Laplacian step is kept if atydifothe mesh is improved by
it; and a non-smooth optimization procedure is invoked & khcal sub-mesh is not yet
sufficiently good.

Bad tetrahedron repair. Use '’ to repair bad tetrahedra using a full range of swapping-tech
nigues, andR to additionally use strategic point insertion to removel batrahedra; the
latter should be used with caution.

The default optimization string fott et r a is “- O wsnf 5”. For meshopt 3d, the value rec-
ommended by Freitag and Ollivier-Gooch [3] is usedO ‘wsnf 5nf 5r nf 5nf 5”. The dif-
ference between the two is thaet r a is known to create meshes that are reasonably good to
begin with and need little cleanup, whereashopt 3d can’'t make any assumptions about the
quality of the input mesh.

2.4 scat 2d andscat 3d

scat 2d andscat 3d perform interpolation of scattered data. An input data &itmtaining both locations
at which data is known and the data itself, is read. The pairggriangulated (as part of a larger Cartesian
box); swapping is performed to obtain reasonable conrigcti tree structure containing the data points is
constructed to facilitate interpolation. A second set dhmis read in; these are the target locations for the
interpolation. Data is interpolated to these points andtmiout. For file formats, see Sectlon]3.9.

The command line arguments fecat 2d andscat 3d are:

2There are in fact other options supported by the underlyingathing code. However, the option invoked iy is so strongly
recommended that the other options will not be discusseal her
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-i basefi | enanme

This argument is mandatory and specifies the stem for all dilees used by the program. The
input file containing the data to be interpolatedbasef i | enane. dat a; the input file con-
taining locations to which to interpolate the datébmsef i | enane. poi nt s; the optional
output volume meshfileisasef i | enane. vinesh. out ;the messagefile lsasef i | enane. nsg;
and the output file for interpolated datebiasef i | enane. out .

-m This optional argument directcat 2d/scat 3d to save the 2D/volume mesh it generates in
basefi | enane. nesh/basefi | enanme. vhesh. Default: don’t save mesh.

25 t2dandt 3d

The programs 2d andt 3dd translate two-dimensional (respectively, three-dimemal) mesh files from
one format to another. To use these programs, enteGRUMVP/ src/ | O _gener at or directory. Edit
the filest [ 23] d_i n. t enpl at e andt [ 23] d_out . t enpl at e; see Section 312 for information on the
format of these files. Then typeke t[ 23] df The resulting executable will read a mesh in the format
specified int [ 23] d_i n. t enpl at e and write it in the format specified in[ 23] d_out . t enpl at e.
The only argument ta [ 23] d is-i basefi | enane, which has the same meaning as for the other
executables. Again, output files haveut appended to their names to avoid filename collisions.

3For the rest of this section read 23] d ast 2d for two dimensions ot 3d for three dimensions.
4You must have a working version bex or f | ex on your machine to builtl 2d ort 3d successfully.
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File Formats

3.1 Two-dimensional geometry (bdr y) files

Two-dimensional domains are specified using a geometod(y) file. This file format supports simulta-
neous and consistent meshing of multiple sub-domains amdessible to non-polygonal boundaries, using
the boundary patches described below.

The first line of the file contains the following:
NPoi nt s NPat ches [ NPeri odi c]

i.e. the number of points and the number of boundary pateh#éseifile; the number of pairs of periodic
patches is optional. The neXPoi nt s lines give point coordinates. Note that points will not reszily
be present in the mesh obtained; they are only used to deéirtmotimdary patches.

The NPat ches boundary patch descriptions follow the vertex coordinafdse descriptions use the fol-
lowing format:

pat chnane | eft si detype | eftnunber rightsidetype rightnunber [extra_info]

wherepat chnane can take the following values (case insensitive):

 pol yl i ne, for polygonal boundaries

» ci rcl e, forcircles

e ar c, for circular arcs of less than 180 degrees

| ongar c, for circular arcs of more than degrees

» bezi er, for Bézier curves

18
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» spl i ne, for cubic interpolated splines

Because GRUMMP supports meshing of multiple subdomainty boundary condition and subdomain
identification must be included in the input, including thlationship of the various subdomains to the
boundary patches. If the patch has a subdomain to be meshtdeft side, ther ef t si det ype should
ber, andl ef t nunber should be a subdomain index between 1 and 126 inclusive.elp#ich has a
boundary on its left side, thelnef t si det ype should beb, andl ef t nunber should be an integer
boundary condition tag strictly greater than zero. The shoids for the right side information for each
patch.

Note that a patch can have a subdomain on both sides, but rmiradary on both sides. We are aware
that the ability to specify boundary conditions on interbalindaries is sometimes necessary (our current
favorite example involves radiative heat transfer ontoréase). While there are plans to add this capability
in future versions of GRUMMP, there is no simple way to do ttipresent.

The[ extra_i nf o] varies depending on the boundary patch type. It usuallyistanef a list of point
indices. Note that the point numbering starts at zero. Hetled required format for all possible boundary
patches.

Polyline boundary patch
The format fof] ext ra_i nf o] is:
nunber poi nt s poi nts

wherenumnber poi nt s is the number of points used to describe the polygonal baynd@hen follow
number poi nt s indices to the points described at the beginning of the fileteNhat at least two
points must be given. This will result munber poi nt s- 1 polygonal segments.

Example:
polyliner 1b2501230
This will create aclosedpolygon of 4 segments, with the segments defined by vertickesler, 2-3,
and 3-0. Region 1 is located to the left of the segments, ambtdlindary condition on the right has a
value of 2.
Circle boundary patch
The format fof] ext ra_i nf o] is:
radi us cent er poi nt

where ther adi us is a real number and theent er poi nt is an integer index to a point defined at
the beginning of the file.

Example:
circleb1lr 23.407

This will create a circle of radius 3.40, centered at the tiocedefined by point 7. The sides of the
circle are defined by walking counter-clockwise on the eirslo the left side is the interior, and the
right side the exterior. Here, region 2 is to be meshed aratetéd outside the circle. The inside will
not be meshed, and has a boundary condition number of 1.
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Arc boundary patch
The format fo extra_i nf o] is:
radi us start poi nt endpoi nt

wherer adi us is areal number and bo#t ar t poi nt andendpoi nt are indices to points defined
earlier in the file. The coordinates for the center of the aecdetermined automatically. The arc is
always drawn counter-clockwise, from startpoint to endpdturthermore, the arc drawn will always
span 180° or less. For arcs of more than 180°|umegar c instead.

Example:
arcr 3r 21.001

This will draw a circular arc of radius 1.0, from the point winhdex 0 to the point with index 1. The
arc is drawn counter-clockwise and spans less than 180eedrle arc will be an internal boundary
since it has both regions 3 and 2 as neighbors.

Long arc boundary patch

The format here is the same as for arcs; the difference ist@rgretation. Al ongar c is drawn
counterclockwise fronst ar t poi nt to endpoi nt, but it always spans 180° or more. For arcs of
less than 180°, usar ¢ instead.

Bézier boundary patch
The format fo extra_i nf o] is:
start poi nt endpoi nt control pointl control point2

where all the parameters are indices to points defined atifiehing of the file. The Bézier curve will
be a smooth curve with a tangent in the direction of the vedafined bycont r ol poi nt 1- st art poi nt
at its start, and a tangent in the direction of the veetodpoi nt - cont r ol poi nt 2 at its end.

Example:
bezier r 1 b2 46 8 10
This will create a Bézier curve defined by points with indide$, 8, and 10, and will have region 1
to its left, and the domain boundary on its right, with a boanyccondition of 2.
Spline boundary patch
The format fof ext r a_i nf 0] is the same as fgrol yl i ne, that is:
nunber poi nt s poi nts

wherenunber poi nt s is the number of points used to describe cubic interpolapdides Then
follow nunber poi nt s indices to the points described at the beginning of the fileNhat at least
three points must be given (otherwise the spline simply im&)! The spline is created with “no-
moment” boundary conditions, i.e. the second derivativihefcurve is zero at both ends. The curve
will pass through all the points given.

Example:
splineb2r 4100123456789

This will create an open cubic spline, starting at point 0 anding at point 9. The curve will also
pass through points 1..8. Region 4 is located to the righh@tpline, and the boundary condition on
the left has a value of 2.
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The syntax for periodic boundary patch declarations, wkatlow the patch descriptions in the file, is
peri odi ¢ patchl_i ndex patch2_i ndex

where the indices identify two patches that will be treategeriodic; presently, only segment patches are
supported in this context. Patches need not be parallel treofame length; a general linear mapping is
computed automatically to map one segment onto the other.

A sample input file, a picture of the underlying geometry, a&mel mesh generated from this input using
tri -r 2 -g 2areshowninFigure3. 1. The input contains eight points anpatches, four in a single
polyline, one circle, and one Bézier curve. This input filesgguar e- ci r chol e- bezi er. bdry in
exanpl es/ 2D.

# Lines beginning with # are coments.

polyliner 1 b 15
circleb2r 10.455
bezier r 1 b 112

Figure 3.1: Sample 2D boundary data file and geometry.
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3.2 Input and output mesh file formats

GRUMMP has the capability to input and output two-dimenalomeshes in user-defined formats. To

take advantage of this feature, the user must create a fiedaager 2d. t enpl at e in the directory
GRUMWP/ src/ | O_gener at or. This file is processed by the prograins2d_gen andout 2d_gen

to produce C++ functions which, respectively, read andeatkito-dimensional meshes with the format de-
scribed inuser 2d. t enpl at e. These functions are added to the GRUMMP two-dimensionahnnea-
nipulationlibrary) i bGR_2D, the nexttime this library is remade. A defaulttemplate filef aul t 2d. t enpl at e,
is used ifuser 2d. t enpl at e does not exist. Step-by-step, then, the process for setpngser-defined

file formats for two-dimensional meshes is:

1. EditGRUMVP/ src/ | O_gener at or/ user 2d. t enpl at e.
2. Return to th&sRUMVP directory.

3. Typemake.

When data is read by the GRUMMP executables, conversioneofniiut connectivity data to an internal
format is performed automatically. There are two valid weyspecify connectivity. First, the data file can
provide both face-cell and face-vertex connectivity. Sl @ell-vertex connectivity can be provided for the
interior of the mesh along with boundary condition and vwedata for each boundary face. In either case,
any redundant data is verified to ensure consistency.

The remainder of this section describes the formatsdr 2d. t enpl at e. On systems that havd ex,

i n2d_gen andout 2d_gen are not case sensitive; upper and lower case may be mixestiimdinately.
Systems usingex require lower case, because sdnex implementations can not produce case insensitive
parsersconf i gur e will warn you if your system seems to be usingx.

The following description includes tokens in mixed caseréadability. A “*" preceding a token indicates
that it must begin a new line in the template file. “Whitesgaeéers to any number of consecutive spaces
or tabs within a line.

