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Abstract

This paper presents an overview of existing problem solving environment (PSE) technology.
Symbolic algebra systems, modeling formalisms, modeling languages, and code synthesis systems
are reviewed in the context of PSE support. The modeling methodology presented in [1] by
Ronen Barzel is summarized. Three popular code synthesis tools (ALPAL, PIER, and Sinapse)

are reviewed.

1 Introduction

It is well known in the simulation community that creating complex, physically based simulators is
a difficult task [4] [5]. The mathematical complexity and sheer bulk of modern simulation systems
presents the need for a programming environment that is able to manage this complexity and assist
the programmer in the code development cycle. Our goal is to create a problem solving environment
( SimLab ) that facilitates rapid and correct development of scientific software.

The science and engineering disciplines have come to rely heavily on computer simulation as a
method of solving large, complex systems. These systems are often so large that simply generating
the set of equations to be solved is a difficult and complex task. For instance, applying finite
element analysis to the solution of Poisson’s equation on a uniform one-thousand point grid will
yield a differential system on the order of one-million equations. The most formidable challenge
however often lies in generating code for the numerical computation of the systems’ solution.

Scientific simulation software is written for a large variety of domains yet the process of creating
the code is similar across these domains. The role of Computer Science is to provide a problem
solving environment (PSE) which will assist the expert user in generating code for computer sim-
ulators. One can envision a high-level modeling language which would enable the user to describe
the underlying mathematics of the physical system. This model would be simple to understand
and would convey the meaning of the system in a manner consistent with the way that scientists
and engineers communicate and think in everyday life. One can further imagine that if certain
constraints or initial conditions are given in addition to the model specification, that the equations

of the system would be generated automatically.



A PSE will also support the development of a numerical solution method. While there are
many excellent and proven libraries of numerical methods, the task of choosing and implementing
an appropriate method has little support. Users are left to hand-pick methods from libraries such
as LINPACK, ODEPACK and others. Assistance could be provided in this selection process by
providing analysis tools and code generation techniques. Complex issues such as stability, conver-
gence, and optimization require sophisticated on-line analysis tools that extend to considerations

of computer architecture and the target language.

2 Overview of Scientific Simulation Technology

The following section presents an overview of PSE related technology. The anticipated contributions
of the SimLab PSE are discussed in conjunction with existing PSEs. Note that the categorizations
made here are not necessarily well defined but serve simply as a base of discussion. For example,
it is not always clear whether a system like ALPAL should be considered a code synthesis tool
or a true PSE. The relevant categories are symbolic math systems, modeling languages, modeling

formalisms, code synthesis tools and (obviously) problem solving environments.

2.1 Symbolic Math Systems

Symbolic math systems such as Mathematica, Maple, Aziom, and Macsyma provide the mathemat-
ical substrate for most PSEs. Although one can write scripts in most of these symbolic algebra
packages, high-level programming constructs are missing. None of these packages (with the excep-
tion of Aziom) support object based programming for instance.

Most of these math systems are able to generate C, Fortran, or LISP code from their respective
languages (most of these systems even generate TeX output) but data representation is largely
hidden from the programmer and there is little room for implementation choices to be made.

Each of these systems provides access to multiple numerical solution methods but the imple-
mentation details are hidden and there is no facility for user extensibility at the system level.
Mathematica and Maple do not document the internal solution methods provided with their re-
spective solve commands. Users can certainly implement their own methods but these are
coded at the script level which means slow execution and no implementation choice.

igh-quality graphic capabilities have been incorporated into all of the successful commercial
packages. The graphics are very easy to use, easy to modify, and capable of handling a large variety

of data. Any true PSE must incorporate this type of intuitive, high-level data visualization.

2.2 Mo elin o malisms

The need to represent scientific knowledge in a compact and precise manner has led to the devel-

opment of numerous modeling formalisms.



ond graphs have been developed as a means of problem specification for a wide variety of
scientific domains. ond graphs appeal to a number of scientific and engineering disciplines because
they provide a unified framework for graphical representation and interpretation of the physical
system.
The A formalism [1 ] has recently been proposed for PDE problem specification. The
goal is to provide a mathematically precise abstraction whose computational content closely mirrors
its mathematical specification.

onen arzel [1] proposes an object based formalism that we investigate fully in Section

2. Mo elin an ua es

The language of choice for the scientist engineer is still Fortran. This is slowly changing as the
structured programming paradigm is giving way to object oriented techniques and higher-order
programming methodologies. Languages like C and Fortran are gaining acceptance as more
numerical libraries are written for them.

