European Congress on Computational Methods in Applied Sciences and Engineering

ECCOMAS 2000

Barcelona, 11 - 14 September 2000

~ ECCOMAS

PARALLEL, THREE - DIMENSIONAL FINITE ELEMENT MESH

GENERATION BASED ON OCTREE DATA STRUCTURES

1,2

A.J Barragán*,

1

J. S. Reeve

1 Electronics and Computer Science Department, Southampton University, Sout hampton, UK

2 Escuela de Ingeniería Mecánica, Universidad Central de Venezuela, Caracas, Venezuela

Email: aj bg96r@ecs.soton.ac.uk

Key words: Octree, Mesh Generation, Finite Element, Parallel Computing, Message Passing, Linux, Cluster

computing.

Abstract. T his paper describes the implementation of a three - dimensional mesh generation program based on

octree data structures, capable of generating large meshes, operating in a parallel, distributed memory

computing under the Single - Program, Multiple - Data model o f computation. In order to compensate for the

limitations in the standard octree technique, some enhancements to it are developed and implemented, based on

the authors´ previous work 12 for two - dimensional problems. Also, communication routines are develope d for the

exchange of information among processors. Using both the enhanced data structures and the communication

routines developed, algorithms are then created for performing the octree mesh generation. Finally, some test

runs are carried out on sample m eshes in a cluster of Linux workstations using the MPICH library and GNU C

compiler, and graphs of computing time vs number of processors are obtained.

1 INTRODUCTION

Finite element mesh generation has reached a respectable degree of maturitysince its beginnings, having

evolved fromjust manual procedures for feeding input data to finite element programs, to becoming integral part

of the solution process in which the d esign of the mesh is linked to the goodness of the finite element solution

through error indicators, in iterative process called adaptivity. Nowadays, mesh generation is also linked to

sophisticated methods for representing complex three - dimensional models in an attempt to whollyautomate the

design - analysis process.

An important requirement is the need for bigger meshes. While it maybe argued that adaptivityaims at

refining a given mesh onlywhere it is required and thus achieve an ^economical~ mesh, the verynature of the

finite element method states that as the number of elements grows (appropriately), the behaviour of the

discretised model will approach (asymptotically) the behaviour of the exact solution. On the other hand,

extremelycomplex geometrie s, mayrequire a veryhigh level of resolution to be properlyrepresented, which

again calls for verylarge numbers of elements.

More recently, the availabilityof high performance computing (HPC) has opened the door to the use of

bigger meshes. T his maya llowfor more accurate geometric representations in some cases, and more precise

iterative methods in others. HPC has become more available for two main reasons: On one side, the increasing

ratio performance/cost in hardware, and in the other, the availabi lityof parallel computing, once the domain of

highlyspecialised (and equallyexpensive) hardware, now with the existence of programming tools such as the

Message Passing Interface Library(MPI), has been made portable to environments such as networks of

workstations or PCs, making such platforms appealing to those interested on solving this type of problems.

2 RELATED WORK

Spatial subdivision techniques, pioneered for finite element mesh generation byYerryand Shephard 1,2 ,

require its own approach to par allelism, as discussed in Simone and co - workers

10,11 . T heydiscuss on tools and

techniques for handling octree - based mesh generation in a distributed computing environment. Issues addressed

are load balancing procedures based on the partitioning of the dat a and the migration of the octants fromhighly

loaded to lightlyloaded processors.

Saxena and Perucchio 4 give definitions of algorithmic parallelismin automatic meshing in the context of

Recursive Spatial Division (RSD). T heyargue that the properties of RSD can be exploited to design a meshing

algorithmcapable of operating in parallel processing environments. T heypresent a definition of a meshing

operator for parallel processing and also algorithms for various stages of the automatic meshing.

