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Abstract 
The authors have been developing a finite element based simulation language system 
FEEL (Finite Element Equation Language). The current version of the system has the 
functionality to generate a portable message-passing parallel program from a user's de
scription of 2D partial differential equations. This paper introduces the FEEL system 
with an emphasis on its parallel program generation functionality. Discussion will be 
presented on how this tool can contribute to finite element programmers from several 
viewpoints. Since the development of efficient message-passing parallel programs requires 
a good knowledge of the target parallel computers, the functionality is expected to help 
numerical analysts who have need to develop finite element programs which require high
performance computing resources. 
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1 INTRODUCTION 

Although distributed memory parallel computers have been attracting attention in many 
application fields for more than a decade, they are not as popular as initially expected. 
This gap between need and reality is partly due to the inherent difficulty in writing effi
cient, reliable and portable parallel programs by ordinary programmers. On a distributed 
memory parallel computer, programmers are expected to have a good knowledge of the 
target computer, in addition to numerical aspects of the application. 

Much research has been conducted to develop parallelization support tools based on 
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dependency analysis. This approach has proven to be efficient for vector computers and 
shared memory parallel computers. However the approach is not so efficient for distributed 
memory parallel computers, partly because that parallelism in physical and/or mathemat
ical levels must be reflected in parallel programs. This observation indicates that there 
exists an inherent difficulty in realizing an efficient parallelization tool with this approach. 
High Performance Fortran (HPF) has been expected to be the next generation standard 
language for parallel programming. Ideally, programmers only need to specify data dis
tribution. However, the applicability of the current HPF is limited, and not suited to 
unstructured mesh problems. Another approach to writing a parallel program is to use a 
message passing library such as MPI (Message Passing Interface). At this moment, this 
approach is almost the only way to write a portable parallel program which can attain 
reasonable parallel performance on a wide range of parallel computers. However, this 
approach requires a good knowledge of the parallel computers. 

The authors have been developing a simulation language system, named FEEL (Finite 
Element Equation Language), for finite element analysis (Fujio, et al., 1993). The main 
objective of this system is to provide a high-level programming interface for the authors of 
finite element programs. Another objective is to provide a means to effectively use high
performance computing environments. In this context, supporting distributed memory 
parallel computers is one of the most important subjects. The most recent version of the 
FEEL system has a functionality to generate a parallel finite element program based on 
the mesh partitioning method (Sugihara, et al., 1995). Since this parallelization method is 
"orthogonal" to the mathematical discretization (and linearization) which are described by 
users, we succeed in hiding parallelization tasks from users. Since the generated programs 
by FEEL are written in Fortran with the message passing interface MPI, they retain high 
portability, and can run on a variety of parallel computers. 

Research and development aiming to hide the overhead due to parallel computing has 
also been conducted by Houstis et al. (1992) as well as by Ohkouchi et al. (1994). Their 
main efforts are for the finite difference discretization, while the authors' work is for the 
finite element discretization, whose parallelization seems more difficult for non-expert 
users. Another difference may come from the availability of standardized communication 
libraries such as MPI. Recent progress in standard communication libraries, available on 
many parallel computers, makes it easier to realize portable parallel programs. 

In this paper, we first outline the FEEL system configuration, language specification, 
and the parallel algorithm used. We then show some results on parallel performance 
evaluation on the NEC Cenju-3 parallel computer. In Section 6, we discuss how the FEEL 
system can contribute to finite element programmers. 

2 FEEL SYSTEM OVERVIEW 

2.1 Objectives 

One of the main objectives of FEEL is to provide users a high-level programming interface 
for numerical analysis by finite element methods. A user may want to apply a state-of-the
art numerical method to the user's problem, and confirm whether the method works for 
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Figure 1 FEEL system configuration. 

that problem. A user may want to develop a new method, e.g., a new type of element, a new 
linearization scheme, etc., and check if it works for a problem. Another important objective 
is to provide a means to have easy access to advanced High-Performance Computing and 
Networking (HPCN) environments. In particular, the functionality to generate an efficient, 
reliable and portable program for a distributed memory parallel computer is important. 