Specialized block-diagram languages are a mature and widely accepted means of simulator con-
struction. A , M A, ,and M are well-known simulator environments
that support the block-diagram language approach. A detailed review of these languages can be
foundin [ ][ ].

These block-diagram languages provide powerful solution methods for certain problem domains,

but user extensibility is generally reduced to providing Fortran subroutines.

2. o e Synthesis

ALPAL, PIE , and Sinapse are code synthesis tools that assist in the development of efficient code
from high-level abstract problem descriptions.

ALPAL provides a framework for the solution of non-linear integro-differential systems, PIE
provides tools for the composition of parallel FEA code and Sinapse provides tools for the generation
of solutions to finite-difference PDE problems. Each of these packages incorporates aspects of a
PSE but each also falls short of the goal in some area. Section 4 of this paper presents a detailed

review of each of these systems.

2. S s
According to a recent NSF report [5], a PSE is characterized by

State-of-the-art solution methods Automatic and or semi-automatic selection of solution

methods Facilities for easy incorporation of novel solution methods.

The use of modern computing facilities and methods, for example, interactive color graphics

or networks of specialized services.



Management of computing resources, including parallel and distributed computing
Memoization of the problem-solving development cycle

Provide a framework that is all things to all people, solve simple or complex problems, support

rapid prototyping or detailed analysis.

Matla is an interesting example of a system that captures the spirit of PSE technology. Matla
is a matrix handling laboratory that provides its own interpreted programming language, high-
quality interactive graphics, symbolic math capabilities and simple access to numerous numerical
methods.

Although Matla is a highly successful scientific simulation environment, it does not meet the
above definition of a PSE. Matla provides no support for modeling formalisms and has limited
code generation capabilities.

The SimLab project adopts the goals of [5] as a minimum standard for modern PSE develop-
ment. In addition, we believe that SimLab will be distinguished from existing simulation packages

by emphasizing the following features

Provide a complete on-line environment for the e tire simulation creation process.

Provide high-level programming constructs with enough expressive power to specify and solve

problems in a roa range of scientific domains.

Provide user-interaction tools for refining high-level problem specifications into low-level im-

plementation.

Figure 1 provides a diagrammatic view of the fields that SimLab draws upon. A genuine
PSE must incorporate a symbolic math substrate, code generation techniques, low-level language

manipulation, high-level modeling formalisms, and data visualization.
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athematical odeling

While mathematical modeling is an art unto itself, we will now review a modeling methodology
proposed by onen arzel in [1].

This work promotes a CMP (conceptual - mathematical - posed problem) view of scientific
simulation design. Figure gives a schematic representation of this structure. The simulation
creation process begins with a high-level description of the problem which is formalized in the
conceptual section. The mathematical specification for a partic lar problem is constructed from
information contained in the conceptual model and a specific problem is posed to obtain executable
code. Posed problems are generally specifications of values to compute or functions to minimize or

maximize.
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Figure = CMP Structure

arzel has implemented a system for the specification and creation of physically based simulators
for computer graphics. is work has limited relevance to PSE technology in general, but the
mathematical modeling section specifies a well-defined technique for model creation. This section
presents a summary of the mathematics section.
arzels’ approach to modeling is to define mathematically precise techniques for model spec-
ification. e gleans from the lessons of object oriented programming in the specification of his
mathematical modeling technique. Figure highlights the similarities and differences between the
object oriented programming approach and the modular modeling approach taken here.
Notice that procedural definitions are not allowed in the mathematical model. This enforces a

clear distinction between problem specification and the solution method. There is no notion of the
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Figure = OOP Mathematical Modeling Comparison

i ter al state of a model a model has only one state that never changes. A model simply defines
what is.
arzel also reject the notion of polymorphism in his modeling technique. Since the mathematical
model itself has no compiler support, type checking (or dimensional consistency) cannot be used
to disambiguate objects.
The following paragraphs define the basic modeling mechanisms from which large-scale models

can be constructed.

d bst act S aces

The basic building block of this modeling approach is the notion of ab a a  which roughly
corresponds to a virtual base class in most object oriented languages. Model construction then

becomes a matter of defining abstract spaces, usually by building on a number of simpler domains.