Token Description

"newf i | e Specifies the name of in input/output file to open. This tokestbe followed by whitespace
and a string giving the extension to append to s ef i | enane (given on the command
line). The file name extension is terminated by whitespatkeeend of the line; if the extension
is terminated by whitespace, anything following that wéyitace is ignored.

Note that the first line of the template file mabtvays be anewf i | e line.

AFor t ran This directive indicates that numbering of mesh entitiesusth begin with 1 instead of 0. If
For tr an appears alone on a line of the file, vertices, cells, faced,bmundary faces are
all treated this way. Ifort r an is followed by one or more oferts, cel | s, f aces, or
bf aces, then only the entities specified are numbered in this way.léAnfiay contain more
than ond-or t r an line; the effects of multiple lines are cumulativiéote that only data read
after a For t r an directive is affected by that directive. For this reason, it is recommended
that all For t r an declarations be placed at the beginning of the templatejfilt after the
initial file name).
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Nverts
NFaces
NCel | s
NBFaces
NI nt BFaces
These indicate that the number of vertices, faces, cellspondary faces in the mesh should be
read or written. In each case, the token can be followed byespace and an integer to specify
the width of the field used to read/write the number of erditidse of field widths for input is
not recommended, as this introduces the possibility ofeaiding data.
Averts: Read/write data for each vertexin the mesh. There are faargpecifications for vertex data.
i ndex Read/write the number of the vertex within the mesh, stgnvith O and running
toNVer t s- 1. An integer field width can be specified.
z Coordinates of the vertex. Input/output field widt#iand number of significant
figuresS can be specified by following the token with whitespace @ah8.
coords Read/writex, y and (in 3D)z (in that order). Field width and significant figures
can not be specified
A aces: Read/write data for each face in the mesh. There are sevasplecifications for face data.
i ndex Read/write the number of the face within the mesh, startiity &7and running to
NFaces- 1. An integer field width can be specified.
cell A
cellB The cells incident on the face. See Figure 3.2 for orienmadibcells and vertices
with respect to an edge. Note that faces on the boundaryemitl/write the bound-
ary condition (negating the integer BC type) in place of thesing cell. An integer
field width can be specified.
cells Read/writecel | Aandcel | B, in that order. Field width can not be specified.
vertA
vertB The vertices at the ends of the face. Again, see Figute 3.@rfentation of cells
and vertices with respect to an edge. An integer field widthteaspecified.
verts Read/writever t Aandvert B, in that order. Field width can not be specified.
~Acel | s: Read/write data for each cell in the mesh. There are ninespatzifications for cell data.

i ndex Read/write the number of the cell within the mesh, startiritip @ and running to
NCel | s- 1. An integer field width can be specified.

f aceA
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A

Figure 3.2: Orientation of vertices and cells as assumedRiY@MP /O routines.

faceB
faceC

faces

vertA
vertB
vertC

verts

regi on

~bdr yf aces:

The faces bounding the cell. The order of faces is arbittthat {s, the faces should
not be assumed to be ordered cyclically). An integer fieldhvihn be specified.

Read/writef aceA, faceB andf aceC, in that order. Field width can not be
specified.

The vertices of the cell. These are labeled cyclically. @elh Figure[3.2 gives an
example. Field width can be specified.

Read/writevert A, vert B, andvert C, in that order. Field width can not be
specified.

Read/write the region tag for a cell.

Read/write data for each boundary face in the mesh. Thergxab®undary specifications for
boundary face data.

i ndex

BC

Read/write the number of the boundary face within the mesintisg with 0 and
running toNBFaces- 1. An integer field width can be specified.

Integer indicating boundary condition. Must be greatentBaField width can be
specified.
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face

vertA
vertB

verts

~iont bdr yf aces:

Read/write data for each boundary face in the mesh. Thergxal®undary specifications for
boundary face data.

Nt

i ndex

BC

f aceA
faceB
f aces

vertA
vertB

verts

Face index for the face corresponding to the boundary faéeld width can be
specified.

Vertex indices for the boundary face. Orientation is showifrigure[3.8. Field
width can be specified.

Read/writever t Aandver t B, in that order. Field width can not be specified.

Read/write the number of the boundary face within the mesintisg with 0 and
running toNBFaces- 1. An integer field width can be specified.

Integer indicating boundary condition. Must be greatentBaField width can be
specified.

Face indices for the faces corresponding to the internahttary face; the same
restrictions and privileges apply as for cells.

Vertex indices for the boundary face. Orientation is as shiwFigure 3.2. Field
width can be specified.

Read/writever t Aandvert B, in that order. Field width can not be specified.

At the beginning of the line, denotes a comment. Ignored wdmerating input routines.
Comments in the template are echoed to the output file urilegdbegin withé##, in which case

they are ignored.

A

interior

exterior

Figure 3.3: Orientation of boundary data in two dimensions.
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text in quotes Echoed literally into the output file, with aaeeption: & " in the template file becomes a

other text

in the output file. In the input file, the text that is put int@tbutput file isrequiredto appear.
For example, the template line

verts: X" x "y" y "\"x and y\

produces the following output for a vertex at (0.5, 0.7):
Xx 0.5y 0.7 "x and y"

Also, any input line compatible with this template will hatree same non-numeric text as the
output example just given.

This text is also echoed literally to the outpw.fiFor example, TecPlot requires descriptive
information for each mesh zone, which for triangular mestaesbe provided by including

ZONE N=nverts, E=ncells, F=FEPO NT, ET=TRI ANGLE

at the appropriate place in the template file (s€egener at or / TECPLOT2D. t enpl at e).
Caveats:

» Text containing quotes must be treated as shown above.
» A # at the beginning of a line must be quoted or it will be tegshds a comment.

» Numbers following keywords should be quoted if they are meant to specify a field
width.

An example template file (in fact, the default two-dimensiotemplate,def aul t 2d. t enpl at e) is
shown in Figuré&3l4.

newfile nesh

ncel | s nfaces nbfaces nverts
verts: coords

faces: cells verts
bdryfaces: face bc verts
cells: region

Figure 3.4: Example template file for 2D 1/O.

Three-dimensional I/O templates are quite similar to tirmahsional templates, conceptually. Obviously,
in this case there are three spatial coordinates, x, y antsp, faces, boundary faces, and internal boundary
faces can now specify\eer t C; cells can specify aert D, af aceCand af aceD.

The orientation of cells and vertices around a face is suaf ittthe right hand rule is used to trace vertices
A, B, and C, then one’s thumb points towards cell B, as showhigure[3.5. For a boundary face, the

orientation of the vertices is such that the interior of thendin is where cell B is in Figuie 3.5. The default
three-dimensional templatdéf aul t 3d. t enpl at e) differs from its two-dimensional counterpart only

in that the file suffix given iwnesh instead ofmesh.

In both two and three dimensions, an alternative templage(fit [ 23] d. t enpl at e) is also provided
for output of meshes with internal boundaries; note thadr sen[ 23] d andneshopt [ 23] d can not
currently read multi-domain files.
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C
A

A

Figure 3.5: Orientation of cells and vertices for a thremahsional face.

3.3 Three-dimensional geometry.(bdr y) files

The preferred way to specify a three-dimensional domaimfeshing is using a geometrylfdr y) file.
This file format supports simultaneous and consistent mgstfimultiple sub-domains and is extensible to
non-polyhedral boundaries. This file format is concepyuillé same as the two-dimensional geometry file
format, so most of the description of the format is the same.

The first line of the file contains the number of vertices anthber of boundary sections in the file. The
nextNVer t s lines give vertex coordinates. The remainder of the file diees the boundary geometry. A
sample input file and a picture of the underlying geometrysam@vn in Figuré 316.

Each boundary data entry begins with a tag describing thibddidlata it contains. At present, the only valid
tag ispol ygon.

Next, the relationship between the boundary entity (BE)thedlomain is established. For entities lying on
the bona fide domain boundary, a boundary condition must deifsgd, along with an integer tag € tag

< 126) identifying which interior region is adjacent to the Bntities lying within the domain necessarily
separate two regions with different ID tags; both tags mastgecified.

Finally, geometric data required to describe the BE mustiveeng This data is not restricted to a single line
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in the input file.

This geonetry is a cube diced into four regions.
Data fromfile: exanpl es/ 3D/ sinple/hex-nulti.bdry

12 vertices, 17 boundi ng pol ygons
2 17

Vert ex coordi nates

R HHRE HH R

1
1
1 1 1 1 1
RPRRPRPRPRRPRRRRRRR

1

PR RPRORRRRLRRLRORR
1

PP OORRRRLROORER

#
# Now the geonetry description
#

pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon
pol ygon

o
E E
O
o

011
11 10

Rl liaiicliclic e e licdiodiodiogioie e ey
WRNRPRPRRPRRPRRPRRPRRRRPRRPRRRR
~ = N =N = = = = = = = = = = = ==
BRWWNDAMDIMDIMDWWWNNNEREREPR
APAAPAAMAPMNPPOVWDDRDARPARPPLOWOWPPLWW
OCONNWRFROOUIOONWONOO®O
WNURMRPOORWOWURUTONERN

©

[

[

Figure 3.6: Sample 3D boundary data file.
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pol ygon geometric data

A pol ygon is specified by giving the number of vertices in the polygatipfved by the indices of
the vertices, in order. These indices begin from 0.

3.4 Three-dimensional surface mesh (snesh) files

Surface mesh files may also be specified in the form of a sumﬁamﬁ\t\x‘:tion. This is particularly convenient
when the surface mesh is created by some other piece of sefiwkile format for surface triangulation
input can be summarized using a pseudo-template file (se®®&c2), wherensur f s is the number of
disconnected closed surfaces.

f ace- based ncells nfaces nsurfs nverts
verts: coords
faces: cells verts bc

Note that this format is hard-coded, and not a true temphdim, multi-domain geometries can not be input
using. sresh files, because the file format is not expressive enough tavatm-manifold surface meshes.
Geometry input will be rewritten at some point in the futuseatlow easier extensibility to new geometry
types; when this happens, support for tleresh file format may vanish, so new input files should use the
. bdry format.

3.5 Three-dimensional ASCII stereolithography (STL) files

Currently, GRUMMP only supports the ASCII STL format. ThdBes consist of a one line header and
footer bookending a collection of facet blocks:

solid nane
facet normal ny ny n,
outer | oop
vertex vlk vly vl
vertex vz v2y v,
vertex v3x v3y V3,
endl oop
endf acet
endsolid nane

Words in boldface are keywords and must be lower case. Spa&cimportant: spaces between keywords
must be as shown. Normal and coordinate components arprieted as floating-point numbers.