2.2 System configuration 

Figure 1 shows the configuration of the FEEL system. The system is composed of a 
FEEL language processor, a mesh generator, a domain decomposition tool, and several 
libraries and templates. Libraries include shape functions, quadratures, linear solvers, 
run-time graphics and communication libraries. Each template corresponds to a different 
type of computer architecture. At this moment, templates for a sequential computer and 
for a distributed memory parallel computer are available. Input to the system is a user's 
description of the governing equation in weak form and a computational scheme. Output 
includes a Fortran program and mesh data. If a parallel computer is specified, a parallel 
program based on the mesh partitioning method (see Section 3) will be generated. Since 
the generated parallel program is written in Fortran with the message passing interface 
MPI, the program will retain high portability. In the generation of mesh data, domain 
decomposition control data will also be generated if the target machine is a parallel 
computer. 

2.3 Outline of language specification 

The FEEL language is composed of a number of functional blocks (Fujio, et al., 1993). 
This section outlines the FEEL language specification. 



258 Part III The Effect of New Environments on Numerical Software Quality 

Domain definition 
In the current version, the domain is defined in a hierarchical way by specifying points, 
lines and regions. The overall domain, specified by the domain statement, is defined as a 
set of regions. The nodes statement is used to specify an expected number of nodes, which 
is an input to the mesh generator. 

Element definition 
In the system, popular elements, such as Pl, P2, Ql, Q2, etc., are incorporated as a built
in library routines. A user can also define a new element by using the element statement. 

Quadrature definition 
Quadratures are also incorporated in the system as built-in library routines. A user can 
also define a new quadrature by using the quadrature statement. 

FEM and EWISE variables definition 
In addition to Fortran compatible integer and real variables, a user can define fem and 
ewise variables. For example, a definition "fern u[Pl]" indicates that the variable u is 
a fem variable, and is based on the Pl base function. If a user defines a new element, 
e.g, Pl-bubble, the user can use the name to define a fem variable. In the fem variable, 
unknowns in the generated Fortran program are defined on the nodes defined by the base 
function. 

Scheme definition 
For a scheme description, several statements are prepared such as goto, label, if, etc. In a 
scheme block, the user's scheme is described by using one or more solve statements. Output 
control statements, such as fwrite, plot-file, contour, etc., can be used in the scheme block 
to save calculation results on files or to draw graphical pictures on a X-window display. 

Solve statement 
In a solve statement, the equations in weak form, starting with a label weq, will be speci
fied. Weak form equations in a single solve statement will be discretized simultaneously to 
generate a single system of linear equations. The nonlinear statement is prepared for the 
generation of a Newton-Raphson iteration program. By using more than two solve state
ments, the user can define the user's own segregated iteration scheme for a multi-valuable 
nonlinear equations. 

3 PARALLEL ALGORITHM 

The mesh partitioning method is used in FEEL parallel program generation. This section 
describes the algorithm (Sugihara et al., 1995). 

3.1 Partitioning and assignment of elements and nodes 

In the mesh partitioning method, the set of elements is divided into disjoint subsets, 
where the number of subsets is equal to the number of processors, and each subset is 
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assigned to a corresponding processor. The assignment of nodes to processors is based on 
the element assignment. That is, a node will be assigned to a processor i if the constituent 
element is assigned to the processor i. The only slight difference is that a node may be 
owned by more than two processors if the elements which include the node are assigned on 
different processors. The coefficient matrix for the "global" linear system is divided into 
"local" matrices. Individual "local" matrices are assigned to parallel processors based on 
the node assignment. Therefore, more than two processors will have array elements for a 
single matrix element if the corresponding node is assigned to more than two processors. 

3.2 Parallel execution 

Based on the above assignment, element-by-element calculation, such as the element ma
trix calculation and the assembly of "local" matrices, can be performed independently of 
others. In Dirichlet boundary condition processing, processor communication may occur. 
The resulting "global" linear system will be solved by a parallel iterative linear system 
solver, employing a method such as the Conjugate Gradient method with a parallel pre
conditioner. Figure 2 shows a parallel computation procedure for a simple linear finite 
element analysis. 