.2 S eciali ation

A iaiai of an abstract space (known as the e eral space) is defined on only a subset
of that space. The specialization is a separate abstract space that is in one-to-one correspondence
with a subset of the general space. The specialization ¢ herits the operators and properties of the
general space, but is able to define its own operators and properties as well. Specialization parallels
class inheritance in object oriented programming languages. The specialization notation is defined

as

Specs is a specialization of ens



is a ate nions

A i aa i is an abstract space that can be partitioned into a collection of disparate sets
each of those sets is called a isparate compo e t of the union. Two elements of a disparate union
are a ates if they belong to the same disparate component. This space allows aggregations of

heterogeneous objects.

S an n e es

An is a mechanism for collecting elements into a single entity while retaining the ability
to access each individual element. The space of is used to label elements of an Index and is
defined as

An Index is a collection of elements from some space, with each element labeled by a unique

ID. More formally we say

Note that a particular ID may only be once in a given Index but a particular element may occur

many times with different labels.

State S ace an s ect e ato s

While abstract spaces define a certain thi , it is often necessary to define the state of this thi

under given conditions its’ velocity, color, or mass for instance. A a a provides a means of
defining the complete state of the object under consideration. A state space is similar to individual
classes in object oriented programming. State spaces are true abstract data types as they define

the objects structure and the operators that apply to that space.

A state space is a a stract space that has a associate collectio o ame operators i to other

spaces  hese operators are calle a a o the state space

The example in Figure 4 provides an example of how a state space is defined. Note that the
square brackets denote that is a state space, and the arrows denote that and are
aspect operators. The aspect operator a [e has signature and for any given

element in the space of Arcs will provide the angle of that element.
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Figure 4 Arcs State Space

An equivalence relationship can be defined on state space elements by stating that two elements

of a state space are identical if each of their aspect operators maps to identical values.

nte nal o e ties

It is often necessary to define certain relationships involving the values of an objects state. These
constraints define the topolo y of the state space. The i a i of a state space are
defined as the aspect value relationships that are guaranteed to hold for all elements of the space.

The a state space of Figure 5 shows how internal properties are specified. Note that
the horizontal line is a syntactic construct that separates aspect operators from the definition of

internal properties.

]

Figure 5  ectangles State Space with Internal Properties

There are three internal properties that must hold for all elements of the a state
space. The values of and must be greather than or equal to zero, and the must
be the product of the and

The a state space is, in some sense, over-specified. The state of an element of

a is fully specified with only two of the three listed aspect values. This leads to the

definition of an i e tiyi s t ple



As t ple o aspect val es that iss cie ttoi e tiy a eleme t o a state space is calle a
ietiyi s tple elimi ati o ywval e ara tees that the remai 7 wval es ll e

is ciettoietiya eleme t itiscalle ami imali e tiyi s t ple

este State S ace

An aspect space of a state space may be another state space. This situation is defined as a
state space. The pare t space is that which contains the nested space. The parent space a opts all
aspects of the nested space as its own. This obviously corresponds to the notion of inheritance in

object-oriented programming.

Se mente unctions

A modeler would like to be able to completely specify the behavior of a system under all conditions.
One particular difficulty is that of discontinuities. These arise in many physically based simulations

where contact and collision of rigid bodies occurs or in models where objects can be dynamically

created and destroyed. arzels’ solution is to introduce the notion of a m i
A se me te ctio 1is a piece ise co ti 0 S ctio rom the real m ers to a isparate
10 ach co ti o s piece is calle a m a e re er to each isco ti ity as a

The notion of co ti o sis assumed to be defined on the state space of interest. If a space is
discrete, continuous means constant.
Segmented functions may be represented sequentially as intervals of continuous segments. This

is accomplished with a sequence of pairs

where the function  is continuous over the interval | ]

Summa yo a els Mo elin echni ue

arzel presents a detailed specification of a modular, precise method of model construction. e
then constructs a rigid-body dynamics model using the techniques presented above.