Future plans include automatic or semi-automatic splioiinzurved surfaces input as triangulations. If you're iageed in hurrying
this along, send a post-doc. :-)
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3.6 Three-dimensional volume mesh input and output.(viresh) files

Three-dimensional mesh files have the format that one wondtiffom an automatically-generated output
driver using the following template file:

newfile vnesh

ncel l s nfaces nbfaces nverts
verts: coords

faces: cells verts

bf aces: face bc verts

cells: region

3.7 Mesh quality ( qual ) files

Mesh quality is assessed at several points during meshajereand improvement. Each time the quality
is evaluated, each cell is queried to determine its qLBIT[yLe results are sorted into bins and a count kept
for each bin. In addition, the overall maximum and minimunalify values are computed. After all quality
values have been computed and binned, the count for eacls kimided by the total number of quality
values; therefore, each bin has a value that representsattéoh of all quality values that fall within that
bin.

When mesh quality statistics are written to a file, the qualieasure used and the maximum and minimum
quality for each evaluation are included at the top of theifila format which is commonly ignored as a
comment by plotting software. Each line after that contéliresquality value at the center of a bin and the
fraction of quality values that fell within that bin for eaelaluation. An example of a mesh quality file is
shown in Figuré 317.

3.8 Status message (rsg) files

As the GRUMMP library routines are executed, they generateaber of status and informational messages
that are written to standard error (generally the screanpddition, a more extensive set of messages are
written to the filebasef i | enane. nsg. While these messages are unlikely to be of tremendoussiter
to users of the GRUMMP executables, they are often usefubbudging and therefore may be of interest
to developers using the GRUMMP librarf@s.

3.9 Scattered data interpolation files

For scattered data interpolation, there are two input fitesane output file.

2Measures which compute all angles for a cell obviously haseerthan one value for a cell.
3Be aware that when GRUMMP is configured usingni t h- debug, the. msg file may be quite large; I've filled the disk on my
laptop a time or two, although I've since reduced the numbenessages routinely written.
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# Quality nmeasure: all dihedral angles

#

# Qual eval 1. Mn qual = 0.657175 Max qual = 178. 882
# Qual eval 2. Mn qual = 3.36452 Max qual = 172. 377
# Qual eval 3. Mn qual = 5.1961 Max qual = 164. 55
# Qual eval 4. Mn qual = 5.1961 Max qual = 164. 254
#

3 0.00109629 0.000651634 1.51543e-05 1.51543e-05
9 0.00429507 0.00269746 0.000242468 1.51543e-05
15 0.00731363 0.00521307 0.00193975 0.000878948

21 0. 0120442 0.011396 0.0067588 0.00597078
27 0.0187421  0.0198369 0.0143966 0.0137449
33 0.0305761  0.0354913 0.0319604 0.0315663
39 0.0504295 0.0569952 0.0546311 0.0531612
45 0.0718598 0.0760593 0.0758471  0.0759532
51 0.0874332 0.0891071 0.0918046 0.0923047
57 0.0919986  0.0894102 0.0950476  0.0995636
63 0. 0896558 0.0845154 0.0965024  0.0962448
69 0.0883192 0. 0836061 0.095093  0.0949112
75 0.0809005 0.0757562  0.0837425 0.0866218
81 0.0740524  0.0699673 0.0745439 0.0747409
87 0. 067805 0. 065815 0.0664666 0.0665272
93 0. 0643059 0.0644056 0.0581015 0.0570104
99 0. 0458491  0.0466903 0.0446142 0.0454628
105 0.0360726 0.0368097 0.0353549 0.0339001
111 0.0269118 0.0292174 0.025247  0.0244438
117 0.018667 0.0217767 0.0190338 0.0190338
123 0.0108278 0.0129114 0.012472 0.0124568

129 0.00815462 0.00971389 0.00741044 0.00769837
135 0.00548147 0.00577378 0.00453113 0.00401588
141 0.00301856 0.00325817 0.0023186 0.00213675
147 0.00183216 0.00148512 0.00101534 0.000954719
153 0. 000901063 0. 000742559 0. 000727405 0. 000545554
159 0.000720851 0.000348548 0. 000136388 0.00010608
165 0. 000390461 0.000227314 4.54628e-05 1.51543e-05
171 0.000270319 0.000121234 0 0
177 7.50886e- 05 0 0 0

Figure 3.7: Example quality output file

The point input file also contains the data for each vertexs Tile has the following format (written as a
pseudo-template file).
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nverts ndata_per_vert
verts: coords datal data2 ..

The input file of target points is even simpler:

nverts
verts: coords

The output file is also quite simple:

verts: coords new datal new data2 ..
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Chapter 4

Mesh Generation

GRUMMP generates meshes by using Delaunay refinement. Assg,dDelaunay refinement methods
generate Delaunay meshes (meshes in which the ball defirtbe bgrtices of a given cell contains no other
vertices in its interior) of high quality by careful choicérew locations to insert vertices. The schemes in
GRUMMP follow the work of Ruppert 14, 15] and Shewchuk|[16jth several significant improvement
of our own in the areas of cell size and grading conirol [11 areshing from curved boundariés [1].

4.1 Two dimensional meshing

In two dimensions, GRUMMP follows Shewchuk’s modificatianRuppert's scheme fairly closely, ex-
cept that we exercise more precise control over cell sizegrading and extend the scheme to produce
guaranteed-quality meshes from domains with curved baigla

Ruppert’'s schemé[14, 15] begins with a constrained Debat:'r&‘ngulatiorﬂ The mesh quality is improved
through point insertion. Points are inserted at the ciremter of badly-shaped cells, cells that have an angle
less tharfin, unless thegncroachon a boundary edge. A vertexcroachesn an edge when that vertex is
located inside the circle with the edge as its diameter;dintde is called theliametral circle If a proposed
new point encroaches on any boundary edge, that vertex issated. Instead, the encroached boundary
edge(s) is(are) bisected. This process is repeated umntitlid are well-shaped. Ruppert was able to show
that this algorithm always terminates, and results in a méghminimum angledy, ~ 20.7°.

Shewchuk[[16] showed that@,, = 25.7° is possible ifdiametral lensesather than diametral circles are
used to determine if there is encroachment. The differertgden the diametral circle and diametral lens
is shown in Figuré4]1. In this variant of the algorithm, nite vertices lying inside the diametral circle of
a boundary edge are deleted when that edge is split. The ufig, is not tight; in practicefmin can be
set to 30 and the algorithm will still terminate.

1A constrained Delaunay triangulation is a triangulationiich the Delaunay criterion is only applied to verticest thi@ visible
to atriangle. A vertex is visible to a triangle if there arebwmundary patches between them.

34
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Figure 4.1: Comparison between a diametral circle (dashed)iametral lenses. Diametral lenses allow
points to be inserted closer to boundary edges.

4.1.1 Initial discretization

Ruppert’s algorithm can be started either with a Delaunapgulation or a constrained Delaunay triangu-
lation. The latter does not pose a problem because Ruppeigimal encroachment rule guarantees that
no vertex will be inserted outside a boundary elagA.DeIaunay triangulation containing all the bound-

ary points inside a larger bounding box is first created. Biauy edges are recovered by swapping; this
approach always succeeds for two-dimensional polygonahdiaries. The triangles lying outside the do-

main are then removed, leaving a constrained Delaunayguiation. Initial triangulations are created by a

Mesh2D constructor irsr ¢/ 2D/ Mesh2D. cxx, using geometric information stored in a geometry object
of typeBdr y2D.

4.1.2 Pointinsertion

GRUMMP uses the Delaunay insertion method of Watson [17}stFthe code lists all cells that con-
tain the new vertex in their circumcircle. These cells arnthemoved from the mesh, and the faces of
the resulting hull are connected with the newly insertechpoilhis insertion method preserves the De-
launay nature of the mesh; no swapping is needed after tleetims. If a boundary edge is part of the
hull, a check is made to ensure that the new vertex will notaath on it. If it does, the point is not in-
serted. Vertices lying inside the diametral circle of thgedre removed, and the boundary edge is split
at its geometric midpoint. GRUMMP uses Watson insertiontfags split as well. The actual insertion
code is found mostly irsr ¢/ 2D/ | nser t Wat son2D. cxx, while the driver for Ruppert’s scheme is in
src/ 2D/ Ruppert. cxx.

°The use of diametral lenses allows boundary triangles witlicamcenter outside the boundary edge to be present in dsé.m
However, no vertex will ever be inserted at this locatiorcsiit encroaches on the boundary edge.
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4.1.3 Length scale modifications

GRUMMP uses a more flexible definition of geometric lengthlesthan Ruppert’s; for implementation
details and proofs of mesh quality and size-optimality, ®#e/ier-Gooch and Boivin[[11]. GRUMMP
computes a geometric length scale based onldbal feature size The local feature size was used by
Ruppert to prove termination of the original algorithm, asdlefined as the radius of the smallest circle
centered at a point that touches two disjoint parts of thealptmoundary. We defined the length sdafin
terms of the local feature sizts as:

. (1fs(p) . 1
LS(p) = min (T,nei&r]]tlgm LS(q) + G |gi — ﬁ|) (4.1)
where bottR andG are constants 1, and pointg); are neighbors to poir. The first constan®, controls
the ratio of input feature size to final mesh boundary edggttenvith finer boundary discretization for larger
values ofR. The other constanG, is used to control how rapidly the cell size can change wistadce.
This is an explicit imitation and generalization of the graproperties of the local feature size. A larger
value of G results in slower increase in cell size over the same distafibe value of.Sis stored at every
vertex location.

Ruppert’'s scheme can be easily modified to split cells thext@o large according to the definition of length
scale in Equatiof 411, in addition to splitting those tha bhadly shaped. A cell is considered too large

whenever the ratio of its circumradius to the averb§ef its vertices is greater tha@.

Length scale is computed and manipulated by cods ity base/ Lengt h. cxx.

4.1.4 Curved boundaries

This section is a digest of the description found in Boivi &ilivier-Gooch [11]. The main result of that
paper was to demonstrate that it is possible to generateramead-quality triangular mesh in a domain
with curved boundaries. Modifications to the meshing coslelfiare relatively slight, although geometric
modeling is significantly more complex.

Interested readers are encouraged to refer to that papéulfatetails, including implementation issues
regarding the curve types implemented in GRUMMP.

Generic geometry framework

To enable meshing from general curved boundaries, GRUMMRB afgramework in which the mesh genera-
tion code makes no assumptions about the underlying gepfdioundary patches. This implies a generic
interface between mesher and geometry, in which the mesthgmeeds the results of several geometric
queries. This is illustrated in Figure #.2.

Whenever GRUMMP needs information about the boundary, astjon” is passed on to the proper type of
boundary patch. Each boundary patch type knows how to araiiveirthese questions, and the answer is
then passed back to the algorithm. This provides a transpaceess to potentially any type of boundary
patch. Using object-oriented programming, this genettierface can be implemented by using a common
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Information Needed Boundary Patches

Midpoint of two verts

Normal at location Lines

Mesh Distance from boundar] Splines
Generation
Algorithm

Initial discretization Circular Arcs

Curvature at location Others..

Others...

Figure 4.2: Framework used for the implementation of gertesundaries

base class for all boundary data, with implementation ofigegeometric queries in derived boundary data
classes.

