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Abstract

Mesh generation is a critical step in high ¯delit y computational simu-
lations. High qualit y and high density meshesare required to accurately
capture the complex physical phenomena. A parallel framework has been
developed to generate large-scale meshes in a short period of time. A
coarsevolume mesh is generated ¯rst to provide the basis of block inter-
faces and partitioned into a number of sub-domains using METIS par-
titioning algorithms. A volume mesh is generated on each sub-domain
in parallel using an advancing front method. Dynamic load balancing is
achieved by evenly distributing work among the processors.All the sub-
domains are combined to create a single volume mesh. The combined
volume mesh can be smoothed to remove the artifacts in the interfaces
betweensub-domains. A void region is de¯ned inside each sub-domain to
reduce the data points during the smoothing operation. The scalabilit y
of the parallel mesh generation is evaluated to quantify the improvement.
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1. In tro duction

Meshgenerationis an essential step in computational simulations requiring high
quality meshesto accurately capture the complexphysical phenomena.Today's
computational systemsenable us to solve a problem with a mesh having tens
of millions of nodes. Generating such a mesh on a single machine, however,
is a challenging task in view of Central ProcessingUnit (CPU) time as well
as memory requirements. Generating meshesin a parallel environment reduces
huge amount of time required for large scalemeshgeneration.

Advancing front [11, 7] and Delaunay triangulation [2, 12] methods are
widely usedfor generatingtetrahedral meshessequentially aswell as in parallel.
In parallel mesh generation, the domain to be meshedis usually decomposed
into a number of sub-domains, and a mesh is generated on each sub-domain
in parallel. The starting point of parallel mesh generation can be a surface
mesh or a volume mesh. LÄohner et al. [10] present a Parallel Advanced Front
Technique (PAFT) for distributed memory machines. The method subdivides
each submeshinto an interior region and interfaceregions. Each processorreads
a submeshand re¯nes the interior region independently . Once all the interior
regions are re¯ned the processorsre¯ne the interface regions, and ¯nally the
corners. It appears from [10] that the order in which the interior and inter-
faceregionsare re¯ned doesimpact the performanceand code complexity. The
processorssynchronize locally, becauseno new elements can be inserted in the
interfaceand corner regionsbeforethe meshingof adjacent interior and interface
regions, respectively.

LÄohner [9] revisits the parallel AFT. An octree is employed in order to de-
compose the continuous geometry and maximize code re-use for parallelizing
the AFT on sharedmemory computers. The new PAFT re¯nes the interior oc-
tants only along the active front of the AFT. The octree is partitioned along the
active front by partitioning the terminal octants. Clusters of terminal octants
that maximize data locality are processedindependently . Therefore, portions
of the active front can be processedconcurrently . The new PAFT meshesthe
domain in phases. At each phaseof the AFT the active front expands and a
new one is created. Then the octree is re¯ned and re-partitioned again. This
processcontinuesuntil the whole domain is meshed.The PAFT synchronizesat
the beginning of each phasein order to sequentially re¯ne and re-partition the
global octree, for the new active front, whoseterminal octants will be re¯ned in
parallel. The PAFT method is suitable for shared memory machines, but it is
ine±cient on large-scaledistributed memory parallel platforms for two reasons:
1) the global synchronization required at the beginning of each phase,and 2)
the data movement for gathering (into a single node) and for scattering (back
to all nodes) the global octree before and after its sequential re¯nement and
re-partition.

De Cougny et al. [3] proposea Parallel Octree AFT (POAFT). The POAFT
method, ¯rst, generatesa distributed coarse-grainoctree using a divide-and-
conqueralgorithm. The terminal octants and the geometric model of a domain
de¯ne the sub-domains. The terminal octants of the octree are classi¯ed into
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interior, interface, boundary, and complete. Interface octants have at least one
adjacent octant which is not local. Boundary octants include meshentities from
the input surface mesh while complete octants contain no front faces. Before
the boundary octants are re¯ned and mesheda re-partitioning might take place
if necessary. The meshing of boundary octants is a challenging task. Every
processorapplies a tree-basedface removal procedure in order to connect the
input surface mesh with the volume mesh of the interior octants. The face
removal (from the active front) is a basic operation in AFT and is used to
connect a front-face to a vertex which is drawn from a \neighborhood" of the
front-face. The parallel face removal portion of the \neighborhood" might be
on a remote processorand a target vertex cannot be found locally; in this case
the face removal is postponed. This will create unmeshedregions between the
terminal interface boundary octants and input surfacemesh. The POAFT re-
partitions the active terminal interface boundary octants and face removal is
applied until there are no active front faces.This processis repeateduntil there
are no unmeshedregions.