The prototype implementation described by arzel is sketchy, but it seems to be hard-coded
directly in C. There is no environment to support the construction of models by extending notation
and state spaces.

e has created interfaces to a library of ODE solvers with various levels of abstraction. Again,
these seem to be hard-coded into his implementation without providing a mechanism for user
extensibility.

The role of SimLab is to provide mechanisms for user-defined notation, state-spaces, aspect

operators, and segmented functions. arzels modeling approach seems closely related to our notion



of model specification and may prove to be a useful basis for a prototype implementation of a more

general problem solving environment.

ode Synthe i Tool

We now review three popular code synthesis tools in the scientific simulation community.

1

ALPAL (A Livermore Physics Applications Language) is a well known tool that generates code to
solve nonlinear integro-differential equations [ ]. ALPAL provides a high-level modeling language,
graphical equation editors, graphical mesh editors, and access to a library of finite-difference solution
methods.

ALPAL is written in DOE-Macsyma and runs primarily on Lambda Lisp machines. It has been
ported to other platforms, but the ALPAL editor and the Matrix editor run exclusively on the Lisp
machines.

ALPAL is perhaps the best known code synthesis system in the PDE domain and boasts the

following major features

igh level mathematical model description
Numerical method selection
Exact acobian computation

Code eneration

L L

The ALPAL Editor is used to input the specification of the mathematical model to be solved. It is
window-based and uses graphical formatting techniques to display and edit complex mathematic
formulas.

The user initially views a blank screen with a list of menu selections to the right. The user
may specify the PDE equations by clicking the appropriate menu entry and filling in the templates
provided by ALPAL. Equations are first-class objects. Equations have a name, the equation itself,
boundary conditions, a dependent variable, and implementation details in the case that the equation
uses an implicit time-integration method.

Some named objects in ALPAL have specialized editors. Clicking on the name of an object
yields information about its use and type. Clicking on the value of an object pops up a domain-
specific editor which allows viewing and altering the objects value. The editor directly alters the
parse tree of the input thus preventing repeated compilation. This also distinguishes the ALPAL

editor from word processing solutions.



m ia
Once the equations are specified, a solution method must be selected. Low order finite difference

or quadrature methods are the default selection. Most often, the user will select the method by

specifying difference formulae in terms of shift and evaluation operators.

i
The domain of a defined object is specified using the Mesh Editor. The Mesh Editor specifies
the geometric meaning of the difference formulae and is therefore limited to logically rectangular
grids. The mesh specification is abstract in that the actual layout of the mesh is not needed for
the problem solution - the necessary parameters are supplied at run time.

Detailed geometric information is defined in the expected manner. Exploded views of mesh

regions allow for individual variable assignments such as zone-centered , face-centered , etc.

i iai
Once a problem has been defined, a number of common steps need to be taken in order to generate
the executable code. The main task is to discretize the domain by applying the specified difference
operators to all necessary expressions. Certain expressions implicitly require an interpolation since,
for instance, some variables may be defined on zone centers while adjacent variables are defined on
face centers.
ALPAL performs other necessary functions during discretization such as detecting recurrence

relations and determining which subexpressions involve only independent variables.

a 1

During the analysis phase, sub-meshes are identified, recurrence relations are analysized and vari-
able substitution is enacted.

When the problem is first specified, each mesh region is fully specified by a single equation.
Difference methods may propagate the equations effects across boundaries which will affect adjacent
meshes. A sub-mesh is that part of a mesh which is fully defined by a single equation.

ecurrence relations are analyzed and interdependencies between temporary variables are elim-
inated. Temporary variables are simply variables which give names to certain subexpressions and
are therefore eliminated by simple substitution.

A data- ow analysis is then performed the order of program execution is established. This
analysis can be performed on both user-specified routines (by examining index values) and from

the solution method information provided by the user for implicit methods.

11



S i a a i i
For explicit methods, the solution phase is straightforward. Each equation is transformed to the
form (), where x is the vector of dependent variables and n is a time index.

