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1 Introduction

The most common approach to the design and building of composite physical objects is to use a fixed “library”
of atomic components or building blocks. Experience has created the library to contain components that
have been found useful to build a wide variety of objects and that are practical to use in manufacturing
processes. The library components are fairly simple and are parameterized in a few ways, e.g., dimensions of
a brick or cylinder, constituent materials, or manner of interfacing (welded, sliding, free movement). These
components have many physical characteristics, but usually only a few are relevant to building a particular
composite object. Example characteristics include weight, strength, viscosity, conductivity (electromagnetic
or heat), and surface effects.

We introduce the PROCAT problem solving environment, which uses this paradigm for prototyping,
simulating and designing composite physical objects using electronic building blocks. PROCRAT supports
hierarchical design refinement as initial rough designs are improved by introducing constraints. In the



end, the parameters of the final components are chosen to satisfy these constraints and to achieve some
design objectives. These electronic components provide flexibility in both physical characteristics (e.g.,
unit strength, viscosity, conductivity, materials) and in geometric shapes (e.g., thickness, diameter, relative
positions). PROCAT supports both static and dynamic systems of physical objects. Its components need
not be solids, though this is the simplest case to visualize, the components can be fluid flows, interacting
gases or radiation sources.

The key innovation of the PROCAT system is to raise the entire level of modeling physical objects. Instead
of dealing with finite (really infinitesimal) elements or grid points, one deals with beams, blocks, streams, or
holes, that is, with “chunk” elements. Inside these components are the partial differential equation solvers
with their meshes, grids, matrices, etc., which faithfully model the physical behaviors of interest. Unless the
components “break”, all this completely is hidden from the designer.

It is clear that the PROCAT problem solving environment has very ambitious goals and that there are
serious underlying technical challenges. In this proposal we develop the PROCAT concept, expose and
discuss these challenges, and argue that it is feasible to build a useful PROCAT system. As we learn more
about this approach (and its underlying problems) and as computers become even more powerful, we believe
this concept will lead to extremely powerful systems for physical design which are much simpler to use than
existing tools.

2 PROCAT: Modeling Interacting and Collaborating Physical Ob-
jects

PROCAT has four intertwined, but logically somewhat independent subsystems.

1. Modeler. This is a high level graphics interface that allows one to create a particular physical system
with may components. The shapes, physics, and relationships of the components are specified.

2. Component Physics Solver. This is a hidden (but very large) software system that accurately computes
the relevant physical properties of the components.

3. Interface Solver. There are a multitude of constraints on the physics and mathematics of the interac-
tions between the components. For example, the flow of heat (or fluid) out of one component must
equal the flow into its neighbors, the force from a chemical reaction (combustion) of one component
must be transmitted to its neighbors, the latch of a release mechanism must not bind as it moves. The
interface solver enforces all these constraints to determine properties globally.

4. Design Optimizer. Once a model is created, the local physical properties are computed, and the global
constraints and interface conditions are satisfied, then one has a valid simulation. Then one must vary
some of the model parameters to improve the design.

The design and problem solving process of PROCAT is shown schematically in Figure 1. We expand on
the description of these four subsystems and comment on our approach to building a prototype PROCAT
system with reasonable resources.
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Figure 1. The PROCAT Modeler

2.1 The PROCAT Modeler

This modeler is both for geometry and for physics. The components of the composite physical system are
assembled from the library to create the desired shape. This part is exactly a geometric modeler [1]. Then
the physical properties for each component are specified, either as fixed or as satisfying some mathematical
models; a partial differential equation (PDE) usually governs the behavior of properties that vary. This
part is exactly a PDE solving system [2]. Less obvious, but crucial, is that the modeler also specifies the
interface conditions between the components. While specific instances of interface conditions have been used
for centuries (e.g., insulated, radiations, sliding, rolling, bolted) we believe the PROCAT system will be
the first to have a systematic methodology for specifying and manipulating the interface conditions that
determine how the components interact.

Geometric modelers and PDE solving systems already exist that have the basic properties needed for
PROCAT. Both types of systems tend to be very large (perhaps millions of lines of code) and complex.
We have had considerable experience using and building such systems and know that merging two of these
together in a seamless, industrial strength way is a major software engineering task. Our intention is initially
to accept a variety of limitations for the merged systems so as to demonstrate the feasibility of the PROCAT
approach with a reasonable effort.



Modeling interface conditions and constraints is a new endeavor, designing and analyzing a system for
this is one of the principal technical challenges of this project.

2.2 The Component Physics Solvers

These are processes associated with each component which, when given the current state of the component’s
“neighbors” (in either time or space), can compute the physical properties of the component. In mathematical
terms, these solve PDEs given boundary and/or initial conditions. The PROCAT approach is based on
the fact that there already exists PDE solvers which, for single equations on simple shapes, can be used
automatically with high reliability. The single equation may be a standard set of simultaneous PDEs as for
the Navier Stokes equations.