Both methods have the same two features. One is that the sub-domain
limits or internal boundaries (in other words, interfacesbetweensub-domains)
are speci¯ed beforehandso that no extra communication is required during the
meshgeneration in parallel. If a node is added on an interface, the information
of the node should be transferred to the processor that is in charge of the
neighboring sub-domain. This can result in heavy communication overhead.
The other is that the starting point of the parallel meshgeneration is a surface
mesh. This feature is preferred to generatehuge meshesin a few steps. Their
parallel performance, however, may be sacri¯ced when the domain de¯ned is
divided into a number of sub-domainsbecausethere is no explicit information
for interfacesof the sub-domains.

Computational simulations sometimesrequire several meshesfor the same
geometry and domain in the di®erent sizes. Parallel mesh generation starting
from a coarsevolume meshcan be an alternativ e becausethis approach enables
robust domain decomposition. In addition, the communication can be mini-
mized between processorsduring the parallel mesh generation becauseall the
sub-domains can be easily de¯ned beforehand. In this approach, the surface
meshesfor the decomposedsub-domainsare extracted and re¯ned. After that,
a tetrahedral meshgeneration method is applied for each sub-domain.

In this paper, we proposean unstructured parallel meshgenerationapproach
using an AFT starting with a coarsevolume mesh. The steps involved in this
framework are as follows: 1) prepare a coarsevolume mesh to provide the ba-
sis of block interfaces,2) perform domain decomposition, 3) extract boundary
data as a surfacemesh for each sub-domain and re¯ne all the surfacemeshes,
4) generatea tetrahedral volume meshfor each sub-domain,5) combine volume
meshes,and smooth the elements near the arti¯cial interfacescreated in Step 3
as an option. METIS [8] is used for domain decomposition basedon the eval-
uation of several domain partitioners [1]. During the parallel meshgeneration,
MessagePassing Interface (MPI) [4] is used for inter-processcommunication.
An advancing front method is usedfor the tetrahedral meshgeneration to eas-
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ily preserve the connectivity of the surfaceboundaries[7].

2. Parallel Mesh Generation

2.1. Creation of Sub-domains

In our approach, a coarsemeshis prepared as the starting point of the parallel
mesh generation. For the e±cient execution of computational simulations on
high performanceparallel computers, a good quality partitioning algorithm for
tetrahedral meshesis required. Good quality partitions are nothing but par-
titions with almost equal number of mesh elements and a smaller number of
faceson the interfaces so that the inter-processorcommunication required to
perform the information interchange between adjacent elements is minimized.
To achieve this, METIS, a software packagebasedon a multilev el graph parti-
tioning method, is employed.

METIS decomposesthe original coarsevolume mesh into a user-speci¯ed
number of sub-domainsM . Boundary data for the sub-domainscanbeextracted
easily in the form of surface meshes. Note that boundary triangles on the
interface between two sub-domainsand boundary edgesshared by more than
three sub-domains should be identi¯ed in this stage to prevent the creation
of duplicated faces. The boundary data have two types of faces: oneson the
physical surfaceboundaries and the others on interface boundaries. A surface
meshextracted from a sub-domainsde¯ned by METIS sometimescontains edges
sharedby more than four triangles, which also should be identi¯ed.

Basically, each edgeof the surface meshesis divided by a certain number
nd, which controls the sizeof the ¯nal volume mesh. Too small edges,however,
becomemuch smaller edgesif they exist and if every edge is divided by the
samenumber. This situation should be avoided. At each node i , calculate the
averagelength of connectededges¹l i . Since each edgej has two nodes i 1 and
i 2, the number of division can be calculated as follows:

ndj =
2nd l j

¹l i 1 + ¹l i 2

; (1)

where l j is the length of edge j . Each triangle is then subdivided using a
Delaunay triangulation method in 2D as shown in Figure 1.