The information required for the successful implementatbRuppert’s algorithm — curve midpoint, cur-
vature, and original discretization information — is délsed in Sections 3.2 to 3.6. Several other queries
are required to determine the appropriate mesh length k&laut will not be discussed further here.

So far, classes for lines, circles, arcs, cubic parametnieas, and interpolated splines have been written.
New types of boundary patches can be added by providing thyepr‘answers” for the given boundary
patch. These patch definitions can be foundiire/ 20¥ Bdr y*. cxX.

Measuring how curved the boundary is

GRUMMP must be able to work with curved as well as linear pasciso a new way of determining where
splits happen along a boundary patch is necessary. We filgt tha observation that patches with little
orientation change need few, long edges for accurate geicmepresentation. Linear patches have no
orientation change; they can be represented accuratdbyjugit one edge. In contrast, regions of a curve
with a large change in orientation require a greater numbshorter edges. We must also make sure that
small amplitude sine-like curves are discretized appately. This suggests we should use the total variation
of the tangent angle of a curve to determine where to splittentary patch.

The total variationT V(8) is defined in the following way:

TV(6) :/|d9| 4.2)

Note that there is no need to compute the integral; one simgeyls to compare the orientation of the curve’s
tangent vector at carefully chosen points along the boynplsiches to get the exact valueT¥(8). More
details are given for each type of boundary patches in Bawih Ollivier-Gooch([1].
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Figure 4.3: Arbitrary original discretization of a splindo vertex should be inserted in the shaded areas.

Initial discretization with curved boundaries

To obtain the initial Delaunay triangulation, each boundsatch must be initially discretized in some way.
Since the exact shape of the boundary is only known by the dsryrpatches, the initial discretization of

the corresponding curve must be computed by the patcheséhess. At this point in the meshing process,
we represent curves with as few edges as possible in orddo maroduce artificial small features in the

mesh. However, we must make sure that a valid and exact esgeg®n of the domain will be obtained and
that the rules regarding the location of points inside tlarditral lenses are also followed.

An arbitrary discretization of a spline curve is shown inlg[4.3. We wish to triangulate outside (above)
the curve. Ruppert's scheme guarantees that no vertex evitiderted inside (below) the boundary edges.
We also want to make sure that no vertex will be inserted inmélgéons inside the curve but outside of the
boundary edges (the shaded area in Figurke 4.3). This is W@pran invalid discretization, as the vertex
inserted in the shaded area would ultimately lie outsideltmaain once the boundary is well-resolved.

This area can be protected by making sure that the diametrsé$ of the boundary edges completely include
the curve boundary. Since points are never inserted ins&ldiametral lenses, this will protect the shaded
region from point insertion. It is easy to show that the maximallowable total variation in orientation
between vertices is 30 GRUMMP boundary patches determine their initial diszaion by arranging
vertices at equal intervals @V (0) so that the maximum orientation change condition is met.

Edge recovery

Due to the very coarse representation of the boundary pathiming edge recovery, some precautions must
be taken in order to get a valid initial constrained Delaumiaygulation. The edge recovery process must be
modified since simple recovery through swapping will faismme cases. Judicious use of vertex insertion
is required in these cases to obtain a valid initial triaatjah. The resulting edge recovery algorithm is
summarized in Figurie 4.4.

Point insertion

Point insertion in the mesh, as well as on the boundary, lisdsthe using Watson’s method. However,
curved boundaries modify the way that boundary edges aite sidtead of splitting at the average location
of the edge’s vertices, the location of the new boundaryexeig determined by the boundary patch itself.
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Figure 4.4: Procedure to follow to recover boundary edges

The “midpoint” between two vertices is now found using thkwariation of the tangent angle. The general
technique is to first find the total variation of the tangerdlarbetween the boundary edge’s vertieesnd

b. The midpoint will be located at the point on the curve whérg(6) betweera andc and betweer and

b is equal. This ensures that the new point is always locateti@boundary and that regions of the curve
with higher curvature will be discretized with more edges.

If the curvature over a given boundary edge is (almost) zbeprientation change is negligible. In these
cases, the split is made according to arclength. This ea¢imear patches are split in the same fashion as
before, and it also handles curves that have particulatlyegtgons.

Care must be taken when two curved patches are near eachlibause the discretization of one patch
may intersect the neighboring patch. Insertion on therlatta result in points outside the domain unless the
patches are both split, and in the proper order.

Length scale modifications
Whenever a boundary edge is split, the length skc&i@) for the new boundary vertex needs to be computed

using Equatiofi4]1. For this, we need the local featurelitp) at the new poinp to take into account the
curvature of the boundary. We define the local feature sizeldfoved boundariesfs; to be:

Ifsc(p) = min(p (p), Ifs(p)) (4.3)
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wherep (p) = Wlp)\ is the radius of curvature at poipt The radius of curvature therefore provides a ceiling

on the value of the local feature size on the boundary. Bygusia radius of curvature, there will be an equal
number of points per radian on the curve as per gap betweentsbj

4.2 Three-dimensional meshing

In three dimensions, GRUMMP follows Shewchuk’s schemeé,[@%¢ept that again we exercise more precise
control over cell size and grading.

4.2.1 Initial tetrahedralization

In concept, GRUMMP creates an initial tetrahedralizatiomiuch the same way as an initial triangulation
is created in 2D: all vertices of the surface discretizatiom inserted into a mesh inside a large box, then
the surface is recovered and tetrahedra outside the domaiemoved. The difficulty lies in the second
step, “the surface is recovered”. In two dimensions, swagplone is adequate. In three dimensions, this is
not always true. In his thesis, Shewchuk shows that a sunfeesd for which spheres protecting boundary
segments and triangles are point-free must have a coretr@ialaunay tetrahedralization; that is, that the
surface can be recovered. In practice, this can requiretiosef a significant number of points, although
heuristics can improve significantly on the sometimes diseguirements of theory. This is currently still a
weak spot in GRUMMP: surface recovery is neither as effiaemtas robust as it should be, with particular
challenges for surface meshes with small angles.

4.2.2 Pointinsertion

Following Ruppert, Shewchuk definesbaundary segmerds an edge present in the input geometry. If
a boundary segment is divided into parts by subsequent pwettion, each part is called kroundary
subsegmentShewchuk also definestmundary facets a planar polygonal surface in the input, bounded
by boundary segments. When a boundary facet is dividedgreity triangulation or addition of points in
its interior, the parts are referred to lagundary subfacetsA triangular boundary subfacet is encroached
if a point lies within theequatorial spheref the triangle: the unique sphere having the circumcirfiie
triangle at its equator. A boundary subsegment is encraki€heoint lies within the unique sphere that has
the subsegment as its diameter.

Shewchuk’s scheme can be summarized (minus some detdfitd)oags (including GRUMMP's addition of
size and grading control, as described in two dimensions):

1. Ifatetrahedronis badly shaped — if its shortest edgedisieall in comparison to its circumradius —
or too large, then insert a point at its circumcenter UNLESS point would encroach on any bound-
ary subfacet or subsegment, in which case the cell circutacennot inserted. Instead, encroached
boundary entities are split; if the original cell still etdsafter splitting boundary entities, then the cell
is split.
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2. If a vertex encroaches on a boundary subfacetthe normal projection of the vertex into the plane
of the subfacet lies inside the subfacet, split the subfa8abfacets are split by inserting a point at
their circumcenter UNLESS that point would encroach on aygegment, in which case, the subfacet
circumcenter is not inserted. Instead, all encroachedegubents are split. If the subfacet survives
subsegment splitting, the subfacet is split afterwarddoi®ea subfacet is split, all points inside its
equatorial sphere (not the equatorial lens, which is pag) are deleted from the mesh.

3. If a boundary subsegment is encroached, it must be spiite Inewly-inserted vertex encroaches on
any other subsegments, those subsegments should be spétla€are must be taken with handling
of small input angles to prevent infinitely recursive ingert

Subsegment splitting takes priority over subfacet splittiwvhich takes priority over bad cell removal. This
variant of Shewchuk’s algorithm can be shown to limit theoratf circumradius to shortest edge length
for good grading to 2. Although Shewchuk’s scheme has aneagtg strong bound on mesh quality, it
still allows some sliver tetrahedra, which are often protdéc for solution of partial differential equations.
Fortunately, post-processing the mesh by swapping and thingceliminates nearly all such tets from the
mesh.

GRUMMP implements Shewchuk’s scheme by using a priorityugu&etrahedra are given a priority based

on size and shape. For each tetrahedron, a size melﬁgute\/ér_l_s and a shape measus = % are

computed. The size measure is the ratio of the circumdiarottee tetrahedron to the average of the length
scale at its vertices, with a constant factor so that a cubdedetrahedralized with no interior points. The
shape measure expresses the ratio of shortest edge leraptbumradius, normalized so that all values lie
between 0 and 1, and an equilateral tetrahedron has qualitytie tetrahedron is too largé,. > 1), then

the tetrahedron is assigned a priority-eM_ + Ms. Otherwise, the priority i#ls. In practice, tetrahedra
much smaller than the length scale are not queued for sglity GRUMMP, regardless of quality, to prevent
infinite recursion near small dihedral angles in the surfaesh, where theory provides no guarantees of
termination (and practice often fails also).

Encroached boundary facets and boundary segments arenalsded in the queue, with priorities set to
large negative values so that traversing the queue fromsiomeamerical priority value to highest follows the
insertion rules described above.

Watson insertion is used in 3D as well as in 2D, and encroabbeaddary entities can be identified easily
before the mesh is changed. New encroached entities ard #uslsertion queue (with a priority slightly
less urgent than other similar encroached entities, togmtewfinite recursion). Before insertion actually
occurs, a check is done to ensure that the entity at the hetiek @fueue (be it a tetrahedron, a boundary
triangle, or a boundary segment) is the one for which insenvas originally requested. If it is, insertion
proceeds. If not, GRUMMP attempts to split the entity nonwhathead of the queue.

The queue is built and manipulated (including calls for itisa and for adding new entities to the queue)
by code found irsr ¢/ base/ I nserti onQueue. cxx andsr c/ base/ Wat sonl nf 0. cxx. Three-
dimensional Watson insertion code is foundinc/ 3D/ | nsert WAt son3D. cxx.
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Mesh Improvement

GRUMMP uses two main strategies for improving existing nesgfmcluding those generated by GRUMMP):
local reconnection (swapping) and smoothing. For a morepbete description, including the results of nu-
merous computational experiments in mesh improvement@tag and Ollivier-Gooch [3].

5.1 Swapping

In both two and three dimensions, GRUMMP uses the standaltebstablished face swapping techniques.
In addition, GRUMMP also implements edge swapping in 3D [3].

In two dimensions, face swapping chooses the best diagontild quadrilateral formed by two neighboring
trianglesg GRUMMP can choose the diagonal to satisfy the Delaunayriteto minimize the maximum
angle; or to maximize the minimum sine of angles (in two disiens, this is formally equivalent to the
Delaunay criterion).

