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PATTERNS IN SCIENTIFIC SOFTWARE:
AN INTRODUCTION

Scientific programmers have generally avoided object-oriented approaches because of their
heavy computational overhead. But the benefits of using patterns for scientific problems

can outweigh

their costs.

atterns are a well-understood method-

ology for object-oriented software ar-

chitecture, especially for business ap-

plications. But what relevance, if any,
do they have to scientific software? If they are
relevant, in what way?

These are important questions, because scien-
tific programmers have often shied away from
object-oriented languages and approaches. Ob-
ject-oriented languages have significant com-
putational overhead, and scientific software de-
velopment focuses on efficient mathematical
algorithms rather than on data structures. Put
simply, the intent of much scientific computing
is fast and accurate number crunching. These
needs contrast strongly with those of business
applications, which require databases, user in-
terfaces, and representation of business docu-
ments and transactions through complex data
structures. Itis a distinction as old as Fortran and
Cobol. And thus, although most business appli-
cations have migrated over the past two decades
to C++ and Java, the bulk of scientific software
is still written in C and Fortran.
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"This article introduces the concept of object-
oriented software patterns and discusses how
they can be applied to scientific software prob-
lems. After a brief explanation of what patterns
are and why they can be relevant to scientific
software, I'll explore the application of patterns
to dynamic-systems simulation, such as molec-
ular dynamics, and identify four design patterns
that emerge in modeling such systems. To illus-
trate how to reuse a general pattern for a specific
problem, I'll then apply one of the dynamic sim-
ulation patterns to the different problem of hy-
drodynamic chemistry tracers.

What are patterns?

Software patterns are an extension of object-
oriented methods of analysis and design. Just as
object-oriented programming built on earlier
software ideas by unifying data structures and
functions, so patterns expand the scope further
by seeking out sets of interrelated classes and ob-
jects. Patterns are object systems that recur again
and again in software architecture and imple-
mentation. Erich Gamma, Richard Helm, Ralph
Johnson, and John Vlissides introduced patterns
to the computer software world in Design Pat-
terns: Elements of Reusable Object-Oriented Soft-
ware and Design.!

What constitutes a pattern is not always
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Table 1. Three categories of design patterns.

Pattern type Type features

Examples

Creational Describes different ways of constructing objects
Structural Describes relations of classes and objects in a software system
Behavioral Describes how objects behave and interact; dynamics

sharply bounded. On the one hand, patterns are
not primitive data structures like linked lists or
hash tables, nor are they mathematical algo-
rithms such as differential equation solvers or
matrix inverters. On the other, neither are pat-
terns application-specific architectures. Patterns
are more abstract than that: They are standard
models of a structure or process that can be ap-
plied to specific cases in a consistent way. Pat-
terns thus enable the reuse not only of code, but
also of the results of one object analysis or de-
sign in other contexts. Many of Gamma’s design
patterns, for example, arose from solutions in
building graphical user interfaces.

Design Patterns identified 23 different class and
object patterns, divided into creational, structural,
and behavioral types (see Table 1). We can also
classify patterns based on whether they pertain
to analysis or design. Design patterns crystallize
standard ways of implementing a software sys-
tem; analysis patterns are conceptual models of
elements of the actual systems the software rep-
resents. Martin Fowler’s book Analysis Patterns
presents several patterns directly applicable to
scientific software; these include measurements,
quantities with units, observation processes, and
hypotheses.? In general, strong similarities exist
between analysis patterns and older approaches
to conceptual system modeling.>* Conversely,
any entity that often recurs in conceptual mod-
els of a physical system makes a good candidate to
abstract as an analysis pattern.

Patterns, as systems of classes, are often com-
municated using the Unified Modeling Lan-
guage. UML provides a convenient graphical
representation of class attributes and methods,
along with class inheritance, containment, and
interaction relations.”®

Patterns in scientific software

The relevance of patterns to scientific software
grows with system size and the corresponding
needs for software to be more reliable, scalable,
extensible, reusable, and maintainable. Patterns
help lead to better code architecture by provid-
ing standard and proven structures. Ideally, a

Object factories

software system would be constructed entirely
of object components. Patterns achieve this goal
by defining functional interfaces, by abstraction,
and above all by decoupling a system’s objects.
(Component systems such as Sun’s Enterprise
Java Beans and Microsoft’s COM are widely
used in enterprise business computing. Remote
object standards such as Java RMI, DCOM, and
Corba provide means of decoupling objects at a
performance price; these advantages and disad-
vantages are even more marked for emerging
technologies such as the XML Simple Object
Access Protocol, SOAP. Any scientific compo-
nent scheme is up against the trade-off between
flexibility and performance.)