For implicit methods, the solution phase is more complex and requires the computation of an
exact acobian. To assist in the computation of the acobian matrix, ALPAL provides a Matrix
Editor. Initially, the acobian is represented as an abstraction derived from variable dependency
information. The Matrix Editor allows the user to view the general form of the matrix and to
restructure it as desired. After restructuring is complete, ALPAL computes the exact acobian.

The Matrix Editor provides a symbolic abstraction of the system. The user is able to select the

storage structure of the matrix as well as performing allowed row column permutations.

ai

Code generation revolves around the notion of time levels. ALPAL generates appropriate subrou-
tines to initialize the integrodifferential equations, and another subroutine for integrating it over
time. Any implicit functions are separated by time splitting and separate routines are generated.
Subsidiary variables, those representing common subexpressions, are separated through the use of
subroutines and recalculation is avoided by caching results when appropriate.

Several types of computational objects are supported by the ALPAL code generator. Formal
sums, conditional forms, and arrays are automatically produced from the give problem specification
and solution method.

One of the strongly advertised features of ALPAL is that it generates highly optimized code.
This is accomplished through scientific factoring, constant folding , and common subexpression
removal.

The generated code is compatible with many existing numerical library routines. Also, given the
correct interface description, ALPAL is able to interface with the PANACEA software backplane

and perform table queries.

2

PIE [11]was developed by Naveen Sharma and Paul Wang at Kent State University. It too
provides FEA tools for the solution of PDE problems, but focuses on the development of parallel
code solutions.
PIE was written in Common Lisp using Macsyma as a mathematical substrate. It also uses
ENC A to produce F code which interfaces to a library of routines from LINPACK.
The design goals of the PIE  system are as follows

Textbook like input language

Automated symbolic computation
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Figure PIE Element Specification

Automated code generation for FEA problems

Compatible code generation

ammi La a

The programming paradigm of PIE is represented in Figure . This view of scientific programming
is common to nearly all of the popular scientific PSEs. The user level interaction occurs with high-
level descriptions of the problem while the PIE system handles the lower-level tasks.

A PIE problem is specified by filling in slots of high-level objects. The code listed in Figure

defines a FEA element in the problem domain.

Figure lists the specification of a shape function for the previously defined element. Note that
these are high-level objects (or first-class objects) within the PIE programming language.

Once the problem has been specified in such a manner, a solution statement object is defined

and its’ associated slots are filled in. The user may select the style of execution (sequential, block

Figure PIE Shape Function Specification



parallel, fully parallel), the method of execution (preconditioned conjugate gradient, etc...), storage
details of data objects and the target machine architecture.

Symbolic specifications require transformation into numerical representations at this stage.
AKCL-MAXIMA is used for the required symbolic computations and packaging and CL repre-
sentations are produced. The implementation of symbolic specification is accomplished by the

following PIE  statement

where is a predeclared PIE object and is the symbolic expression. may be a simple
expression, a vector of expressions, or a matrix of expressions.

Once the symbolic portion of the specification has been processed, code is synthesized and com-
piled into an executable program. Code synthesis takes place through transformations (correctness
preserving translation from domain specific information to executable code chunks) and combina-
tion (combining code fragments into larger code fragments). This process results in a complete,

correct, executable program.

ibi i

Numerical methods can be programmed into the PIE knowledge base by end users. PIE pro-
gramming is based on the composition and transformation of p  peratio s (the p prefix indicates
that it is a pier peratio ). A p peratio is the basic programming construct in PIE  and roughly
corresponds to algebraic operators over vector and matrix domains. A common p peratio is the

vector inner-product computation and is written as

The transformation of a p  peratio resultsina F  code block. A p Mo e is a sequence of p
peratio s. A p Metho represents a numerical algorithm and is a composition of F  statements,
p peratio s and p Mo les. It is the p Metho that is finally transformed into the executable
code for the FEA solution. The PIE group claims that ’although the specification techniques for
numerical algorithms are described in the context of FEA computations, we feel they are general
enough to be useful in a wide range of scientific computing applications.’
The specifications are intended primarily for engineers who are typically Fortran programmers
and use specialized numerical libraries for core computations. Also, input specifications can be

viewed as an extension of F and the p peratio idea is very similar to numerical libraries.