The ¯delit y of surfacemeshesto the original surfaceboundaries is often es-
sential for numerical simulations. The nodes on the surfaceboundariesshould
be interpolated using a higher order method, such asa quadratic triangle shape
function, based on the original coarsemesh or the initial geometry [5] (Fig-
ure 1c). Triangles on the surface boundaries are re¯ned in 2D ¯rst and the
locations of new nodes are interpolated using a higher order method to avoid
creating invalid triangles. Then triangles on the internal boundariesare re¯ned.

Becausethe mesh decomposition using METIS and the surface re¯nement
by the Delaunay triangulation method do not take much time, only the master
processordoes all the tasks, while the slave processorsare in blocked state.
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(a) (b) (c)

Figure 1: Sub-domainsfor a sphere: (a) an initial coarsetetrahedral mesh(1,457
tetrahedra); (b) re¯ned surface mesheson sub-domains(M = 4, nd = 5); (c)
interpolation of nodeson the surfaceboundariesbasedon a quadratic triangle
shape function

Volumemeshgenerationis performedin parallel using the re¯ned surfacemeshes
for the sub-domainsusing an AFT [7]. Sub-domainboundary data are stored on
the hard disc drive once,and the master processordistributes loads to the slave
processorsusing the MPI library . Although METIS createsfairly balancedsub-
domains, the following estimated load of sub-domain i , which is the estimated
number of tetrahedra to be created, is consideredto ensurethat the loads are
almost equally distributed to each processor.

L i =
Vi nf i

Si
; (2)

whereVi , Si and nf i denotethe volume of sub-domaini , the areaand number of
triangles of the boundary of sub-domaini , respectively. The sub-domainsshould
be sorted in the ascendingorder of L i , e.g., sub-domain 1 has the smallest L .
Assume that we have M sub-domains and N processors. M À N because
the runtime required to generate a volume mesh using an AFT is generally
proportional to at least n logn due to geometric search required in the process,
wheren is the number of nodesor tetrahedra to be generated. Processorp (= 1
to N ) receivessub-domainsp;2N ¡ p + 1; p + 2N; 4N ¡ p + 1; p + 4N; : : :

The barrier type of synchronization is usedto achieve synchronization of the
processors.In this synchronization method, each processperforms its work until
it reachesthe barrier. It then waits for the other processesto ¯nish their tasks.
When the last processreachesthe barrier, all processesare synchronized. After
that all the processesare automatically releasedto continue their work. The
master node performs synchronous communication operations to communicate
with slave processes.Sincethe AFT preservesthe connectivity of the boundary
data, extra communication between the processorsis not required during this
parallel meshingprocess.The tetrahedral meshingmethod ensuresthe quality
of resulting meshesby employing an angle-basednode smoothing method [6]
and faceswapping basedon the Delaunay property.
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(a) (b) (c)

Figure 2: Mesh generation for a sphere: (a) Voids de¯ned inside sub-domains
to minimize required data size; (b) Final volume mesh (82,424 tetrahedra);
(c) Skewnessof tetrahedra in the spheremeshesbefore and after applying the
angle-basednode smoothing method

2.2. Com bining volume meshes for all the sub-domains

After the generation of tetrahedral meshesfor all the sub-domains,they should
be glued if their size is not huge to create a single volume mesh as shown in
Figure 2. If the internal boundary data are kept in the stage of the bound-
ary re¯nement, the same nodes are identi¯ed by integer indexes, not by xyz
coordinates, which enablesrobust and fast search for the samenodes.

The tetrahedral elements, however, may not be in shape near the interfaces
arti¯cially de¯ned in Section2.1. Their quality can be improved using the same
quality enhancement methods implemented in the tetrahedral meshgenerator.
Weonly apply the angle-basednodesmoothing method in this stageto minimize
computational time. Sincethe elements far from the interfaceshavealreadybeen
smoothed enough during the stage of the volume mesh generation in parallel,
they can be removed in this processas shown in Figure 2b to minimize the
data required to input. The elements lessthan the 2nd level from the interfaces
(zero level) are smoothed. The quality of the mesh before and after this local
smoothing approach is shown in Figure 2c. The skewnessof tetrahedron i is
de¯ned as follows:

" i =
Vi opt ¡ Vi

Vi opt
; (3)

whereVi is the volume of tetrahedron i and Vi opt is the volume of an equilateral
tetrahedron having a circumsphere with the same radius. If " i is zero, the
tetrahedron is equilateral.