Object decoupling not only leads to flexibil-
ity, but is essential for componentization. De-
coupling, isolation, delegation, and abstraction
are common threads that unite nearly all design
patterns, whether through (creational) object
factories, (structural) adapters, or (behavioral)
messaging schemes. Libraries of mathematical
functions are an old scientific software approach
to meeting this need. Object-oriented software
patterns go beyond function libraries, however,
by building objects to represent entire physical
systems, whether in an abstract form (such as a
grid) or a more concrete form (such as an at-
mospheric grid for weather modeling).

Patterns also solve another common problem
in scientific software development: division of la-
bor. Scientific software is usually written by the
“domain expert”—the physicist, chemist, or en-
gineer who has the specific knowledge needed
for the model, simulation, or algorithms. Al-
though often inevitable, this is not desirable for
large systems. Correct algorithms do not guar-
antee good software architecture or good coding
practice. Conversely, writing good scientific code
is difficult for a software engineer who lacks
knowledge of the scientific principles the pro-
gram should embody. Patterns and object-ori-
ented analysis overcome this dilemma by intro-
ducing a division of labor between domain
experts and programmers. They let the domain
expert express information about the domain in a
programming language-independent form, such

Object compositions, interfaces
Events, messages, iterators
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as UML. Software developers with little or no
domain expertise can then implement the design.

All these benefits come at a price in perfor-
mance, of course. The key to using patterns in
science and engineering software is a judicious
balancing of ideal object designs with computa-
tional speed.

Identifying scientific software
patterns

Pattern methodology use has two facets. First,
we can apply or adapt an existing pattern. Sec-
ond, we can identify new patterns—new class or
object systems—that are specific to scientific
computing problems. Here, I'll emphasize iden-
tifying new patterns. I do not, of course, provide
an exhaustive catalog of scientific software pat-
terns, but a few representative examples show-
ing pattern methods and their utility.

The point of departure of nearly all scientific
software is the need to model or simulate a phys-
ical system consisting of one or more entities,
each having a state vector of relevant properties.
The entities have relations—for example,
fields—that govern either the system’s time evo-
lution and the corresponding change of state
vectors (for dynamic systems), or the iterative
convergence of the state vectors to a desired an-
swer (for static solutions).

Patterns in dynamic systems

Let’s focus on dynamic-systems simulation.
The most important distinction here for patterns
is between discrete and continuum systems. Dis-
crete systems have a conceptual model of dis-
crete objects with some set of relations that pro-
vides an equation of state or motion. Molecular
dynamics simulations are the most obvious ex-
ample, but scientists apply many of the same ap-
proaches used to model the dynamics of inter-
acting atoms to celestial mechanics and the
many-body problem in general.””? Essentially,
all these reduce to a conceptual model of mass
points with locations and velocities, whose dy-
namics are governed by some combination of
force fields (electromagnetic, gravitational, Van
der Waals forces, and so on)—in other words,
particle mechanics. Molecular dynamics thus yields
our first relevant analysis pattern.

Continuum systems, such as fluids and fields,
as well as quantum wave packets and extended
elastic objects, can be modeled (except in very
simple cases) only by approximation on a lattice
of points or grid of cells. In other words, to

model the continuum, we must reduce it to a dis-
crete form through a virtual set of objects and
relations. Thus, the grid or mesh pattern, as we
will call it, is a second analysis pattern.

Turning from these abstract analysis patterns
to model implementation—that is, to possible
design patterns—we see that a single conceptual
model can in fact have different implementations,
depending on the problem and how the model is
used. For example, R W. Hockney and J.W. East-
wood in Computer Simulation Using Particles
pointed out that although a system of inter-
acting particles can be modeled directly (the
particle—particle method), it can also be modeled
as an interaction between particles and a field
grid.'® This particle—mesh approach can be ad-
vantageous in cases where the force on any single
particle varies smoothly and changes much more
slowly than the particle motion. This can be the
case when there are many particles, as in galac-
tic and plasma simulations. The model calculates
the force field on a grid at larger time intervals
than the update cycle for individual particles,
leading to a large gain in computational speed.
We can combine the particle—particle and parti-
cle-mesh methods into a hybrid that splits forces
into long-range, slowly varying forces on a grid
with directly calculated short-range particle—par-
ticle forces. In other words, the conceptual model
and analysis pattern of particle dynamics yields
three distinct design patterns (see Table 2).

The one-to-many relation between concep-
tual models and design patterns also holds for
continuum systems, because the PM and P*M
patterns can be used in addition to grids.