In three dimensions, reconfiguration is more complex. Tm®oial case is exchanging two tetrahedra that
share a face with three tetrahedra, as shown in the top lefopBigure5.1. The converse swap, from three
to two tetrahedra, is also possible. In addition, GRUMMPwa# reconfiguration of two tets to two (T22
case in the figure); in this case, the two shaded faces musi-ptanar, and swapping decisions reduce to
choosing the best diagonal for the coplanar quadrilatdfaivo pairs of tetrahedra in the interior of the
mesh share a pair of coplanar faces, this swap is also pednitt this case, two T22 configurations are
back-to-back in the mesh. In addition to these swappablégoations, there are a number of unswappable
cases, some of which are illustrated in the bottom of Figufie 5

Edge swapping is a more complicated procedure, repladitetrahedra incident a single edge by a new
set of N — 4 tetrahedra. In the example of Figlirel5.2, the etigds perpendicular to the page. The five
tetrahedra originally incident on it (0B, 12T B, 23T B, 34T B, and 40’ Bare replaced by six new tetrahedra,
two for each of the triangles of the (non-planar) triangolabf polygon 01234: 01P, 024T, 234T, 021B,
042B, and 3248.

1The quadrilateral must of course be convex for face swapipitig performed.

42



CHAPTER 5. MESH IMPROVEMENT 43

Figure 5.2: Edge swapping example

The challenge with edge swapping is that the number of plessitnfigurations grows rapidly with the
number of tetrahedra incident on the edge to be removedeadrs¢he table below. In practice, the number
of successful 7-for-10 swaps is very small, so GRUMMP doé®xrplore possible swaps for more complex
initial configurations.

| Tetsbefore [3[4][ 5] 6 | 7 |

Tets after 24| 6 8 10
Configurations| 1 | 2 | 5 | 14 | 42
Tetsxconfigs | 2| 8 | 30 | 112 | 420
Uniquetets | 2| 8| 20| 40 | 70

Clearly, checking the quality of each tetrahedron in eacbsitde configuration is a costly undertaking;
instead, GRUMMP computes the quality for each unique tettatn only once, then determines the quality
of a given configuration by finding the minimum quality amotsgtetrahedra.

To simplify bookkeeping, GRUMMP takes advantage of the sytmies of the post-edge-swapping config-
urations and stores only a small set of canonical configumatias shown in Figute.3. For each configura-
tion, GRUMMP also stores connectivity information for thaesp-swap configuration.
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Figure 5.3: Canonical configurations for edge swappinduiting repeat count.

N=4

For both face and edge swapping, swapping can be done witiodileof maximizing the minimum sine of
dihedral angles or of minimizing the maximum dihedral andg\éso, face swapping can use the Delaunay
criterion. The maxmin sine criterion eliminates both snaaltl large dihedral angles, and is recommended
choice in GRUMMP.

Code for swapping can be founddgn c/ 2D/ MeshOpt 2D. cxx,sr c/ 2D/ Reconnect 2D. cxx,sr ¢/ 3D/ MeshOpt 3D. cxX,
src/ 3D/ Reconnect 3D. cxx, andsr ¢/ 3D/ | ni t Canon. cxX.

5.2 Smoothing

GRUMMP uses the OptMS smoothing package from Argonne Natibaboratory, which is based in large
part on optimization-based smoothing techniques develbgd-reitag, Jones, and Plassménn [2] and sum-
marized in[[8]. The central idea is to smooth a vertex locgakip seeking to optimize some local cell shape
measure, such as minimum angle. This implies that each @llaontribute more than one quality value
(for example, a tetrahedron has six dihedral angles). Thectibe function to be optimized is therefore a
composite, piecewise-smooth function, as shown in Figuevith corners where the extremal quality val-
ues change. However, for most common cell quality measthreg;omposite objective function is convex.
OptMS uses an analog of the steepest descent method, engpboyactive setof quality values — those
values that are currently the worst. Step size in the stéejgssent iteration is determined by predicting
where the next change in active quality values will take @ldihis approach can be shown to be equivalent
to a generalized linear programming problem and therefe®ptimum can be found in linear time.

As an important practical matter, optimization-based sfmog is significantly more expensive per vertex
than Laplacian smoothing. Accordingly, GRUMMP takes adage of the floating threshold capability of
OptMS. In this procedure, a Laplacian smoothing step isgperéd for each vertex; the updated position
is used only if local mesh quality improves. If local mesh lgyds not good enough, optimization is
invoked. “Good enough”, in this context, means that celdsdant on the vertex have a worst angle no more
than 5 better than the worst angle in the mesh from the previous #mrappass. This floating threshold
procedure results in mesh improvement statistics compmralull optimization, but at a cost nearly as low
as Laplacian smoothing.
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Figure 5.4: Cross-section of the objective function in atirojzation-based mesh-smoothing problem

Smoothing drivers are found 81 ¢/ 2D/ MeshOpt 2D. cxx andsr ¢/ 3D/ MeshOpt 3D. cxx. The OptMS
library isinsr ¢/ snoot hi ng.

5.3 Default mesh optimization in GRUMMP

In two dimensions, the meshes GRUMMP generates int thie executable are already excellent. The
nmeshopt 2d executable actually operates by computing an approprsagth scale for the input mesh,
then using Ruppert’s scheme to refine the mesh until qualibyigh; the guarantees on cell size provided
with size and grading control in [11] ensure that the outpasmis still of reasonable size. In both cases,
post-processing by using a pass or two smoothing to maxithizeninimum sine of angles in the mesh
generally increases the minimum angle by a few degrees atdatv

In three dimensions, GRUMMP again produces good mesheg inethr a executable. Because slivers are
still generatedt et r a post-processes its meshes by swapping to increase the nammaine of the dihedral
angles in the mesh, and performs one pass of smoothing véteaime goalneshopt 3d differs from its

2D counterpart in that insertion is not part of its operatiostead, a user-definable sequence of swapping,
smoothing, and bad tetrahedron repair steps are perforimfedidefault optimization sequence follows the
experimentally-inspired recommendations of Freitag atidi€-Gooch [3], which typically performs well

for meshes that are approximately isotropic.



Chapter 6

Mesh Coarsening

GRUMMP provides mesh coarsening capability to enable aatimrgeneration of quality coarse meshes for
use with multigrid. The algorithm [1.0] selects a set of vagti from the fine mesh to retain in the coarse mesh,
then removes unwanted vertices one at a time from the fine.nTésh incremental deletion scheme has a
robustness advantage over generating a coarse mesh fratohsdncremental deletioalwaysproduces a
coarse mesh even if it can not remove all the unwanted vsrtitke scheme has been designed to coarsen
triangulations by a factor of abouP2n D dimensions for each coarsening while preserving important
geometric and topological features of the fine mesh and mindwcoarse mesh cells with acceptable shape
quality.

6.1 Selecting Vertices to Retain in the Coarse Mesh

An experienced analyst can look at an unstructured meshdemdify important features that should be
retained in a coarse mesh. For example, a person would choagstain the vertex at the sharp trailing
edge of an airfoil in two dimensions and corners in threeatisional geometry. Elsewhere in the mesh, a
person would choose a sampling of points, not too close hegdiut also not leaving any large blank areas.
This section describes a vertex selection algorithm thatem#he same choices. Critical to the success of
the algorithm is the notion of a hierarchy of features in thesh) from sharp corners on the boundary to
plain interior vertices. The algorithm is summarized belowerms of this hierarchy, from most to least
specialized; the remainder of this section discusses ttadslef the algorithm.

1. Anapexis a boundary vertex at which a sharp corner is formed; exasmapie identified in Figufe 8.1
by solid circles. Apexes are always included in the coarsghme

2. Afoldis aline onthe surface of a three-dimensional object wherstirface normal is discontinuddss.
A typical example for aerospace applications is the trgiidge of a wing, as shown schematically in
Figure[6.1 (bold lines). For isotropic surface meshesrradtie fold vertices are retained.

Identification of apexes and folds is discussed in Se¢tirl6.

1in practice, a user-defined angle is used as the criteriodi$opntinuity.

46



CHAPTER 6. MESH COARSENING 47

Figure 6.1: Examples of apexes and folds.

3. A maximal independent s@¥11S) of the remaining boundary vertices is included in tbarse mesh.
That is, a set of fine mesh vertices are chosen such that thiel@ttvertices are not too geometrically
close to each othaand that every excluded vertds too close to at least one included vertex. See
Sectior 6.1 for details.

4. Finally, an MIS of the remaining interior vertices is sgéal for inclusion in the coarse mesh.

6.1.1 Identification of Apexes and Folds

Apexes and folds are lower-dimensional mesh features: exia zero-dimensional entity, while a fold is
a one-dimensional entity in a three-dimensional mesh. Terdene whether a boundary vertex is an apex
or lies on a fold, the algorithm computes the unit normalslidbaes (edges in 2D, triangles in 3D) that are
incident on the vertex.

In two dimensions, only two faces are incident on a vertethdse faces have normals that differ in direction
by more than 29 the vertex is classified as an apex.

In three dimensions, the presence of two distinct face nlrifsgparated by some user-defined argjle
generally means that the vertex lies on a fold, whereas tfisti@ct normals are present if and only if the
vertex is an apex. Three cautionary notes are in order here.

1. The angle difference at which two normals are considedéstihct” must be chosen with attention
to surface curvature. If this angle is chosen too small, tinamy edges in the mesh of a curved
surface will be improperly labeled as folds. Advanced téghes in surface reconstruction and cur-
vature estimation (see, for example,[[6} 13]) may be of il benefit in distinguishing between a
coarse surface mesh and an abrupt change in the underlyowlssurface; adding such capability to
GRUMMP is planned.

2. Inidentifying apexes, itis not enough to compare onlyrtbemals of adjacent surface faces. A sharp-
tipped cone can easily be constructed with enough surfaes facident on its apex that their normals
differ in direction by an arbitrarily small amount. Insteagke must group faces so that members of
each group have normals that differ by less tBamThe number of suchroupsis the deciding factor
in whether a vertex is an apex.
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3. A vertex can have only two groups of normals and still be @gxaAs an example, suppose that the
two visible faces in the lower-left corner of Figurel6.1 weesarly coplanar. To detect this case, the
algorithm checks for near-collinearity of the edges thpssate the two groups. If the edges are nearly
collinear, the vertex lies on a fold; otherwise, it is an apex

6.1.2 Selection of Points to Include in the Coarse Mesh

Apexes are always retained in the coarse mesh. This chogcpdsitive and negative side effects. On the
positive side, not object can ever be eliminated from thehifegpexes are retained. On the negative side,
small features on large objects are likely to be retainegh &vhen typical cell sizes are much larger than the
feature in question.