Lohner, Canberros, and Merriam 3 developed a systemfor parallel unstructured grid generation based on the

background mesh concept, using a relativelycoarse starting mesh whose elements are distributed to the

processors for further meshing. Likewise, Hodgson and J imack 9 use also the same approach in which elements of

the background mesh are assigned to each processor to be meshed individually. Load balancing is accomplished

byestimating the number of vertices that will be generated within each background element, and splitting the

mesh accordingly.

deCougnyet al 5 give some details of a parallel mesh generator based on the RSD approach in a MIMD

environment. T he approach used for load balancing is a bisection - based algorithmthat splits portions of the data

accordi ng to geometric co - ordinates. T he main data structures are the mesh and the tree, which must be built

initiallyin a single processor to be distributed afterwards over all the processors.

Vidwans et al 7 develop an algorithmfor load balancing three - dimensi onal unstructured meshes in adaptive

processes for fluid dynamics. T heir approach employs migration of cells fromheavilyloaded processors to less

loaded neighbouring processors. Later, Globisch 8 presents a programfor the parallel generation of tetrahedr al

meshes in bodies with symmetryof revolution. T he strategyis based on the initial decomposition of the region

into simplyconnected sub - domains and then scattering themamong the processors.

3 DESCRIPTION OF THE TECHNIQUE

T o generate a mesh with this t echnique, first an octree representation is obtained of the region of interest. As

a result of this step, the shape of the region is approximated bya set of cubic regions of varying size called

octants, stored in a eight - node tree data structure. In what follows, the octants will be termed ^nodes~, to use the

tree nomenclature. Nodes that have been divided are termed ^branch~ and those not divided ^leaf~ ones.

As the tree is created, the subdivision is applied onlyto the nodes that intersect the boundary of the region

(ON nodes). Unless otherwise specified, the inside nodes are not subdivided to the same level, resulting in

adjacent nodes of different size. As a consequence, a given node mayhave one or more of its corners lying along

the sides/faces of a n adjacent one. Froma finite element point of view, the location of a neighbour´s corner along

the side of a node must meet some limitations, so a maximumdifference of level equal to unityis usually

enforced. As a consequence, location of intermediate n odes will be at the middle of a side/face, which is allowed.

T he following step is to transformthe tree structure in such a wayto make the ON nodes conformto the

boundaries. T o achieve this, theyhave to be modified to make them^fit~ to the boundaries of the region. Figure

3.1 shows a two - dimensional region and its tree subdivision.

4 IM PLEM ENTATION

T he parallelisation strategychosen in this work is based in the master - worker paradigm, which in turn is

based in a Single - Program, Multiple - Data (SPMD) mo del of computation. T his will allowthe resulting program

to be run in a varietyof computing platforms ranging from multiple - processor machines to clusters of

workstations which could be of heterogeneous type. In this type of computing environment, interp rocessor

communication can be veryexpensive, and as a consequence, a desirable feature of the software to be developed

is that such communications are reduced as much as possible.

T he main feature of the parallelisation based on the master - worker model of programming is its impact on the

design of the program. Initially, the programhas been based on recursive procedures which in turn are based on a

data structure that in itself is recursive, as is the octree.

T he standard octree technique relies on the us e of dynamic memoryallocation and being pointer - based,

requires absolute memoryaddresses. T hese, being referred to a machine´s memory, are local bynature and lose

all of its meaning when sent out of the machine. After an investigation into the nature an d the types of data that

can be handled bythe MPI standard, it was concluded that an adequate message passing could be achieved using

static data structures, that is, arrays. T his led to the definition of the main data structures for the parallel program

which are based in the octant as the fundamental type, but nowarrays of such structures are used in addition to

the tree. T his way, the tree is stored in an arrayof octants.

T his arraygrows as the subdivision proceeds until the resolution level is reac hed. T hat is, is a dynamic data

structure, whose growth comes fromthe newIN or ON sons that are added to it. T he role of the master processor

is to create an initial array, and to split this arrayinto sub - arrays, which are sent to the worker processors. T his

way, everyprocessor works on a local queue where the more computationallyintensive operations, (e.g.,

classifying everynewoctant against the model boundary) are carried out.

