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Abstract - Smulation of natural phenomena, such as
temperature and air flow distribution inside a room,
evolution of material damage due to mechanical and
chemical loads, are crucial in the daily life of engineers.
This paper presents the Computational Phenomenon
Pattern, whose objective is to standardize - through
computational abstraction - the complex interactions of
coupled natural phenomena in the context of the Finite
Element Method. The pattern makes it intuitive and easier
the representation of data sharing and dependence
between different coupled phenomena when developing
simulators based on the Finite Element Method. The
pattern models natural phenomena data, the involved
processes and their relationships, which are used in a
typical smulation process.
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heavily on this technique. Gradually the FEM isdmeing
the most popular analyzing procedure within varifielsls
of design [2].

In its very essence - in the abstract and compmali
senses - the FEM comprises the production and
assembling of global algebraic systems (discretatier
laws), which are solved by software componentsedall
solvers. Those global algebraic systems are asedmbl
from small matrices and vectors, which are computed
based on each finite element (a small portion & th
geometry of the problem) and on the definition loé t
discrete behavior law of each phenomenon. Thush eac
phenomenon contributes in its own way to the global
algebraic system - data and processes to do sobeay
different from one phenomenon to other. Therefare

can consider the main processes of the FEM as those
related to the production of small matrices andtorsg
which are assembled and used in an articulated fyra
specific solution algorithm (solvers). A solutiolgarithm
means one among many ways of performing the desired

Computational Mechanics has had a profound impagfulti-physics simulation - that is, solving the Ighb

on science and technology over the past three dscatie algebraic system of equations. The computation of a
Computational Mechanics software industry generatgshenomenon's contribution (matrices and vectorsy ma
several billions of dollars per year [1]. Howevier,many depend on (be coupled to) a number of pieces af fdain
aspects, it applies software engineering developmesther phenomena. This is the case of multi-physics
techniques related to the seventies. Computationgystems.

Mechanics is effective in solving problems thatenest

society and in providing deeper understanding ¢fm@  We can define multi-physics as a qualifier for a st
phenomena. The enormous success of Computationiateracting phenomena, in space and time. Such
Mechanics resides in its predictive power, makitg iphenomena are usually of different natures (deftionaf
possible the simulation of complex natural evemts the solids, heat transfer and electromagnetic fields) may
further use of these simulations in the design obe defined in different scales of behavior (magrd micro
engineering systems. This is done through the Hedca mechanical behavior of materials). Sometimes a imult
computer modeling: the development of discretizeghysics system is also called a coupled phenomgestans.
versions of the theories of mechanics, which arerehle

to digital computation, together with complex preges of The Phenomenon Pattern represents an abstractitre of
manipulating these digital representations to pcedu collection of commonalities found in the conceptsd a
abstractions of the way real systems behave [18.Hihite  processes for representing phenomena simulatiauglhr
Element Method (FEM) has been frequently used & thFEM. A further objective with such an abstractientd
field of Computational Mechanics, which has comegly make the representation of data sharing and depeade



between different phenomena and between phenonmeha a ii.  The solution level, composed of:
solvers intuitive and easy.
a. Sub-level of the assembling of algebraic

Before proceeding further in the description of pladtern, systems and its solution;

it is important to acknowledge that the computatidn

small matrices and vectors at the finite elementlle b. Sub-level of interactions, which
depends on a number of choices like, for instafuesl articulate solutions of different algebraic
order of approximation, definition of shape funoo systems;

numerical integration schemes, etc. Although thalidg

with all those pieces of data are considered by the c. Sub-level of loops and interactions
Phenomenon Pattern, we will not focus on this aspec involving progression in time and
since it is not the more troublesome one. Instesdyvill adaptation of models and discretizations.