3. Applications

In this section, two examplesare shown. For generating these meshes,a 128-
processorIBM Linux cluster is used,each node of which hasDual Xeon 2.4GHz
processors.
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(a) (b)

Figure 3: A mouse skull model: (a) an initial coarsemesh; (b) sub-domains
de¯ned by METIS

(a) (b)

Figure 4: A mouseskull model: (a) speedupsobtained for the generation of a
volume mesh; (b) skewnessof the tetrahedra

3.1. Mouse Skull Mo del

Figure 3 shows an initial volume mesh for a mouseskull model basedon com-
puted tomography (CT) data, which has 14,614nodes and 67,900tetrahedra.
To demonstrate the scalability, the same ¯ner volume mesh is created using
the di®erent numbers of processorsas shown in Figure 4a. The original coarse
volume mesh is decomposedinto 2,048sub-domainsin each caseusing METIS
(Figure 3b), and nd is set as 8. The ¯nal ¯ne volume meshhas 2,863,992nodes
and 16,361,376tetrahedra without applying the quality enhancement methods
near the interface regionssince the quality of the mesh is acceptableas shown
in Figure 4b. In the sequential case,the required time for each processis 633
secondsfor the surface re¯nement, 16,558seconds(4.6 hours) for the volume
mesh generation for the 2,048 sub-domains,and 6,599 seconds(1.8 hours) for
gluing all the sub-domainsand validating the quality of the ¯nal mesh.

The volume mesh generation in parallel achieves excellent scalability. The
overall performancebecomesworsewhen the number of processorsis increased
becauseonly the master processorhandlesthe surfacere¯nement and the bind-
ing of the sub-domain meshes. The size of the ¯nal volume mesh is small in
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Figure 5: Side and top views of an initial meshfor a human brain model

Figure 6: One of 2,048sub-domainsof a human brain model

this case,and the required time for the surface re¯nement is relatively high.
The surfacere¯nement in parallel, however, may be required. Sincenumerical
simulations based on a huge mesh usually require the domain decomposition
beforehand,the meshesfor sub-domainscan be kept separately.

3.2. Human Brain Mo del

Figure 5 illustrates an initial volume mesh for a human brain model based
on CT data, which has 123,114nodes and 652,464tetrahedra. The volume
mesh is divided into 2,048 sub-domains, one of which is shown in Figure 6
(nd = 8). 64 processorsin 32 nodes are used to generatea ¯ner mesh. The
overall runtime is 115 minutes. Figure 7 shows the overall performanceof our
mesh generation method. In this case, the ¯nal mesh, which has 22 million
nodesand 132 million tetrahedra, is stored separatelyas the sub-domains. The
volume meshgeneration in parallel achievesexcellent load balancing. However,
the overall system including the subdivision of the surfaceboundariesdoesnot
work very well. This is due to the data transfer through the hard disc drive.
Although only the master processoris in charge of the domain decomposition
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Figure 7: Overall performancein the human brain case(N = 64)

and the surfacere¯nement at the ¯rst stageof the parallel meshgeneration, the
required computational time is short (less than 5 minutes in this case). When
the master processor¯nishes the surface re¯nement, the information on the
surface boundaries is stored on the hard disc drive once, and then each slave
processorsstarts to create volume meshes. To avoid writing on the hard disc
drive, the surfacemeshre¯nement in parallel may also be required.

4. Conclusions

A parallel environment for large scalemeshgenerationis implemented. A coarse
volume mesh is generatedto provide the basis of block interfacesand it is de-
composedinto a number of sub-domainsusing METIS partitioning algorithms.
The surface meshesof the sub-domainsare extracted and re¯ned using a De-
launay method in 2D. To achieve the geometric ¯delit y, the locations of nodes
on the surfaceboundariescan be calculated using a secondorder interpolation
method. A meshis generatedon each sub-domain in parallel using an advance
front method, and then all the sub-domains are combined to create a single
tetrahedral mesh. To remove the artifacts near the interface regions due to
the domain decomposition, an angle-basednode smoothing method can be ap-
plied as an option. A void region is de¯ned in each sub-domain to reduce the
data points during the process. Excellent load balance is achieved based on
the number of faces,area and volume of each sub-domain. With the parallel
meshgeneration approach, turnaround time for the meshgeneration processis
signi¯cantly reducedand high quality meshesare obtained.
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