4 PARALLEL PROGRAM GENERATION 

4.1 Modularity 

Figure 2 shows the program structure for a single-variable linear finite element analysis 
based on the mesh partitioning method. It should be noted here that the program structure 
for a more complex problem, e.g., a decoupled multi-variable problem or a nonlinear 
problem, can be constructed as a recurrence of modules appearing in the figure. Because of 
this modularity, program generation for a relatively complex problem can also be handled 
in the same approach as that for the simple problem above. In the following, we will 
explain how parallelism is related to the individual modules in Figure 2. 

4.2 Parallelism in modules 

The modules in Figure 2 can be classified into three categories; one is independent from 
parallel computation, another is parallel data structure dependent, and the other can be 
separated as library routines or modules. 

Independent to parallel computation: The calculation in modules (1), (4.1) and (7) can 
be performed on individual processors independently of others. These modules can be 
the same as the modules generated for a sequential computer. 

Parallel data structure dependent: The calculation in modules (3), ( 4), ( 4.2) and (5) are 
parallel algorithm dependent. 

Parallel processing dependent, but can be separated as libraries: The modules (2) and (6) 
can be prepared as library routines, each of which may be data structure specific. In 
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Figure 2 Procedure for a parallel linear finite element analysis based on the mesh par
titioning method. 

the FEEL system, the Recursive Spectral Bisection method is used in the Domain 
Decomposition Tool. 

4.3 Portability 

Processor communications are performed by native communication library routines. Rou
tines in the native communication library make a call to MPI library routines. Therefore, 
the generated program will run on any parallel machines which support the MPI library. 
A user can run the FEEL generated parallel program on a parallel computer which does 
not support MPI if the FEEL native communication library is rewritten. 

5 EVALUATION 

5.1 Performance of generated parallel programs 

Performance evaluation was carried out on the NEC Cenju-3 parallel computer. * The 
Speedup Sn and the communication overhead Rcomm are defined by 

Sn =(Computational time by a single PE)/(Computational time by n PEs), 

*Cenju-3 is a distributed memory parallel computer in which up to 256 processing elements (PEs) are 
connected by a high-speed multi-stage interconnection network. Each of Cenju-3 PEs is equipped with 
the VR4400SC proceBBor having 50 MFLOPS performance, a local memory of up to 64 Mbytes, a remote 
access controller and a DMA controller. 
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Table 1 Results of performance evaluation 

Example PEs 1 2 4 8 16 32 64 

Time (sec) 151.7 72.0 39.8 15.5 9.9 6.2 4.5 
Small Sn 1.0 2.1 3.8 9.8 15.3 24.6 31.9 

Ram.m (%) 0.0 1.3 3.9 11.6 22.3 42.4 63.1 

Time (sec) 440.3 219.8 108.3 56.3 22.2 14.4 9.0 
Large Sn 1.0 2.0 4.1 7.8 19.8 30.6 48.8 

Ram.m (%) 0.0 0.6 2.3 4.8 14.5 25.6 46.9 

Ram.m =(Communication time)/(Time for computation and communication). 

Here, it is assumed that communication among processors is performed synchronously. 
In fact, this assumption can be fulfilled in the execution of the generated programs. 
The plane stress problem is used to evaluate the performance of the generated program. 
Bilinear rectangular ( Q1) elements are used. Two sample programs, "small" and "large", 
are used. The small sample includes 1785 elements and 5494 nodes, while the large sample 
includes 3656 elements and 11161 nodes. For the solution of linear systems, the Conjugate 
Gradient method with diagonal scaling is used. The iteration is terminated when the 
relative 12 norm reaches 10-12• 

Table 1 shows the results of the experiments, including computational time, speedup 
ratio and communication overhead versus the change in the number of processors. The 
following observations can be made from the Table. 

• In the large sample problem (11161 nodes), the speedup reaches 49 when 64 processors 
are used. This can be considered as reasonable performance. 

• If the number of processors is fixed, the large problem gives always (except for the 
case of 8 PEs) better speedup than the small problem. This is because the calcu
lation/communication ratio becomes high as the size of the problem large. We can 
expect even better speedup for a larger problem. 

• Superscalar speedup is observed when the number of PEs are 2 and 8 (small) as well as 
4 and 16 (large). This well-known phenomena results from a better cache hit. When 64 
PEs are used, the communication overhead reaches more than 60% for the small prob
lem and 40% for the larger problem. This illustrates the importance of the reduction 
of communication overhead. 