stress the relationship Phenomenon objects mablissta
with the solver and with each other during theThe definition of those levels is important in tbense of
computation of coupled quantities. software modularizations. But it does not indichtev to
deal with separation of concerns for processes datd
This work presents a set of results obtained byarehers and how to define abstractions, which could repretee
of PLEXUS Project. The main objective of PLEXUShg relationships between entities from different levaind,
development of simulators for multi-physics and tul thus, increase the degree of reusability and miaialbéity
scales systems with strong emphasis in reusabilitpf the software. This is not much of a problem when
maintainability and adaptability. The general sdt odealing with uncoupled phenomena - and, actualgnyn
methods currently being considered is the one knbwn researchers have done it - because the algebradatieqs
the general name of the finite element method. Wewe of each phenomenon can be solved independently thu
strong attempts are being done in the sense ofdmitey reducing dramatically the degree of complexity mhaat
architectures, which could be used for other methasl the finite element level.
well - for instance, finite volume method [4].
Coupled multi-physics problems make things very
2 Context complex at both levels, the finite element leveld g¢he
solution level. For those problems, the abstrastiosed
In the definition of a simulation problem the userfor uncoupled systems can not be used efficiemtyyreore-
defines the involved natural Phenomena (e.g. filads in  the sense of reusability, adaptabilty and
and heat transfer). The discrete formulation of anaintainability. Those abstractions are not fit to
phenomenon comprises a set of algebraic equatiih®e adequately represent the data transfer and depeyden
linear or non linear) obtained through the appi@abfa which may occur in coupled multi-physics simulatipn
finite element technique to the exact mathematicalecause there is a strong relation between desisibone
formulation. The application of such techniques d¢&n level (solution level) and computations at the otlewel
described using FEM concepts such as: finite elésnen (finite element level).
shape functions, discrete weak forms, discrete ovect
fields, nodal values, couplings, linear solversp4ioear The reason why this difficulty arises can be furthe
solvers, error estimation, adaptivity, and timeguession clarified by analyzing the processes at the loveas!, that
schemes [4]. It is assumed that the reader hassig bajs, the finite element level. Those processes elatad to
knowledge about the finite element method. the computation of small matrices and vectors ¢athe
finite element) and their assembling into largepeesive
The following levels of procedures can be recoghize matrices and vectors for each phenomenon. The alaine
the development of simulators using the finite elatm matrices and vectors may be coupled with other

method: phenomena, meaning that the computations of those
_ o guantities need pieces of information from other
i. The finite element level: phenomena. Those pieces of information are defatele

_ ~ solution level. Changing solution algorithms magpduce
a. Sub-level of the production of matriceswidely spread changes across both levels. Furthesmo

and vectors more than one phenomenon can be defined in the same

geometry, making them coupled in a another sense

b. Sub-level of the post-processing (sharing geometric data and meshes, for instance).
Therefore, coupled multi-physics problems produ@myn

c. Sub-level of the error estimation dependencies and relationships, which should be

appropriately considered. Those aspects explaing wh



software development cost for multi-physics systemshould stored in the PhenNodes. Further on, each
became a strong concern for scientists and enginetio  PhenNode, say th&gne, to have an indexed set

wanted to study them.
Children t JParents

The difficulty just described generates a problémt tcan GraphNode
be phrased asVhat abstraction can adequately represent
and encapsulate the information, relationships and
processes pertaining to the finite element level, which are
concerned to the numerical modeling of a natural
phenomenon, and also satisfying the requirements root !
imposed by a large set of solution algorithms in the GeomEntity
context of the finite element method and coupled multi-

physics problems ? The next sections present a solution to )
this problem. Figure 1. Geometry Graph

GeomGraph

Children Parents
3 The Phenomenon Pattern t J
GraphNode

For the sake of simplicity of explanation, as vesd PhenGraph
written before, Phenomenon is considered as a madbl | 4om phenGraph)
computing small matrices and vectors and assembliry
them into given large matrices and vectors. The
computation of those small matrices and vectors is root
performed on each finite element of a mesh. The
Phenomenon Pattern (called Phenomenon from now on)
can be viewed as a container with two acyclic gsaphe )
PhenGraph and the GeomGraph (see Figs.(1), (2an@®) Figure 2. Phenomenon Graph
(4)). Both of them has exactly the same structse a ) ] .
graphs, but the pieces of data stored in each Glagy G = {Qib=1nj O Q (see gTable in Fig. (4), which
are different. In GeomGraph, the geometry datadsed ~ represents all quantities tH&PhenNode can compute.
in the Brep structure (boundary representation)atTih, ) .
from the root of the graph to the leaves one gams the Each PhenNode needs some pieces of data in ordwr to
higher dimension geometric entities (volumes, foPle of computing a certain quantity. Those pierfetata
instance) to lower dimension ones (points). Ondtier ~ are the following:
hand, in PhenGraph one finds the set of procedutash