Elsewhere, the mesh is coarsened with the goal of reducis size while maintaining a good distribution
of vertices and therefore good mesh quality. One intuitippraach to this problem is to keep as many
vertices as possible without keeping two that are too clogether: a maximal independent set (MIS) of the
conflict graph of the mesh[[7]. In the conflict graph, an edgeeets any pair of vertices that are physically
too close together compared with the length scale definethése two vertices. This graph is similar but
not identical to the connectivity graph, as occasionallst fireighbor vertices in the mesh are far enough
apart to co-exist in the coarse mesh, whereas some secagttboeiertices are too close together.

For efficiency reasons, GRUMMP constructs the conflict g@pheeded. Before using the MIS to coarsen
boundary curves, the conflict graph for boundary curve eestis constructed. Later, when the MIS for
boundary vertices is needed, that conflict graph is congtdy@and likewise for isotropic interior vertices.
Because only currently active vertices have their confliaph computed at each step, no vertex ever has its
conflict graph re-generated.

GRUMMP uses MIS vertex selection in three places: foldSasermeshes, and interior meshes. Applying
the same MIS code for these three cases requires only ajgispestrictions on which vertices ametive

as these are the only vertices that the algorithm can legaik for inclusion or exclusion from the coarse
mesh. For selection of surface vertices, for example, oldinsurface vertices are active; any specialized
surface vertices (apexes or folds) and all interior vestene inactive. In each case, the maximal independent
vertex set is constructed in two phases: initial creatich sime improvement. In the initial creation phase,
the algorithm traverses the mesh using an advancing froatking any unmarked, active vertey for
inclusion in the coarse mesh and all active vertices whictflimbwith va for exclusion. Next, several passes
are made to increase the size of the MIS, with the expectétiaithis will make edge lengths match the
intended mesh length scale more closely in the coarse mesh.

6.2 Incremental Vertex Deletion

Incremental vertex deletion begins with an existing valicefmesh and removes unwanted vertices one at
a time, with a valid mesh after each deletion. This approdwhyes results in a valid coarse mesh, even
though it does not necessarily remove all unwanted vertlogsvo dimensions, vertex deletion succeeds in
removing all vertices for cases to date, although there @aof of this property. In three dimensions, vertex
deletion often leaves a few unwanted vertices in the coaeshnpbut always a small fraction of requested
deletions.
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Figure 6.2: Vertex removal by edge contraction in two dinmens

The kernel of the incremental vertex deletion algorithm riseglge-contraction algorithm for deleting a
single verteX A vertex is removed by shrinking one of its incident edgessimzength, as illustrated in two
dimensions in Figure8.2. The left half of the figure shows @exe0 — which is to be removed from the
mesh — and its immediate neighbors in the mesh. Vertex 0 witdmoved by sliding it along the ed§é

to vertex 6. In the process, cells061 and/A056 are removed, as are ed@ds 05 and06. The resulting
mesh fragment is shown in the right half of Figlirel 6.2. Thekeextends directly to three dimensions, with
additional bookkeeping as the only complication.

6.2.1 Invoking Vertex Deletion

The incremental deletion algorithm makes multiple padsesigh the mesh, continuing until a pass removes
no vertices or until all vertices selected for deletion hlagen removed. Between passes, local reconnection
and smoothing are applied to improve the poorest-qualiiores of the mesh and facilitate further vertex
removal. During each pass, for each vertex marked for deléti the coarse mesh, an edge is selected for
contraction based on the following criteria:

1. Feature hierarchy. A vertex must be removed by contnaaiitto a vertex that is no lower in the
feature hierarchy. For example, surface vertices must hechonto other surface vertices (including
fold and apex vertices). Without this restriction, a suefaertex could be removed by contraction
onto an interior vertex, changing the surface shape sigmifig. This rule also prevents saw-toothing
of folds in three-dimensional meshes.

2. Mesh validity. The resulting mesh fragment must not haverited cells. For example, in Figiirel6.2,
vertex 0 can not be moved onto vertex 1 or vertex 5 withouttorga cell (A156) with a negative
area.

3. Mesh quality. The algorithm chooses the edge contrathiaingives the best quality for the resulting
mesh fragment. A good choice of quality measure here is thenimasine criterion. This criterion
maximizes the minimum sine of the angles of the cell (dihkalngles in 3D), avoiding both large and
small angles. For the case in Figlire]6.2, this rules out ngovartex 0 onto vertex 3, because this
contraction produces the poorly-shaped ¢e845. If edge contraction would form too poor a cell in
three dimensions, the vertex is not removed; often the sariexcanbe successfully removed in a
subsequent pass through the mesh. This cutoff is unnegéssan dimensions.

2A preliminary version of this algorithm has been describiséwehere[[8].
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6.2.2 Mesh Post-processing

After the incremental deletion algorithm has made a coreppetss through the mesh, local reconnec-
tion is used to improve mesh connectivity, and thereforeetifectiveness of edge contraction in the next
pass. In this context, we reconnect the mesh using both fatedge swapping and perform one pass of
optimization-based smoothing with a floating threshold [Bbth mesh optimization techniques have the
goal of maximizing the minimum sine of angles.

After all vertex removal is complete, we do additional ppsteessing to improve coarse mesh quality. In
two dimensions, we use five passes of optimization-basedtimg with a floating threshold, using the
maxmin sine criterion. After the third pass, we use a singlespf mesh reconnection. In three dimensions,
we again use a combination of smoothing and swapping, begjriwith two passes of optimization-based
smoothing with a floating threshold, followed by applicatiof heuristics aimed at removing the worst
cells in the mesh by using face and edge swapping, and figishith two more passes of smoothing.
Our post-processing regimen for three-dimensional meshesnsistent with the experimentally-inspired
recommendations of Freitag and Ollivier-Gooth [3]. Pastepssing improves the smallest angle in the
output mesh significantly and cost is quite modest, at lems 10% of CPU time in two dimensions and far
less than that in three dimensions.

6.3 Anisotropic Mesh Coarsening

For anisotropic problems — including notably external viss flow problems — there is often a pseudo-
structured part of the mesh to accurately resolve anistpyysics. The pseudo-structured part of the mesh
typically contains quadrilaterals, prisms, or hexaheted have been divided into triangles or tetrahedra.
Pseudo-structured meshes are useful in treatment of espgophysics, and these pseudo-structured regions
should be preserved in coarse meshes to the extent feasible.

These pseudo-structured mesh regions can be coarsenegbisally, reducing the number of vertices by
a factor of 2 in these regions by removing alternate planes of points ah elirection. However, some
work [5,[12] suggests that multigrid methods are much mdieieffit if coarsening is done anisotropically,
reducing the cell aspect ratio near the wall and the assatmtmerical stiffness. We allow several variations
on anisotropic coarsening to accommodate different saesiar surface and interior mesh pseudo-structure,
as discussed in Sectibn 6.3.1.

1. Three-dimensional meshes may have a locally anisotrppétdo-structured surface mesis shown
in Figure[6.8. Roughly speaking, in this case, all fold \e&si are retained, and alternate vertices are
retained along closely-spaced lines leaving the fold. phisess is described in detail in Secfion d.3.1.

2. Both two- and three-dimensional meshes may have seaifdosally anisotropicpseudo-structured
interior mesh similar in two dimensions to the example in Figlirg 6.3. Bisesiructured interior mesh
fragments are coarsened in much the same way as pseudthstduisurface mesh fragments.

6.3.1 Selection of Points in Pseudo-structured AnisotropiMeshes

In selecting points with pseudo-structured anisotropisimfeagments (PSAMF’s) to retain in coarse meshes,
we consider three important and distinct cases:
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Figure 6.3: Pseudo-structured surface mesh on a wedge.

1. The fully-anisotropic case (3D). Some three dimensioreshes have anisotropic layers built out from
anisotropicsurface triangulations. A typical example of this is foundomputational aerodynamics,
where cells near aircraft wings for viscous simulationsmateh larger in the spanwise direction than
in the streamwise direction, and much larger in the streamwlirection than normal to the wing
surface. To reach unit aspect ratio in both directions ducmarsening, we initially keep every point
along the trailing edge in the spanwise direction, altertiaes on the wing surface, and every fourth
layer in the interior of the mesh. This reduces the aspew matboth directions, and reduces the
number of vertices by a factor of 8 in these mesh fragmentshéspanwise-streamwise aspect ratio
approaches one.¢., as the surface mesh becomes isotropic), such a mesh fragmeld revert to
CasdD.

2. The semi-anisotropic case (3D). Some three dimensioesthes have anisotropic layers built out from
isotropic surface triangulations. In this case, we choose to coalsesurface mesh as we would a
two-dimensional isotropic mesh. In the interior, we chaosemphasize reduced cell aspect ratio near
the boundary by selecting every fourth vertex along maghires beginning at the surface vertices
that will be retained. This approach reduces the aspectaftnisotropic cells near the boundary by
roughly a factor of two at each coarsening and reduces thdauaf vertices in such mesh fragments
by a factor of 16.

3. In two dimensions, directional anisotropic coarsenimgusd select every fourth vertex along march-
ing lines extending from each point on the boundary into th@aln.

These rules are simple to describe and simple for a persooiltavf but some care is required so that a
computer can reliably identify a pseudo-structured anigat mesh fragment and coarsen it properly. For
details, se€ [9].
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6.4 Outcomes

GRUMMP is quite successful in coarsening isotropic ungtmed meshes — nearly all vertices are removed
in each case, and mesh quality is quite good. Two-dimenkamisotropic meshes are also handled well.
The weakest area, by far, is anisotropic three-dimensioeahes, where the number of vertices that can not
be removed climbs sharply, and mesh quality is poor (evemail for anisotropy).

Two strategies that have some chance at success have neeyenbestigated:

 Local transformation of anisotropic mesh fragments intgpace where the mesh is approximately
isotropic. In this scenario, edge contraction could beiadph the transformed space. The isotropic
edge contraction criteria should strongly inhibit tangliof connectivity among vertices that should
be in different levels of the anisotropic mesh.

 Creation of the coarse anisotropic mesh by constructidnis @pproach would likely involve deter-
mining the coarse surface mesh topology and then projetttatgopology out through the appropriate
number of layers of anisotropic cells. A major challengewtiitis approach would be transition from
anisotropic to isotropic meshing. Also, this approach igdmount to generating the coarse mesh
from scratch; the latter might give more flexibility and tafare be preferable for anisotropic meshes.



Chapter 7

|sotropic Mesh Adaptation

GRUMMP’s approach to isotropic mesh adaptation is to apptp@acatenation of existing functionality
to produce a high-quality mesh that meets the specified tescgle requirement. (See Section] 2.1 for
information on how to specify a length scale.) This is donthadirst step in mesh optimization (executables
meshopt 2d andneshopt 3d). The steps taken are:

1. Coarsen the mesh where necessary to make sure verticest éwe close together (where “too close”
means that the distance between them is less than the avdithgér length scales).

2. Swap the mesh to make it Delaunay; this step is a necessapgpisite to mesh refinement.

3. Refine the mesh to ensure that no cells are larger than¢bklémgth scale and that no badly-shaped
cells remain. This step is identical to what GRUMMP does inegating a mesh after the initial
triangulation / tetrahedralization is complete.