Applying the particle-mesh pattern:
Hydrodynamics

As an example of how to apply one of these
patterns to a different problem, consider a spe-
cific case in hydrodynamics that models the fluid
in a manner similar to the particle-mesh pattern.
The problem is to calculate the dynamics of air
with the chemistry of all molecular species in-
cluded as part of the model. The model must ac-
count for trace species such as ozone or nitric
oxide as well as ions; these are necessary in such
cases as pollution models, prediction of atmos-
pheric optical emissions, detailed models of
lightning, and studies of chemistry in the highly
disturbed atmosphere.

The straightforward approach to the problem
is to calculate the hydrodynamics and chemistry
together on a grid. However, if the model ac-
counts for the 35+ chemical species that might
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Table 2. Four dynamic simulation patterns.

Analysis pattern

Design pattern  (conceptual model)

Description

Classes in pattern
[and state vector]

Particle-particle  Particle mechanics

(PP)

Particle or continuum
mechanics

Particle-mesh
(PM)

Particle-particle  Particle or continuum

particle—-mesh mechanics
(P*M)
Mesh or grid (M)  Continuum mechanics

Point particles interacting through
force relations (such as gravity and
electromagnetism)

Point particles with a grid mesh
containing the force fields;

mesh values periodically updated
from particle and external forces

Hybrid of PP and PM patterns;
forces derived both from field grid
and particle interactions
Continuum discretized on spatial
grid of cells or lattice: fluid

Particle [mass, position, velocity;
other relevant force constants (for

example, electric charge)], Interaction

[force and equation of motion]

Particle [same as for PP], Mesh [array
of MeshElements], MeshElement
[position; field value, such as electric
field], Interaction [force and equation
of motion]

Combination of PP and PM classes

Grid [array of GridElements],
GridElement [position; other]

mechanics and so on

be relevant, the calculation will be prohibitively
expensive in computer resources for a grid of any
realistic spatial extent and resolution. To make
matters worse, much of the chemistry can change
on a faster timescale than the hydrodynamics,
which dramatically slows down the calculation.

If all the air chemistry were strongly coupled
with the hydrodynamics (as in combustion), we
would have a difficult, perhaps insurmountable,
problem. Fortunately, however, such strong
coupling is not typical. Depending on the tem-
perature and density, only a few of the atomic
and molecular species contribute significantly to
the hydrodynamics.

It makes sense, then, to split the problem into
two pieces: a gridded hydrodynamic model with
little or no chemistry and a detailed chemistry
portion modeled as discrete tracer particles car-
ried passively along by the hydrodynamic flow
field. Figure 1 shows the hydrodynamic grid and
chemical tracer approach. Each tracer particle
represents an air parcel with its full number of
chemical species. In essence, the problem divides
into two different systems with two different sets
of state vectors, the hydrodynamic system pro-
viding a set of external conditions for the chem-
ical tracers.

The calculations are much more efficient, be-
cause the simulation of air motion need know
nothing of the detailed chemistry and can usu-
ally be carried out for much larger time steps.
We can, in fact, perform it completely separately
from the detailed chemistry tracer calculations.
Given the hydrodynamic data—the grid of den-
sities, temperatures, and velocities at a series of
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Figure 1. Hydrodynamic grid and chemical tracer particles at a
series of times. In the state vectors, x is position, v is velocity, Tis
temperature, p is mass density, and the n; are number densities of

the chemical species of interest.

times—calculating the chemistry for the tracers
is straightforward. Each tracer is instantiated at a
certain location in the grid, and from this loca-
tion it gets its initial conditions, both hydrody-
namic and chemical. Integrating the tracers for-
ward in time is then easy, because the velocity
field passively carries them along. Also, at each
time step, we obtain the density and tempera-
ture from the hydrodynamic grid. The model
can then calculate the chemistry on the basis of
stepping forward from the initial conditions, un-
dergoing the changes of temperature and den-
sity. We can perform the detailed chemistry for
each tracer with much finer time steps than the
air motion grid.
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Figure 2. Reverse integration of tracer motion. Points of interest are
integrated back to their original locations; the chemistry is then
integrated forward based on the initial conditions and changes of
density and temperature.

The grid-tracer method is actually nothing
more than an application of Hockney and East-
wood’s particle-mesh pattern. Thus, although
this pattern’s original purpose was to deal effi-
ciently with interacting particle simulations, it
also applies to problems in the mechanics of con-
tinua. In addition, we can use several different
design patterns to realize the conceptual model
of a continuum hydrodynamic system—I chose
the particle-mesh pattern here to address the
needs of air chemistry.