PhenEntity
(from PhenGraph)

are to be computed on the respective geometridyenti i. General Data (it serves all quantities):

Thus, from the root of PhenGraph to its leavesheac o

GraphNode contains a set of procedures to be ceumut a. GeomMesh: it is the mesh of the geometry.
the geometric entities of higher dimension downthe It is a data structure, which contains all
lower dimension ones, respectively. Since geometrnybe geometric finite elements (for instance,
shared with other phenomena, it is important teehsuch triangles,  quadrilaterals, tretrahedra,
a separation between phenomena and geometry. Each hexagons, etc; it depends on geometric
GraphNode from PhenGraph (PhenNode) knows its dimension and mesh generation methods
respective GraphNode from the GeomGraph (GeomNode) used to obtain it). It belongs to its respective
and thus has access to its data. Therefore PhehGrap GeomNode.

knows GeomGraph but the converse is not true. . )
b. PhenMesh: its is the mesh of the

Phenomenon also contains an indexed set of que it phenomenon. It is a data structure, which
={Qi}-L.n (see QTable in Fig. (4), which represents the set contains ~  information about the
of all quantities (small vectors and matrices) tinég able approximation of the phenomenon's vector
of computing and assembling into given structutasgé field on each geometric finite element (for
matrices and vectors). Here n is the total numifer o instance, the order of a polynomial
quantities the current Phenomenon can compute and approximation). It is strongly related to the
assemble. Some of those quantities are computeitheon respective GeomMesh.

highest dimension geometric entity and others. are . - - o
computed on lower dimension ones. Then the proesdur i Specific Data (it is specific to a certain qtigy)

responsible for the actual computation of thosentjtias for a quantity Qjk:
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Figure 3. Phenomenon-Geometry relationship
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Figure 4. Phenomenon Diagram

a. CoupledPhenNodes { Cis }s-1.ni it is the
set of PhenNodes pertaining

o The root of its PhenGraph has only the quantities
needed for the transfer of data.

o Each quantity cited above is coupled to the regpect
PhenNode of the coupled phenomenon.

o Each quantity to be computed need only one coupled
state - the state to be transferred.

o The PhenMesh from the coupled phenomenon is also
needed, in order to obtain values of the coupled
vector field in any desired point.

o Finally, there is a need for a search structurerder
to find the finite element in the mesh of the ceapl
phenomenon, which contains a given point. This is
important in order to perform integration procedure
in one mesh using data from the other.

Now we come to the problem where data needed by
procedures in a lower level (computation of quéagion
each finite element) is defined at a higher letked owner

of Phenomenon objects). Before going directly tds th
point, it is better to explain how Phenomenon dbjece
used.

Phenomenon classes are supposed to be stronghbteus
They are very detailed pieces of software and donta
information, which can be used in many differemteats
and geometries. In order to achieve that state hoeald
allow the definition of the coupled states fromaumled
phenomenon to be done dynamically at run time iteee
(il).b above). That definition depends on the dolut

to otheralgorithms used in the simulation. Here, the sinmulés

phenomena. They are used in order to obtaifonsidered as a pattern [3], [5], [9], which isimply
data from coupled phenomena, which aréspeaking - a workflow in the form of a tree dividiedo

essential for the computation ojQ

b. CoupledStatgs = { Sisr }r=1.nks it iS the set

of states, which should be retrieved from the
CoupledPhenNode ;& Those states usually

represent discrete vector fields.