4. Postprocessing by smoothing and swapping. In 2D, twoggasissmoothing are sufficient to ensure
excellent meshes in both theory and practice. In 3D, somppiwg is typically required to eliminate
slivers, which the insertion process alone cannot remove.

If this sounds simple, that's because it is: the driver fas firocess has eight lines of code, not counting
diagnostic output, comments, and blank lines.
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Appendix A

Changes Between Versions

A.1 From version 0.6.3t0 0.6.4:

Version 0.6.3 is an ITAPS maintainence release, for coiigt with version 1.3 of the iMesh API.

A.2 From version 0.6.2t0 0.6.3:

Significant improvements in surface recovery for polyldoundary data. Not only is recovery
more robust, but it also now leaves the surface triangulatitouched. That is, the surface triangles
of the initial volume mesh now match those of the input boupd&olygons in the input data are
triangulated as usual.

Added support for the Observer paradigm in mesh classesseltiasses now publish changes made
to the mesh database to an observers that request thems @bisé in batch (blocks of 100, currently)
to reduce message overhead. This will allow us — in time — lg funwind the interactions between
various mesh modification algorithms that are currentlyiated through flags on entities in the mesh
database.

Begun the process of factoring algorithms (swapping, ghing, insertion, etc) out of the mesh
database classes. At this point, swapping has made the muugeps, with a fully functional ex-
ternal swap manager, which uses the Observer capabilitikedp track of which faces and edges
should be considered for swapping. There are still a haraffplaces where swapping is still done
the “old way”, using mesh member functions, so that codayghaleprecated, still exists.

Upgraded to CGM 10.2.3.
Release 0.6.3 is compatible with version 1.2 of the ITAPSm&PI (iMesh).
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A.3 From version 0.6.0t0 0.6.1/0.6.2:

Minor ITAPS-related cleanup; no other changes.

A.4 From version 0.5.0to0 0.6.0:

Version 0.6.0 brings another significant upgrade to GRUMiMIFich now supports meshing from curved
boundary data. Starting from the curved boundary repraient GRUMMP discretizes surfaces by sam-
pling, then generates tetrahedral meshes from the reguitirface triangulations. Any boundary points that
are inserted during volume refinement are inserted onto uhe=d surface, not onto a tesselation of the
surface. Geometry is currently input via stereolithografiles (see Section 3.3 for more information). As
a consequence of how geometry is handled internally, GRUMIgR requires the Argonne version of the
Common Geometry Module (version 10.2.2) to build. The camégscript automatically fetches and builds
this if it's neededl

Additional changes since version 0.5.0:

 Fixed numerous errors and warnings when compiling with4dc This is what we get for making a
release with an older compiler.

» Support for reading legacy ASCII VTK files, binary UGrid,dahinary VGrid files in 3D; these are
auto-detected at read time. This is in addition to GRUMMBHmplate approach for auto-generating
code for reading ASCII mesh files.

« Infrastructure changes to centralize manipulation oflesh topology database. These changes aren’t
user-visible: the same things happen at almost exactlyaime speed. But with this change to better
encapsulate mesh topology changes, we expect to be ablativaly easily add support for edges in
the 3D mesh database, so that we can generate curved meshes.

* Various other bug fixes.

A.5 From version 0.3.3t0 0.5.0:

Version 0.5.0 brings a significant upgrade to GRUMMP, wita #ddition of support for the ITARPS mesh
interface. This interface provides mesh query and basidfination functionality in a data-structure neutral
way, as well as supporting collections of mesh entitiesjsatd arbitrary application-defined data on mesh
entities and sets (tags). Of particular interest to Forisars who might be interested in using the GRUMMP
mesh database but reluctant to switch to C++, the API candesaed from Fortran (77 through 2003).

Additional changes since version 0.3.3:

1As of version 0.6.0betal, meshing from STL files is temptyatisabled, as parts of its internals are incompatible it
infrastructure changes below; the final 0.6.0 release wiless this.
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 Fixed an egregious error in 3D initial tetrahedralizatisnich had the unfortunate result that many
input files failed to generate meshes at all. (Should have be@3.4 at some point to fix this, but
somehow that never got done...)

» Improved treatment of curved boundaries in 2D; these chgahgve little user-visible effect other than
producing somewhat smaller meshes for some inputs.

» Began migration towards having specific reader/writetirms for common file formats. Presently,
this is in addition to the current custom ASCII format cagiihithe latter may eventually be replaced
by some form of plug-in architecture, although there aresntty no definite plans on this point.

— Support for reading 3D meshes generated with AFLR3D and \BGRIso, support for reading
standard FEA (element-vertex) mesh connectivity in 3D.

— Direct support for writing 2D meshes in FEA format, includihigh-order curved boundary
information.

— Input now checks to see whether a file extension is presdmmrtitan automatically adding one.
A long-standing annoyance with a five-minute fix. . .

« Internal modifications to the queueing system used to itidermesh entities for point insertion; not
user visible.

A.6 From version 0.3.3t0 0.4.0:

Version 0.4.0 is a special-purpose, limited release for £WBer needing periodic meshing in 2D.

» Added partial support for periodic meshing in 2D. Any two linear boundary patches can be iden-
tified as being periodic with each other. A geometric mapegween the two is automatically
determined, and when a vertex is inserted on one periodiodany, it is automatically created on the
other as well. This capability is not likely, at this poind, be robust in the presence of small input
angles or input points near (i.e., encroaching on) the derisoundary.

A.7 From version 0.3.2t0 0.3.3:

Version 0.3.3 is a bugfix release, including fixes for:

 Fixed a number of minor bugs, including

— 3D patch optimization (thanks to Nigel Nunn for finding thegtand providing a patch).

— Pointer arithmetic in the variable-sized array pseudoplate. This bug caused problems only
with gcc4, because other compilers generate incorrect hadetill miraculously ran correctly;
gccd removed this serendipitous fix.

— A string problem in termination of GRUMMP executables.
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— Acrash inscat 3d when extrapolating data.

— Can now usé ndex in boundary face and internal boundary face descriptorsen/© genera-
tor.

— Orientation fix for certain multiregion input files in 3D.
— Supply a default BC properly in 2D when reading a mesh wittRiTis.

* Replaced MAX and MIN macros with std::max and std::min,dese gcc4 complains that the macros
are deprecated, even though the GRUMMP headers defined stpdicitéy.

A.8 From version0.3.1t00.3.2:

Version 0.3.2 is a budfix release.

» More minor updates for TSTT. Added VTK input files to distribution tarball. Recognize aTIS
configure option (—enable-tsttm) as a sign that this buildtended for use with TSTT, to auto-disable
logging. Added a 'make all’ target in the top-level Makefile.

A.9 From version 0.3.0t0 0.3.1:

Version 0.3.1 is a bugfix release.

 Scattered data interpolation.In both 2D and 3D, fixed bugs that caused seg faults when tigidg
scattered data interpolation.

» Minor updates for TSTT. Added a configure option for VTK-format input into GRUMMP.xed
several compile errors when logging is disabled. Also tveglakcouple of things in the main Makefile.

* Length scale reporting. A bug in 0.3.0 made it so that the edge length scale info regatter mesh
re-ordering was incorrect; this has been fixed.

A.10 From version 0.2.1t0 0.3.0:

* Isotropic mesh adaption. The biggest user-visible change since the previous reisaggport for
isotropic mesh adaptation. Internally, GRUMMP has had fimietionality for a while, but by user
request, it's now accessible through the command linefater Basically, length scale information
can be supplied for some or all vertices in a separate filepsshopt2d / meshopt3d will modify the
input mesh to match that length scale. If no length scaleasiged, meshopt2d/3d behave as they
always have.

 Length scale improvements.Fixed a problem with length scale calculations that someticaused
a vertex to identify a bdry patch that was just -behind- theexe(and therefore not visible) as one of
its nearby patches. The 3D tire incinerator example was ¢oengtry that showed this problem the
most distinctly.



APPENDIX A. CHANGES BETWEEN VERSIONS 60

 Improved initial tetrahedralization. More incremental improvement to initial tetrahedralieati
most notably in merging co-planar input facets and bettedtiag of small angles between input
edges. The latter also has the effect of reducing output sigemoticeably for many input files with
small angles between edges.

— Added support for merging co-planar boundary patches inRi.input files that have large
numbers of co-planar triangles, this boundary optimizatian be a tremendous help in creating
the initial volume mesh. All vertices are guaranteed to biaévolume mesh, but there are no
guarantees about the surface triangles. (Command lineroptin for merge bdry patches.)

— Fixed a bug in handling surface recovery for multi-regionifdes in 3D. This bug often resulted
in failures near the end of initial tetrahedralization.

— Support for free vertices in input files for 3D meshes. Thatisertex can be pre-defined to
have a particular location -without- being connected toghdace mesh. (The point must lie
on or inside the domain, obviously.) Because of differenieeke way that 2D and 3D input is
handled, this capability is tricky to implementin 2D. Hovweeva currently-underway re-write of
all boundary input handling should enable this in 2D befotemlonger.

» Reordering of mesh entitiesbefore output to improve bandwidth and cache performancedivers
reading these meshes. Vertices are reordered using thrseevathill-McKee algorithm. Faces and
cells are reordered according to the sum of the indices afvketices.

» Support for long arcs: circular arcs longer than 180 degrees. An "arc" is still C@Wd < 180
degrees. A "longarc" is CCW and > 180 degrees between the tsemmmints.

 Fixed aminor edge swapping bugthat often resulted in a neglecting a few swaps.

* Internal changes tsupport the Terascale Simulation Tools and Technologies @TT) mesh inter-
face This is a language- and data-structure neutral interfaceetshing tools. For more information,
including links to the TSTT interface definition, see htipww.tstt-scidac.org.

» Fixed a GNU/Linux shared library creation bug. Added suppar shared libraries under AlIX (fi-
nally!).

» Made changes for GCC 3.x compatibility (mostly tighteninguse of std::) and to improve porta-
bility (mostly getting rid of uses of the GNU extension th#ows dynamic arrays to be declared as

name[run-time size].

* Removed some experimental and obsolete files from thehdiin.

A.11 From version 0.2.0.t00.2.1:

» Improved mesh coarsening This is by far the biggest change between versions. BothrRD3®
coarsening are affected. Coarse mesh quality for isotnoy@shes has improved significantly, as a
result of changing the way coarse mesh vertices are selédetdx removal efficiency is now better
in 3D, with typically fewer than one vertex in a thousamok removed as requested. Anisotropic
coarsening in 2D working very well; in 3D, anisotropic caarmg is miserably poor because of
challenges with mesh connectivity.
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» Corrected a series of small errors in mesh quality assessmen Minimum solid angle and the
aspect ratio measures now work in 3D. Also, ratio of incitoleircumcircle radius is now normalized
properly in 2D.