Now let’s consider a variation on the grid-
tracer theme, one that shows patterns’ utility
more fully. For some problems, “forward inte-
gration” of tracers is not adequate. First, the air
chemistry model must often inject many tracers
into the grid to provide adequate resolution of
results at later times. Even if we inject many
tracers in a regular pattern at the initial time,
they typically scatter to an irregular pattern.
"This means that we end up performing chemical
calculations for a significant number of tracers
that are never used. In addition, to get chemical
properties at any particular point, the model
must interpolate between several tracer values
and search for the nearest tracers to interpolate
from. The interpolation smooths the results and
thus “smears out” any fine spatial structure in
the chemistry, such as the results of shock waves
or thin layers. Such fine structure of chemical
species and temperatures can, however, be highly
important—as it is, for example, in calculating
atmospheric infrared emissions.

In such cases, a preferable method is to start
with a set of locations of interest (such as a grid

of contour points at a particular time) and then
perform a reverse integration to the initial tracer
locations.!! This approach, as Figure 2 shows,
breaks the tracer calculation into two parts: a re-
verse integration of hydrodynamic properties
that determines the path, density, and tempera-
ture for each hydrodynamic time step, and a sub-
sequent forward integration of the detailed
chemistry. Thus, we perform calculations only
for the points of interest and avoid erroneously
mixing chemical species between air parcels
through interpolation of tracer values.

Thus, we now have two grid-tracer methods,
forward and reverse integration; both are appli-
cations of the particle—mesh pattern. The only
significant difference between them is the inte-
gration scheme, so unifying the two methods in
a single pattern that has the following advantages
is relatively easy:

o Flexibility and modularity. An initial version of
the reverse integration model was imple-
mented using traditional procedural coding
practices. The problem was that, for each
change in grid size, tracer patterns, chemical
species and rates, and so on, the code had to
be recompiled. In other words, the system was
too tightly coupled and inflexible. Not merely
a pattern approach, but any object approach,
remedies this problem.

o Incorporation of both integration schemes through
abstraction. Using an abstract pattern like grid-
tracer (particle-mesh) lets a single model
structure use several integration schemes by
isolating them behind a standard interface.
The actual method used can be chosen at run-
time. The model at the high level need not
know the details of the integration of either
the equations of tracer motion, the hydrody-
namics, or the tracer chemistry.

o Object-oriented methods at low performance cost.
An object-oriented pattern approach would
not necessarily render the system as a set of
object components (grid cell objects, tracer
objects, and so on), because this would be too
computationally expensive. Rather, it would
use the basic particle-mesh pattern as a tem-
plate for an object factory. The object factory
would then incorporate the specific parame-
ters of each run of interest to generate the
grids and tracers automatically. If still more
computational speed were required, the object
factory could write and compile source code
based on the grid-tracer pattern for each case.
Automated generation of code based on an ab-
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stract pattern is a promising area for pattern
use in scientific computing, one that uses the
advantages of patterns without their perfor-
mance drawbacks.

The grid-tracer approach, as an adaptation of
the basic particle-mesh pattern, also shows how
we can apply patterns to specific cases and reuse
them. In the particle-mesh pattern presented by
Hockney and Eastwood, the spatial mesh repre-
sented a field, which they used to derive the
force acting on each particle in the simulation.
Each particle had a state vector with mass, loca-
tion, and velocity, plus other relevant properties
such as electric charge. The field mesh was peri-
odically updated from the particle properties (as
well as any external fields). The grid-tracer
method resembles the particle—-mesh pattern on
the abstract level. The differences are the parti-
cle state vector (location and chemical species),
grid properties (density, temperature, and fluid
velocity), and the integration method or equa-
tion of motion (tracers are passively carried
along by a precalculated hydrodynamic flow
field). There is also no “feedback” of the particle
state into the field grid, as there can be in appli-
cations of the particle-mesh pattern. The impli-
cations of these differences are twofold:

1.To encompass the grid-tracer pattern on
the abstract level, the basic particle-mesh
pattern must isolate the particle state vec-
tor (other than location), the grid proper-
ties, and the integration of the equations
of motion as separate objects. The pattern
only specifies an interface for these, not the
contents.

2. Applying the pattern means supplying im-
plementations of the particle state vector,
grid properties, and equations of motion
with the integration method.

The particle-mesh pattern is not specific to
any computer language. It could be imple-
mented in C++, Java, or any other object-ori-
ented language. Indeed, the particle-mesh pat-
tern was first coded in Fortran.!”

he process of identifying and apply-
ing new patterns in scientific com-
puting is analogous to what we’ve
done here with the particle-mesh

pattern. By grasping common systems of ob-
jects or classes at the abstract level, we can ob-
tain a pattern that both better organizes exist-
ing software and can help solve entirely new
problems. §&
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