Obs: It should be noted that the use (by a certain ii.
phenomenon) of a vector field from other phenomenon

raises a number of issues. The main issue is thslplity
that both GeomMeshes may be different. In this waek
do not treat this important problem in detail. Wived
should say is that we usually build Phenomenonsekas
which are specially tailored for the task of tramshg
data from one mesh to the other. Such a Phenomtes®n
the following characteristics:

o It shares the GeomGraph with
Phenomenon.

the coupler

four layers (see levels of procedures defined atige (2)):

i. Kernel: set of procedures related to algorithmic
structures for the control of loops and interaction
involving progression in time and adaptation models
and discretizations;

Block: set of procedures related to the artétian of
solutions of different algebraic systems;

iii. Group: set of procedures related to the assiemb
and solution of algebraic systems, together with th
execution of diverse operations with matrices and
vectors.

iv. Phenomenon: encapsulates the set of procedures
related to the production of small matrices and

vectors and to their assembling in given largeadat

structures. It also performs other computations

related to post-processing and error estimation.



Simulator

Kernel

Block

Phenomenon
(from Phenomenon)

Group

Figure 5. Simulator Diagram
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Figure 6. Group Diagram

The simulation starts with the execution of thet rafothe
Kernel, which uses services provided by a set oti&,
which in turn uses services from a set of GroupschE
Group owns a set of {Phenomenon objects, whichuaeg
to perform the computation of small matrices anctoss,

assembling them into given (by its Group) largeadat

structures. The intention of this work is not goitog far
in the explanation of the details of the interatsidetween
objects across the levels of the Simulator Patteee Fig.
(5)). Before we proceed further with the descriptad the
lowest level - represented by the Phenomenon Rattee
need some pieces of information about the structdre
Group classes (see Fig. (6)):

i.lt has a set of
DataStructures in Fig. (6)), which can be sharezhup
demand by its own Phenomenon objects.

ii. It has a set of tables, which can be dynamycall

information about the
the
Phenomenon objects, which contribute to them and
how they should do it (that is, which Phenomenon

programmed,
computation

containing

of matrices and vectors;

guantities are to be used and, for each one of ,them
what are their coupled states)

Therefore the Group level is the level where débins
about the coupled states take place and are cahteye
each Phenomenon object during a demand for the
computation of a certain quantity. The coding o0& th
software components for a Group class needs previou
knowledge about the set of indexed data structuoes all
other Group classes. Because of that feature, apGrass

is much less reusable than the classes from ther oth
levels. Whenever a solution algorithm is changednyn
Group classes may need to be eliminated from the
simulators. However, all Phenomenon classes shbeld
implemented in such a way that no modification bl

be needed. Some minor reprogramming of Block and
Kernel procedures may still be needed, but thalirmpas
nodes of a workflow will accommodate that withoutich
work.

Now we are in a position to describe in a more itheta
fashion the usage of a Phenomenon (call it P) bbjgds
owner, that is, a Group object (call it G):

i. G is asked (by its Block) to compute a certain
quantity Qg.

ii. G retrieves from one of its tables the refeento all
Phenomenon objects, which contribute to Qg. P is
one of them.

G retrieves from another table a set of daadach
contributing Phenomenon object. This set of data fo
the {"object contains information such as: (I) a set gt
= { gj }i=..n containing all quantities from th&-i
Phenomenon, which contributes to form Qg; (II) for
each ¢, a set CS = { Si }k=1.nj containing the
coupled states to be used in its computation - the
order in which those states are given is important,
since they may be from different phenomena; (lll) a
reference to a data structure (say Kg) where the
guantity should be assembled.

iv. Suppose, now, that P is given a demand to céengu
certain quantity Qr, together with a set of indefces
the coupled states, say £% { Spk }ier.npr and a

reference to Kg.

indexed data structures (see

v. Then, P transfer the demand to its PhenGrapkchwh

in turn send it to its root (say R).
vi. R checks if it is able of computing the desired
quantity. If so, it sends the demand to one of its
objects (say W), which is responsible for the
computation and assembling of Qr. R sends, together
with the data already defined, a set of referensasg,