* Internal changes in how smoothing is handled These changes were made to allow solvers to call
GRUMMP meshing routines, including smoothing, withoutdieg to know how GRUMMP handles
things internally.

» Re-introduced the “precious boundary” flag. By popular demand, the flag that teflgt r a not to
modify the mesh boundary has been added back to the codehidskaty only in duress, because:

— Initial tetrahedralization still adds points to the boundahen it needs to.

— There are no mesh quality guarantees, or even practicat&tjpns, unless points can be in-
serted on the boundary. Things may work out for you, and thay not.

« Slightly improved diagnostics and on-the-fly repair for badinput files. Some 3D input files with
mis-oriented triangles can now be fixed. Others are idedti#&bad input files. Unfortunately, some
can still escape detection and cause code crashes aftecsuetcovery.

» Documentation now includes overview of algorithms useGRUMMP.

 Fixed a couple of egregious bugs in the rarely-exercisei@ dor reading 3D meshes in cell-vertex
(FEM) data structure.

* Fixed a small but annoying bug that made rgee versions fail to compile.

A.12 From version0.1.7t0 0.2.0:

 Improved robustness ininitial tetrahedralization. A few cases still fail, but changes to the heuristics
used in surface recovery break other cases. An area of vpsbwement over version 0.1.7, but more
work is still needed.

» Support forcurved boundaries in two dimensions Circles, circular arcs, and splines are supported,
as well as straight line segments. See the documentatiam fofor details about file format.

» Guaranteed-quality meshing In 2D, GRUMMP now generates meshes with all angles grelasar t
30°, except near input angles smaller than about 60°. Int3Dthteoretical guarantee is on the ratio of
edge length to circumradius; in practice, with smoothindJBP produces 3D meshes for “thick”
domains with dihedral angles in excess of 18°-20° (exceyatirg near small angles in the input). A
bonus with these new algorithms is that mesh generationtimiy fasterthan in version 0.1.7. (It
hardly seems fair that such a massive change in the intesh#ig code lead to only one item in the
change list...)

» Improved length scale calculation GRUMMP now uses, in both 2D and 3D, a much better approx-
imation to the true local geometric feature size.

 Global control of cell sizerelative to feature size and of the rate of change of cell(gjzmding). Both
of these accompany the improved length scale calculation.
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» Change in output format for multi-domain meshes Because of internal changes in data representa-
tion, output file format has been changed for multi-domaisines. As a result, two default file format
templates now exist, one each for single- and multi-domases.

* Internal cleanup continues Quite a bit of obsolete code has been deprecated, and mahgs#
pieces have been removed from the distribution.

A.13 Fromversion0.1.6ato0.1.7:

 Support fomulti-domain meshing. That s, it is now possible to specify a problem domain thasim
be meshed as two or more (max: 31) adjacent regions, withdhadaries between them meshed
consistently. This is the biggest addition to this versibGERUMMP.

» Improved boundary data input format . This was necessary to support multi-domain meshing, and
the new format was designed to be extensible, with an eyeattsmaeshing from non-polygonal/polyhedral
data.

» Improved geometric calculations GRUMMP often needs to know the orientation#f- 1 points in
N dimensions or whether a given point is inside the ball forimgl + 1 other points. Earlier versions
used simple floating point arithmetic to determine theseg$i and sometimes ran into trouble as a
result. This version incorporates adaptive-precisiosieais of these predicates that were developed
by Jonathon Shewchuk of U California, Berkeley, while he wa3hD student at Carnegie Mellon
University.

« File name changes All GRUMMP include file§ are now prefixed witltGR_ to avoid naming con-
flicts. Also, in deference to non-case-sensitive operagygiems, all C++ files now have.a&xx
suffix instead of C.

» Minor bug fixes. All but a couple of the problem input files sent to me aftersian 0.1.6 now work.

» Changes to quote handling for I/0O generation.The old way of handling non-keyword text in 1/0
template files made it impossible to have

x 0.5y 0.7

as a vertex coordinate line; the ‘x’ and ‘y’ were not handledgerly. These changes affect all cases
where quotes are used in template files, so check any tenfidatgou have created to make sure they
are compatible with the new form of quote handling.

» Unified | ex input files for I/O generation. All input generation is now done from a singlex
file, and all output generation is done from a (differentptén ex file. This removed inconsistencies
between the 2D and 3D versions of the I/O generation code.

2Except those for the logging and smoothing libraries, whiatre their own name space.
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A.14 From version0.1.6t0 0.1.6a:

» Support forHP-UX 10.20 with native compilers This required a large number of small changes,
with three common causes.

1. The HP-UX C++ compiler has a broken implementation ofitiime keyword: it chokes on
inline functions with loops instead of implementing thent-ot+line.

2. The HP-UX C++ compiler does link-time template instatntia.

3. A number of warning messages, for both C and C++ code, gafelpointers to idioms in the
code that were worth tightening up.

This cleanup should also improve portability to other neatfolrms, especially those wittf r ont -
based compilers.

Thanks to Aldo Bonfiglioli in the Faculty of Engineering atethiniversity of Basilicata for providing
accessing to an HP-UX 10.20 test machine.

» Minor improvements to theex input files for I/O generation.

A.15 From version0.1.5t00.1.6:

» Three-dimensional coarse mesh generatiofor multigrid. In principle, this could be done by run-
ning meshopt 3d -s 2. In practice, there is a useful optimization that allowsidagmoval of
nearly all of the extra vertices from the coarse masbar sen3d does this, and then behaves just
like meshopt 3d.

» Two-dimensional scattered data interpolation. A new executablescat 2d, has been added for
this.

 Default optimization parameter in 3D is now to swap and smooth, rather than using the much more
expensive refine-to-length scale.

 Improved quality of initially-generated meshes in 3D.
 Improved speedfor refine-to-length in 3D.

« HTML documentation added, both on the GRUMMP web page and in the doc/html directorpen t
distribution.

» Two new quality measuresin 2D. These are actually measures that were already ask@rt- ratio
of incircle to circumcircle radius, and ratio of area to pggter squared. However, in version 0.1.5
and previously, these measures were not implemented pyoper

» Surface vertex removalin 3D. There are a number of special cases that had to be inepkehbefore
this was safe.

* Unified smoothing calls in 3D.In version 0.1.5, surface smoothing was enabled only wher#nng
all vertices in the mesh. With the consolidation of some wape code, this problem has been fixed.
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« Internal code cleanup and optimization.

» Made logging more systematic.

A.16 From version0.1.41t00.1.5:

» Surface smoothingimplemented for points on flat surfaces (2D and 3D).

» Reconfiguration of non-planar surface edgesllowed in 3D up to a user-specified tolerance on
non-planarity.

* Length-scale calculation in 3Dnow much improved. Previously, this calculation was quierin
some circumstances. More work still needs to be done here.

 Unified sourcefor t ri /meshopt 2d andt et r a/meshopt 3d.

« Internal code clean up including some additional state info that will soon impegsoint deletion,
especially in 3D.

 Streamlined general mesh improvement algorithmvia better decision-making about which points
to try to smooth and which faces to try to swap in mesh impres@mSome speed improvement as a
result, but intrinsically slow.

» Mesh improvement with approximatetpnstant total mesh size
» Better documentation fashared library use with sh-type shells
» Documentation of command-limaesh optimization strings

» Attempt to improvecompatibility with HP-UX 10.x. There have been reports of some difficulties
with building GRUMMP on this platform. This is not a well-tes attempt at fixing the problem,
given my lack of an HP-UX 10.x test platform; if you try GRUMMn HP-UX 10.x with the native
compilers, let me know the results, good or bad.

A.17 From version0.1.3t00.1.4:

» Fixed major but subtlebug in internalLi st handlingthat caused segmentation faultgbug intro-
duced during cleanup for 0.1.3).

 Fixed crashwhen specifying e [ 01] int et r a andneshopt 3d.

» Minor cosmetic fix in conf i gur e.
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A.18 From version0.1.21t00.1.3:

Fixed bug in which inpuboundary conditions were not transmittedto the output volume mesh in
three dimensions.

Fixed bug in which som@put polygons were triangulated incorrectly due to a sorting ambiguity
on some machines (including IRIX and Solaris).

Corrected several erroneous input test files

Modified interface for scat 3d. Also,scat 3d will now optionally output the mesh generated from
data point locations as a tetrahedral volume mesh.

Modified the Makefi | e in src/ | O_gener at or . Previously, (undocumented) user intervention
was required to rebuild the mesh generation libraries witkt@m 1/0 formats. Now this is done
when one would expect; specifically, runnimgke in the directorysr ¢ or in the GRUMMP root
directory is sufficient to rebuild the I/O routines and adelthto the GRUMMP libraries, then rebuild
the executables.

Minor code cleanup fixing some (but not all) small complaints that HP-UX 10@Dandcc com-
pilers had.

confi gur e is now evensmarter about finding the f | ex/l ex library . Since some versions of
f I ex/l ex definemai n() as a macro and some defipgwr ap() as a macro, neither is certain to
be in the library. No known cases exist wheahmai n() andyyw ap() are macros, so checking
for both ensures that the library will be correctly identifiéit exists.

conf i gur e now accepts the optiors wi t h- ¢c- conpi | er =NAMEand- - wi t h- cxx- conpi | er =NAMVE
to allow specification of a native C or C++ compilerto be used if present in preference over
gcc/g++. On most machines this means checkingdorand CC; for AIX and OSF systems, the
correct local names are used. Alsmnf i gur e is smarter about paths when checking for native
compilers by full path name.

A.19 Fromversion0.1.1t00.1.2:

Fixed problem withinternal snpri nt f not null-terminating strings (caused bad file names).
Cleaned up ex input file syntax so that stricter versions dfex can parse them correctly.

AddedI/O files that were generated withex to source distributiofor systems without a working
| ex.

Added (at least partiagupport for DEC/OSF1 machines using native compilers.

Added native compiler check for IRIX, OSF1, and AIX machines so that the native compilers
will be used rather thagcc/g++ when the native compilers exist. This check is being added on
machine-by-machine basis, because some (including SurlO§ Bave broken native compilers.

Addedshared library support for OSF and FreeBSDmachines.



APPENDIX A. CHANGES BETWEEN VERSIONS 66

A.20 From version0.1.0t00.1.1:

« If shared libraries can not be builtatic libraries are used instead, and a message is printed by
conf i gur e requesting information to allow addition of shared libragpport.

e confi gur eisnowsmarter about finding thef | ex/l ex library . In particular/ usr/l ocal /1ib
is always checked, and a path name can be giveotd i gur e using--wi t h-f 1 ex- | i b- di r =DI RNAME.

 If | ex must be used instead 6t ex, don't request a case-insensitive lexerNecessary because
| ex -i fails on many systems.

» Fixed somdvakef i | e problemsthat affected IRIX 6.x.
» Addedsupport for Solaris/gccmachines.
» Enabled -s option fortri .

 Improved length scale generatiorfor two-dimensional meshes.
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