The PDELab system [3] has collected a substantial number (20+) of physics solvers into PDEPACK.
This library provides the problem solving power for PROCAT and allows most types of PDEs to be solved.
As PROCAT and PDELab mature, the coverage of PDEs that can be solved will increase.

2.3 The Interface Solver

The interface solver uses an iterative process to satisfy the interface conditions and constraints between
the components. It is analogous to the relaxation approach that Southwell used in the 1930s for solving
linear algebraic systems. This approach is now applied at a much higher level where most of the unknowns
are functions instead of numbers. The equations involved in the iteration come from models of physics
or geometric constraints at the interfaces. The relaxation process only operates on interface variables and
conditions, it assumes that all the component physics solvers are correct.

This is the risky part of the PROCAT approach. We do not know the extent to which we can successfully
solve the global interface conditions by relaxation. There are three reasons for us to believe this approach
has wide applicability:

1. Mathematical Analysis. Relaxation methods have been analyzed for a variety of simple model problems,
see [4, 5, 6, 6, 8, 9]. The mathematical analysis for interface relaxation is quite difficult and complex,
it is not plausible to expect anytime soon that we will have convergence proofs for broad classes of
problems. It is encouraging that convergence has been established (for these model problems) for a
variety of specific relaxation techniques. The convergence does not appear to be sensitive to details of
the problem or the relaxation formulas used as long as thy are “reasonable”.

2. Egxperimental Studies. We have built a very limited prototype of PROCAT (called RELAX [10]) which
allowed us to experiment with this relaxation approach. It has been applied to a much broader range
of problems than can be analyzed mathematically, in particular RELAX allowed many components
(each with its own PDE) of various shapes. The experiments with RELAX shows fast convergence
(10-15 iterations) in almost all situations. We have made other unpublished experimental studies to
test the applicability of interface relaxation to different PDE operators, different shapes, and up to 500
components. All the positive results are encouraging.

3. Analogy with Physical Systems. The relaxation approach is really closely related to how the physical
world behaves. The components of a physical system have no global knowledge of the system, they
merely interact with their neighbors so as to retain equilibrium as defined by the interface conditions.
The relaxation formulas that have been used are all of the form of “smoothing”, of “moving toward
equilibrium” in some way.



It is clear that there are some problems that cannot be solved using interface relaxation as we now
understand it. We believe the range of problems where it is applicable is very broad and, as we understand
it better, its applicability will increase. We are currently in the process of building another system to test
this approach [11, 12, 13] even more systematically. The approach is called collaborating PDE solvers 14].

2.4 Design Optimizer

The optimizer uses traditional methods (e.g., gradient descent, line searches, discrete Newton methods) to
improve the values of a few (dozens, perhaps) parameters that are selected from the hundreds of parameters
that define the composite physical system. The PROCAT project will not attempt to develop new opti-
mization methods, but rather to apply existing ones. We plan to use the approach [15, 16] of encapsulating
the model, the component physics solver, and interface solver into one “function” with parameters. This
approach has been successful when applied to very large (hundreds of thousands of lines of code) software
systems with even several hundred “externally visible” parameters. One can argue justifiably that this blind
approach cannot be as efficient an optimizer as a technique tailored to the particular problem at hand. How-
ever, there is a very high cost to analyze the problem, to devise a specific tailored optimization technique,
and to implement it. The hope is that using general techniques with lots of computing power will, in the
end, create designs faster and cheaper than developing problem specific techniques.

The design of a composite physical system is usually a substantial project involving a person, and probably
several, over a period of weeks or months. During this time the model is refined many times and the optimizer
is run hundreds of times on a sequence of similar designs. Someday the PROCAT environment should use
the concept of “optimizers that learn” [17]. The idea is not esoteric artificial intelligence, but rather the
observation that if one optimizes a large number of similar problems (as would occur in PROCAT), then one
can collect data about what steps, directions, etc., are most effective and relate this to particular parameters
of the problem. While this approach is outside the scope of PROCAT for now, it illustrates that the high
level prototyping and design environment of PROCAT can enable the application of more sophisticated
optimization strategies.

2.5 PROCAT Supplies

The description of PROCAT so far is at a high, conceptual level. In the remainder of this proposal we
identify an initial version of PROCAT, which is feasible to create with the limited resources requested. We
also identify some key technical challenges to be overcome and some model applications to test the concept.
These specific include:

e Creation of a library of parameterized components.

Architecture of a software platform for PROCAT.

Creation of a systematic methodology to represent interface constraints and conditions of all types.

Unification of static (physics) interface conditions (e.g., component A is connected to component B in
a certain way, say, welded) and dynamic (geometric) interface conditions (e.g., component A moves in
a straight line until it contacts component B when it then slides along the surface of component B).

Model applications.