CG, to the respective PhenNodes of the PhenGrapRPeenomenon objects and solution algorithms. An
of the coupled Phenomenon objects. important consequence was that all information and
procedures, which are very specific of a solutitgoathm
vii. W retrieves the set of coupled PhenMeshs (€8M) (less reusable) are encapsulated in the Group, levele
and the respective set of discrete coupled statgs ( all information and procedures, which are strongly
Cs) from the respective set of coupled PhenNodeseusable are encapsulated in the Phenomenon level.
This is done by sending a request for the statdSxperiences with prototypes have shown a tremendous
contained in C$ to the respective PhenNodesimprovement in: (i) the time spent in the developimef
contained in CG. Each coupled PhenNode from CGimulators; (ii) the reusability of software compots,
is able of asking its owner Group for the desiredbpening the way for the building of repositorieid) the
states and sending them back to W. correctness of software components. References of
previous and related work can be found in [5]-[10].
viii. W traverse the PhenMesh (given by R) togetiith
the coupled ones (coupled PhenMeshes contained B  Refer ences
CPM) and is able of computing, for each finite
element, the quantity Qr - using the coupled discre[1] Committee on Theoretical and Applied Mechanics,
states (contained in VF) - and of assembling therRResearch Directions in Computation al Mechanics. A

into Kg. report of the United States Association for Compaieal
Mechanics, 2000. Available at
ix. If R is not able of computing the desired qugnor  http://www.usacm.org/org\_cm.htm, accessed on

if it has already computed it, it will transfer the 10/01/2004.
demand recursively to its children PhenNodes
together with the same data it received. The peocef2] Viceconti, M., Replication of Numerical Studies
goes on recursively, until there are no childrerPersonal ~ Communication, posted at  biomch-
GraphNodes to be reached. I@nic.surfnet.nl. Sent on: March 27, 2002 3:03 pm
Subject: BIOMCH-L: BioNet controversial topic na. 5
Obs: Note that, in the description of the compotatf Qr
by R, we have considered that all PhenMesh objgicsg  [3] Santos, F.C.G., Lencastre, M., Vieira, M. GIG-
given by R and the coupled ones contained in CRidjes Pattern. The Third Latin American Conference orntePat
the same GeomMesh object. Therefore they could Beanguages of Programming, Pernambuco, Brazil, 2003.
traversed at the same time.
[4] Lencastre, M., "Conceptualisation of an Envirent
4 Conclusions for the Development of FEM Simulators", Ph.D. tlesi
Centro de Informatica, Universidade Federal de
We have presented a pattern called Phenomenon Rernambuco, Brazil, 2004.
order to cope with the difficulties found in the
development of simulators for coupled multi-physicd5] Lencastre, M.; Santos, F., "An Approach for FEM
problems. It was identified that the solution algons Simulator Development”; Journal of Computational
employed by simulators provide data at a higheellev Computational and Applied Mathematics, Vol. 185uis
which determines many procedures at a lower |&ls, 2, 2006.
small changes in the solution algorithm could gateethe
need for widespread changes along the simulatowaad, [6] Lencastre, M.; Santos, F.; Aradjo, J., "A Psxe
implying in strong reprogramming. A separation ofModel for FEM Simulation Support Development.
concerns was important to identify that the simadabuld  Proceedings of the Summer Computer Simulation
be divided into four well-defined hierarchical lé&xeThe Conference (SCSC 02), San Diego, California, 2002.
part of a solution algorithm, where pieces of datebe
used at a lower level are generated, was concedtedta [7] Lencastre, M.; Santos, F.; Rodrigues, |., "FEM
level called the Group level. The part, at a lomarel, Simulator based on Skeletons for Coupled Phenomena"
where those pieces of data are used was identiiethe Proceedings of the 2nd Latin American Conference on
Phenomenon level. An abstraction for the computalio Pattern Languages of Programming (SugarLoafPLoR'200
representation of the Phenomenon level was descabe Conference), pp.35-48, Brazil, 2002.
pattern. It was shown that the Phenomenon pattern

represents adequately all data pertaining to tlserelie [8] Lencastre, M.; Santos, F.; Rodrigues I., "FEM
behavior laws of a phenomenon (computation of smafimulation Environment for Coupled Multi-physics
matrices and vectors), together with the sharingl anPhenomena”, - Simulation and Planning In High
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