14



Sina se

Sinapse [ ] [ | [ ] is a code synthesis system that emphasizes the generation of correct numerical
codes to solve initial-boundary-value-problems (I  Ps) for PDEs using the finite difference method.
It uses Mathematica as a math substrate and as the Sinapse programming language itself. ecause
of its domain knowledge-base, Sinapse may be used by both expert users who wish to develop new
algorithms and novices who simply wish to plug into existing libraries.

Programmers specify I =~ Ps using the high-level representations and reasoning methods pro-
vided by the system. This is either done interactively, where the programmer fills in system
supplied template prompts, or through a scripting language that allows concise notational spec-

ification. Sinapse has an object-oriented architecture that is shown diagrammatically in Figure

User Interface
Programming Language Knowledge (F77, C, CM Fortran)

Discrete Math / Numeric Algorithms Continuous Mathematics Knowledge
High-Level Mathematical Objects and Transformation Rules
Mathematica

Figure  Sinapse Architecture

The Sinapse system extends the math knowledge of Mathematica by defining high-level mathe-
matical objects and transformation rules. These objects are domain-specific and provide the main
interface to the Sinapse programmer. Users have access to lower-level programming constructs, but

the Sinapse system provides little support at that level.

i
Sinapse adopts a program refinement paradigm for code generation. Figure 1 shows the problem-
solving framework for mathematical modeling upon which the system is designed. Programmers
may specify a oal and sym olic mo els which are progressively refined into executable code. Pro-

grammers may also bypass these high-level specifications and program directly at the mathematical

model level.

m

A a is an action to be performed on a certain expression. For example, compute pressure over
an entire field with second order accuracy .

A mb im may be specified if the problem is within the scope of the Sinapse knowledge-
base. For example Elastic wave propagation in dimensional Cartesian coordinates with absorbing

boundaries .

15
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Figure 1  Sinapse Framework

Thema maia m is then automatically generated if standard Sinapse formalations
are used, otherwise the mathematical model must be hard-coded into Mathematica.
The m i m defines the domain over which the PDE is specified.
The a 1 m corresponds to Sinapses’ internal representation of program statements.
It maintains a canonical form which is later translated into algorithmic form.
a i define aspects of the target machines architecture. These properties are
taken into account when producing the final code.
An a i m is then specified. The programmer must choose a means of solving the problem
posed by the classified model. An implicit finite-difference method may be employed for instance.
The am takes the model and algorithm specifications and applies control structure and
other programming constructs. Optimimzation also takes place at this stage.
m i is then generated from the program and the output is provided to various
data analysis routines.
A Sinapse problem consists of defining a finite-difference scheme over a region, the initial con-

ditions, and the boundary conditions. Sinapse equations are specified in coordinate-free form by



specifying gradient functions. The coordinate system is chosen at a later phase in the algorithm
development and may be any one of 1 D orthogonal systems or an N-D dimensionless Cartesian
coordinate system.

A code refinement process takes place after the problem definition. A system of scalar equations
is generated, a coordinate system is chosen, programming language constructs are introduced, and

executable code is finally generated.

am

The emphasis of the Sinapse system is on the generation of correct code. This involves high-level
error detection from model specification. Units and tensor checking verifies that expressions are
well formed. Truncation error, stability conditions, and convergence information are computed. If

this information is consistent, the chances for error are greatly reduced.

Summa y o o e Synthesis ools

Each of the three code synthesis tools reviewed provide high-level problem description, mechaniza-
tion of many administrative tasks, solution implementation choice, and automatic code generation.

ALPAL generates what seems to be the highest quality code with an excellent user interface.
PIE makes interesting use of code compositio and tra s ormatio techniques. Sinapse provides a
compelling picture of object-oriented mathematical modeling and high-level debugging techniques.

None of these tools is a general purpose tool. Each system has domain specific information and
they are unable to solve problems beyond their specialized scope. SimLab hopes to incorporate

the strengths of each of these systems, while providing greater exibility and low-level interaction.
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