3 A Library of Parameterized Physical Components

In PROCAT the building blocks are atomic physical components, referred throughout as primitive objects
(POs), associated with some application domain. Each PO contains a) the constraints of iteractions with
other components (i.e., interface conditions), b) its behavior (physical) as a function of predetermined pa-
rameters, and c) its geometric structure, based on the PROCAT prototyping methodology. It is clear that
each PO must be able to reason by itself based on the information it receives from its interface (i.e., local and
global specifications and data) with the outside world. The user representation of each PO resembles the
one used at the blue-print and manufacturing levels. The internal structure of a PO consists of a “smart”
layer of software that attempts to choose a) some of the parameters so that the specified design objectives
are satisfied a priori or a posteriori, and b) the appropriate model based on POs input specifications. In
addition, the PO contains the numerical code needed to simulate its geometric and physical behavior and
the application domain manufacturing codes that control the choice of some parameters.

The design of the POs in some application areas is one of the challenges of the proposed research. At the
level of atomic mathematical models, a lot of mathematical and engineering software is available. Initially,
we will attempt to reuse this software to construct POs and develop reuse parallel methodologies to run
them onto high performance hardware platforms.

The creative part of this effort will be to design support and modification engines within each PO and
the encapsulation or reuse of existing numerical systems. This involves the development of expert system
technology for some specific application domains. Our experience with PYTHIA expert systems and its suc-
cessful automatic learning approach will help us to address this challenge. Another challenge in the PROCAT
methodology is the identification of interface conditions (ICs) that “glue” the POs and attempt to enforce
the global behavior of the system. These ICs must contain geometric, physical, computational, reasoning,
and manufacturing codes/constrains information and relations of the associated parameters. Although for
some application domain, ICs are well defined. In general, the identification of ICs that lead to the fast
stability of the composite system is a hard open problem which we plan to explore, both from the theoretical
and experimental point of view.

4 Architecture of the PROCAT Software Platform

It is clear that any physical design involves the specification of primitive objects and their interactions that
is always realized in some visual form. At the numerical level, this takes the form of interacting computer
processes, which from the point of view of PROCAT, might correspond to POs and ICs. Thus, to implement
PROCAT, we need to provide a visual programming environment and a software bus to integrate the various
PO and IC processes at the data, control, and presentation levels.

4.1 PROCAT Virtual Interface

Tzentan: Please add several lines describing plans in this area. Include some picture if we have one.

4.2 PROCAT Software Bus

Sanjiva: Describe the software bus we are currently using in PDELab as a proposal to implement PROCAT.
Put some figure of the bus.



5 Methodology to Process Interface Conditions

5.1 Interface Conditions and Constraints

The interaction of physical objects and phenomena creates conditions which must be reflected in models
used for design. These conditions are expressed as equations or inequalities to be satisfied by variables in
the models. The variety of such conditions and constraints is illustrated by the following list:

Variables Condition or Constraint

Position Location or Orientation: rigid motion
Contact effects: objects
Shape: flexible or fluid objects

Smoothness Mathematical: artificial subdivision of objects
Fields: electromagnetic, temperature, pressure

Force/Energy Mechanical: transfer between objects
Elastic: transferred or stored by objects
Fields: gravity, magnetic

Conservation  Heat: conduction or radiation
Mass: fluid and gas flow
Energy: kinetic and potential

In the real world, all of these variables and related conditions or constraints are present at all times. Most
models are formulated using only a few of them (e.g., motion and field effects are omitted).

These conditions are most frequently expressed in terms of simple mathematical expressions involving
variables directly representing physical quantities. Most common are local conditions involving variables at
the interfaces, these are known as boundary conditions or, for time, initial conditions. Some examples are:

u =v continuity of values
v = 100 temperature u is known
z =0 position z is fixed
au, = bv, heat flow is continuous and given by derivative of temperature times a materials property

Global or other conditions may also occur. For example, the condition that the total flow of heat generated
by an object, equals 10 results in an equation involving an integral over the object. Sometimes conditions
are given at idealized points (e.g., uniform flow at 400 and —oo) not actually in the model. Finally, the
model may use variables which are not directly related to the constraints. This is illustrated by the use
of configuration space variables for the mechanism shown in Figure X. The relationship between the two
moving parts may be expressed in terms of 0, the angle of the rotating cam, and z, the displacement of the
moving rod. Figure Y is the configuration space plot of the mechanism, the shaded regions cannot be reached
because the parts would have to intersect. The unshaded region shows the physically possible configurations
and the heavy line represents the motion that occurs if the cam is rotated clockwise at a constant speed.
The interface constraints “the motion must be physically possible” for this mechanism, is expressed as “the



configuration space variables must be in the unshaded area”, and this can be expressed mathematically in
terms of the formulas for the boundaries of this area. These formulas can be computed explicitly; in some
cases the area boundaries are computed numerically.

Note that there are often multiple interface conditions, for example, the pressure or temperature is
continuous and the flow of fluid or heat is conserved. These locally overdetermined conditions are resolved
by some fixed conditions somewhere in the physical system. Thus, modeling and design require global
solutions to the interface conditions.
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