5.2 Size of generated programs 

Table 2 shows the number of program lines in the generated Fortran (with MPI) for the 
plane stress problem and the penalty method for the solution of incompressible Navier-
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Table 2 Number of generated program lines 

Problem Serial Fortran Parallel Fortran 

Plane Stress 
( Q2 element) 

N avier-Stokes 
(Plb/Pl elements) 

2823 
(400) 

2716 
(1079) 

3538 
(400) 

3482 
(1079) 

Stokes equations (Kikuchi, 1986). t In the Table, the number in the parentheses corre
sponds to the element matrix calculation routine. Since the element calculation routine 
is independent of parallelization, they are the same for both sequential and parallel pro
grams. Roughly speaking, the program lines increase about 25% by parallel program 
generation. If a higher order element is used, the number of program lines for the element 
matrix calculation will increase. In the case of the Navier-Stokes equations, it reaches 
9563 lines if Q2 and Ql elements are used instead of Pl-bubble and Pl elements. 

6 DISCUSSION 

6.1 What is the advantage of the FEEL system? 

The finite element method is becoming more and more popular in many numerical analysis 
fields. This is partly because of its flexibility in domain shapes. However, many users may 
be satisfied by having access to commercial packages such as NASTRAN. In this section, 
we will discuss in what situation and how a program generation tool like FEEL could be 
used. 

Educational purpose 
An obvious application is education. Users cannot learn programming techniques from 
commercial software packages because users are normally prohibited from access to their 
source codes. The users cannot examine how well their own finite element discretization 
work using such commercial packages. In a program generation system like FEEL, a user 
can try the user's own discretization and obtain a Fortran program for the discretization. 
The user can also learn programming techniques from the generated program. 

tThe penalty function is used for the pressure term in the mass conservation equation. A set of nonlinear 
equations, for the conservation of momentum and mass, are solved by the Newton-Raphson iteration. 
The P1-bubble element is used for the velocity components, while the standard P1 element is used for the 
pressure. 
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Prototyping tool - when existing packages cannot be applied 
A user may want to perform a calculation for which existing packages can not be applied. 
A user may want to try a new model, discretization, or element, which may not be 
supported by these packages. A user may want to couple analyses which are in different 
disciplines. In FEEL, the user can describe the user's own models, discretization scheme 
and elements. A generated program may be modified by hand so that it could be coupled 
with another discipline. In such a usage, the linkage information between the user's "high
level" description and the generated "low-level" program needs to be provided to the user. 
The hypertext link between these two levels, realized in a WWW browser, can be used 
for this purpose (See Section 6.3). 

Groupware tool - to share know-how in an organization 
In a computational engineering team, it is absolutely important to share engineering 
know-how among the team members. Since information can be kept in high abstraction 
level by FEEL, i.e., in user's description of models, schema, etc., it provides a means to 
share ideas much easier than the case of low-level description of Fortran programs. 

When using different hardware platforms 
Depending on the size of finite element models {grids), a user may want to use different 
computers having different computing capacity. In FEEL, the user can perform parallel 
execution of the generated program on any parallel platforms which support Fortran and 
MPI. 

6.2 Why the mesh partitioning method? 

Many studies have been conducted for parallel computation using finite element meth
ods. In the mesh partitioning method, the discretized system is logically equivalent with 
the system discretized on a single processor. This implies that the discretization by this 
method will not produce new numerical uncertainty. This generality is an important 
characteristics for automatic program generation. The mesh partitioning method is in 
fact widely used in the parallelization of industrial application programs. 

In the current version of FEEL, the "non-overlapping" mesh partitioning method is 
used. It should be noted here that the "best" algorithm for one type of parallel computer 
may not be the "best" for others. It is also true that an efficient parallel algorithm for 
an application may not be so efficient for other applications. This implies that the sys
tem should be :flexible enough for the incorporation of a "new" parallel algorithm as a 
Template. In the current version of FEEL, this requirement is not yet fulfilled. Study is 
needed to realize a kind of metalanguage, with which a user can write the user's own 
parallel algorithm and incorporate it as a new Template. 