Keyto the successful implementation of the software is the identificati on of those steps in the mesh

generation process in which some kind of geometric search is required. T his is so because in those cases it is very

likelythat some amount of inter - processor communications will become unavoidable, and it will have to be

hand led with the proper care.

T hose stages of mesh generation that require geometric search have been identified to occur during neighbour

finding and during octant modification. In the first case, the neighbours of each boundaryoctant have to be

located. T h e second case arises when the boundaryoctants are being fitted to the boundary, and nodes have to be

moved, created or deleted. T hese operations involve locating adjacent octants, which maynot have been

allocated in the same processor.

T he above mention ed poses the need for a data structure that can reduce the inter - processor communications

to a minimumin viewof the limitations of the SPMD model used. In the present work, this situation as been

addressed bythe use of procedures that involve sorting of the queue created in the first stages, combined with an allocation strategythat splits the queue according to a histogram. First, the queue is sorted according to ascending

values of the geometric coordinates of one of the octant corners. (Fig 4.1)

Next , a histogramis created fromthese coordinate values, which allows the queue to be split among the

processors according to discrete ranges of the coordinates (Fig. 4.2). T his maycreate a slight imbalance in the

number of octants allocated to each process or, but on the other hand, it does produce an organisation of the data

that reduces the amount of inter - processor communications.

T he combination of sorting plus splitting according to the histogramproduces a situation in which each

processor receives a sorted sub - queue in which onlythose octants ^close~ to the ends will be likelyto have

adjacent octants in another processor´s loc al queue, but byvirtue of the sorted nature of the local queues, it will

onlybe in those processors containing the immediatelyadjacent queues.

As a consequence of all this, a topologyis induced among the processors, which mirrors closelythe

distribut ion of octants in the sorted queues. T hat is, each processor will onlyrequire communications with its two

adjacent neighbouring processors (Fig 4.3).

T he adjustment of differences of level between adjacent octants proceeds according to the following

consi derations: As the octants are divided to different levels, there can result in adjacent octants having an

arbitrarydifference of level between them. Fromthe finite - element point of viewthis can lead to unacceptable

configurations, since intermediate nod es along an arbitraryposition on element edges sides might appear, thus

violating rules about the positioning of mid - side nodes or requiring formulation of non - standard interpolation

functions.

T o prevent this fromhappening, steps must be taken to insur e that the difference of level is at most unity. T his

is achieved bylocating the neighbours of each leaf node. For each of such neighbours, if the difference of levels

exceeds unity, the bigger octant is divided. T his division creates newsons that must b e added to the data structure

and which in turn must be checked for difference of levels. T he process is repeated until no more newoctants are

created.

Keyfor the adjustment of differences of level is the technique used for locating the octants adjacent to a given

one. In a sequential, pointer - based octree this is achieved bytraversing the father - son links. In a parallel,

distributed memoryenvironment, the lack of absolute memoryaddresses makes that not possible and alternative

methods must be used. In this work, use is made of the spatiallysorted nature of the arrays of octants (as

mentioned above) to reduce the search space for neighbours, therebyreducing the amount of inter - processor

communication.

5 RESULTS AND DISCUS SION

T o assess the performance of the program, test runs were made on two different geometries, which are shown

in the figures 5.1 and 5.2. T he computing environment is a cluster made of commoditycomponents, consisting of

8 single processor Athlon (AMD - K7) machines running Linux Red Hat 6.0. T he systemhas an aggregate peak

performance of 900 MegaFlops, with 2 GigaBytes of RAM memoryand 100 GigaBytes of disk space. T he

programming tools are the MPICH software on top of the GNU C compiler.

For the examples the subject of the tests wa s to see howthe required time was influenced bythe number of

processors, and so a number of runs were done for each one with a number of processors ranging fromthree to

the full eight processors available. T he results are shown in the graph of figure 5. 3.

Fromthe curves shown, it can be seen that there is a marked decrease in time as the number of processors

grows, as it was expected. Also is important to note that the shape of the curves is roughlythe same, although

example 2 displays a steeper decrea se in required time in the lowrange of processors. Another feature worth of

mention is the decrease in the slopes of the curves as the number of the processors increases. It is also worthyof

notice howthe balance of load per processor, that is, the rati o computation/communication ranges from

predominant computation for lownumbers of processors, to predominant communication as the number of

processors grows and the computing load per processor becomes lighter.

REFERENCES

[1] M.A. Yerryand M.S. Shephard , ^Automatic mesh generation for three dimensional solids~ Computers &

Structures , 20, 31 - 39 (1985).

[2] M. S. Shephard and M.K. Georges ^Automatic three - dimensional mesh generation bythe finite octree

technique~. IJNME , 32 ,704 - 749 (1991).

[3] R. Lohner , J. Camberros, and M. Merriam, ^Parallel unstructured grid generation~, CMAME , 95 , 343 - 357

(1992).

[4] M. Saxena and R. Perucchio, ^Parallel FEM algorithms based on recursive spatial decomposition - I.

Automatic mesh generation~, Computers &Structures , 4 5 , 817 - 831 (1992).

[5] H.L. de Cougny, M.S. Shephard and C. Ozturan, ^Parallel three - dimensional mesh generation~, Computing

Systems in Engineering , 5 , 311 - 323 (1994).

[6] W. Gropp, E. Lusk, and E. A. Skjellum, Using MPI: Portable Parallel programming with the Message

Passing Interface , T he MIT Press (1994).

[7] A. Vidwans, and Y. Kallinderis, ^Parallel dynamic load - balancing algorithmfor three - dimensional adaptive

unstructured grids~, AIAA Journal , 32 , 497 - 505 (1994)

[8] G. Globisch, ^On an automatically parallel generation technique for tetrahedral meshes~, Parallel Computing ,

21 , 1979 - 1995 (1995)

[9] D.C. Hodgson, and P.K. Jimack, ^Efficient parallel generation of partitioned, unstructured meshes~,

Advances in Engineering Software 27 , 59 - 70 (1996)

[10] M.L. Simone, R.M. Loy, M.S. Shephard, and J.E. Flaherty, ^A Distributed Octree and its application to

Parallel Mesh Generation~, SCOREC Report # 23 - 1996 , Scientific Computation Research Center,

Rensselaer Polythecnic Institute, T roy, NY, USA (1996)

[11] M.L. Simone, H. de Cougnyand M.S. Shephard, ^T ools and T echniques for parallel Grid Generation~,

SCOREC Report # 5 - 1996 , Scientific Computation Research Center, Rensselaer Polythecnic Institute, T roy,

NY, USA (1996).

[12] A.J. Barragán and J.S. Reeve, ~A T wo - Dimensional parallel quadtree finite element mesh generator~.

Parallel Computing 99 Conference, Delft, Holland, August 17 - 20 (1999).

ACKNOWLEDGEM ENTS

T he first author wishes to express his gratitude to the Consejo de Desarrollo Cientifico yHumanis tico of the

Central Universityof Venezuela, whose support for the realization of his PhD has contributed to the present

paper. Also, the cooperation of Mr Panagiotis Melas in the setting up and use of the hardware is highlyregarded.

Figure 3.1. a 2 - D region and its tree representation

x1 x2 x3 x4 . . . xN

Figure 4. 1 Sorting of the data structure according to ascending values of x - coordinates

x1 xN

p1 p2 p3 . . . . . . . . pM

Figure 4.2 Allocation of the data structure to processors p1 to pM

p - 1 p p+1

Figure 4.3 Exchange of information between a processor ^p~ and its adjacent processors

Figure 5.1 Example 1

Figure 5.2 Example 2

A. J. Barragán, J.S. Reeve

Figure 5.3 Speed - Up graphs. Runtime vs Number of Processors.

0

200

400

600

800

1000

1200

1400

1600

3 4 5 6 7 8 9

No. ofP roc es s ors

Time (seconds)

Mes h 2:

42000

E lems .

Mes h 1:

28000

E lems .