6.3 Future enhancement 

Fundamental finite element functionality 
In the present version of FEEL, only 2D finite element programs can be generated. The 
next version should also generate 3D finite element programs. The main difficulty is in 
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3D mesh generation from text-based user description of the domain. The system needs 
to have interface to an interactive mesh generator and/or to standard finite element data 
formats. The current version of FEEL supports only node-oriented finite elements. The 
applicability will extend if edge-oriented elements are supported. Enhancement in this 
direction is under consideration. 

Parallel adaptive finite elements 
Another direction is the adaptiveness. An efficient adaptive finite element program may 
be not very difficult to realize on a sequential computer. However, it is obviously a difficult 
task to achieve an efficient parallel adaptive finite element program. Not only a static but 
also a dynamic load balancing tool is needed to realize such program. This is still an 
on-going research topic. 

Interface to defacto standard libraries and packages 
It is also important for the system to have interface to de facto standard libraries (and 
packages) such as for the solution of sparse linear systems and for the description of finite 
element mesh data. With respect to the parallel solution of linear systems, we plan to 
interface the NAG Numerical PVM library. 

Problem solving environment using the WWW 
The use of the World Wide Web (WWW) has several advantages in realizing a problem 
solving environment. A FEEL language processor realized in a WWW server (FEEL 
server) can be easily accessed via the Internet. A Fortran program (either serial or parallel) 
generated in the FEEL server can be executed on some execution server also connected via 
the Internet. Here, the distribution of hardware resources can be hidden from users. The 
FEEL server can also provide a database which stores algorithms and schema in the high
level description of the FEEL language. By using HTML, the FEEL server can provide a 
hypertext link between components of a FEEL input program and individual subroutines 
generated with the FEEL server. This hypertext link will allow users to use the FEEL 
server as a prototyping tool discussed in Section 6.1. The FEEL server can also provide 
an interactive environment for visualization. We have realized a prototype system at 
http:/ /www.ppc.nec.co.jpJfeelweb/index.html. Development with the same goals can also 
be seen in the / /ELLPACK project (http:/ /www.cs.purdue.edu/research/cse/pellpack/ 
pellpack.html). 

7 SUMMARY 

This paper introduced the finite element equation language system FEEL, with emphasis 
on the functionality to generate portable message-passing parallel finite element Fortran 
programs. Numerical experiments on the NEC Cenju-3 parallel computer show that the 
generated parallel programs have high scalability. Since the generated programs are writ
ten in Fortran with the message passing library MPI, they retain high portability. 

The future capability of this development has also been discussed from several view 
points. The authors believe that the present approach will attract attention from users 
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who have the need to use high-performance computing and networking environments for 
numerical analysis oriented tasks. 
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DISCUSSION 

Speaker : S. Doi 

M. Mu : Your system assumes the underlying solver is based on nonoverlapping domain 
decomposition. How much effort would be required to modify your system to incorporate 
a preconditioner which is based on overlapping domain decomposition, say the additive 
Schwarz preconditioner? 

S. Doi : Generally speaking, it is not easy to incorporate a preconditioner which is 
based on another decomposition of the domain. I would need access to the source code in 
order to give more quantitative comments on how much effort would be required for the 
incorporation. 

U. Langer : Have you implemented some hierarchical data structure in order to manage 
mesh refinement, adaptivity etc. and to construct advanced multilevel preconditioners? 

S. Doi : Not yet. Since the support of mesh refinement is important subject for further 
research, some hierarchical data structure should be incorporated in the future system. 

Y. Umetani : To cope with the variety of computer archstructures, I think it is more 
advantageous to include software components (linear solver, mesh decomposer, etc.) de
veloped by other groups using various computers than to support them alone. For that 
purpose, extendability or openness of the system to such software components will be 
needed. Do you have any prospects in this direction? 

S. Doi : I agree with your opinion on the extendibility. For that objective, it is neces
sary to have interface with some state-of-the-art and popular libraries, such as NAG or 
IMSL. Another important aspect is in the enhancement of the "template" interface. At 
this moment, it is impossible for the EEEL users to add their own template for a new 
decomposition of the domain or for a new data structure. We are now studying how we 
can define clear interfaces between the system and templates, so that a user can easily 
add new templates. We need further study and experience to realize such a clear interface. 




