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PREFACE

The Annual Simulation Symposium is a non-profit corporation

formed to provide a forum for the interchange of information

related to digital computer simulation. Its objectives are:
- to provide a continuation of the forum for the

exchange of working experiences in the field
of digital computer simulation, to

- permit an opportunity to survey the state-of-the-art
across a broad range of applications, to

- demonstrate the widest possible range of simulation
languages, with their strengths for individual prob-
lems, and to

- furnish an opportunity for comprehensive understanding
of techniques through organized question and answer
periods and personal contact. It also aims to

- provide potential users of simulation with first-
hand exposure to methods, to

- display, for library type perusal, the range of
literature available in the field, to

- maintain objectivity to the art of simulation, through
a non-commercial meeting without obligation to any
specific langugage or hardware, and to,

- underwrite, through grants, the advancement of
the art of simulation.
Membership is provided as a result of registration at the
Annual Symposium. A Board of Directors is elected by the
membership, one Director per year for a three year term.

The Symposium is indebted to those corporations and univer-
sities whose support, through their representatives, make this
totally independent organization capable of serving the Art of
Simulation. This year particular recognition is afforded to
those organizations whose members served in offices and on

committees as shown.

The Annual Simulation Symposium is sponsored by the IEEE
Computer Society, the Association for Computing Machinery,
the Society for Computer Simulation, and the International

Association for Mathematics and Computers in Simulation.
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REPLICAS
A NEW CONTINUOUS SYSTEM SIMULATION LANGUAGE

Peter McLaughlin
The Simulation and Modelling Workshop

Abstract. A new continuous system simulation language - REPLICAS, The Rational,
Efficient Programming Language for the Implementation of Computerized Analysis

and Simulation - is proposed for general engineering, scientific and econometric
applications. The use of Gear's integration method coupled with a non-linear
quasi-Newton solver relying on Broyden's method results in a reliable and
efficient simulation system invoked by a language which requires'only that

the user define a mathematical model in terms of first-order, ordinary differential
equations. Extensions to Gear's method accommodate discontinuities, extreme
stiffness and steady-state within a single evaluation procedure.

INTRODUCTION .

REPLICAS is a digital computer program and library by which mathematical
models defined By a new continuous system simulation language are translated
into operational simulation prégrams. This paper will describe the design and
implementation of the REPLICAS system; especially with regard to the relation-
ship between the form of the language and the evaluation techniques utilized.
It will be divided into four sections: (1) Design objectives and methodology,
(2) Language structure, (3) Numerical techniques and (4) Current status and
future plans.

A continuous system simulation language (Reference 1) is intended to
facilitate the creation of digital simulations of physical systems and processes
which are based on their governing differential equations. These simulations
utilize a single free variable, generally taken to be time, and so.employ only
ordinary differential equations in the definition of their mathematical models.
They are utilized in the evaluation of initial value problems relative to the
performance of the target system and also form the basis for the analysis of
boundary value problems and design optimization studies. Simulation is
characterized by the use of mathematical models as replications of physical

entities of interest. Experiments or, in more concrete terms, tests utilizing
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2 McLAUGHLIN

the simulation then replace similiar procedures which would be applied to the
real system in order to understand or improve upon it.

The REPLICAS system; in common with most other continuous system simulation
languages, consists of a language processor which translates the user's model
definition into the source language for a general purpose compiler, and a
library of evaluation and modelling utilities from which the finished simulation
program is synthesized. REPLICAS is a FORTRAN (Reference 2) based system because

it is the most widely available compiler with the necessary characteristics.

DESIGN OBJECTIVES AND METHODOLOGY |

The primary objective in the design and implementation of the REPLICAS

system has been to provide an effective simulation and analysis tool which can
be applied to any physical system or process by users who have no first-hand
knowledge of numerical analysis or discrete simulation. This overall objective
can be broken down into three distinct requifements. These are:
1. A language structure which allows the user to pose the model directly
in the form of first-order ordinary differential equatioms.
2. A numerical integration algorithm which is unconditionally stable for
any model that can be described by the language and has bounded ocutputs. |
3. An evaluation procedure which is insensitive to the form of the model
or the size of the discretization intervals and uses this property to
minimize execution time while main;aining a given level of accuracy.
To the extent that it achieves these objectives, the design of the REPLICAS
system serves to minimize the cost of the digital simulation process. This
overall cost is made up of two factors: the labor and computer time required
to create the simulation program, and the cost of exercising it. With a self-
_ contained simulation package like REPLICAS, the former is the purchase price;
that is the author's costs. The user's costs are made up of time spent learning

how to use the system and programming models, and the computer time associated

with the execution of the simulation program.

While the use of available computer time should be a significant constraint
on the design of any computer software system, the unmistakable trend has been
toward '"'user-friendliness'" as a means of improving the productivity of these
tools. This principal has been extensively applied to the design of REPLICAS.

It is intended that the simple structure of the language will allow rapid

training and early productivity for the user as well as having eased the task

of programming the language processor and the library. The evaluation methodology
has been chosen on the basis of generality and flexibility. It requires no user
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REPLICAS ' 3

interaction and will compute the response of any mathematical model that can be
described by the language. While it is anticipated that REPLICAS will be
competitive in execution time with other languages in typical benchmark
environments, its most important characteristic is its simplicity. By
maintaining this concept throughout the design and execution of the system, its
costs are transferred from the more expensive resource, people, to that which
is becoming ever less costly, digital computing.

The REPLICAS language has been designed to be free of unnecessary
puﬁctuation and restrictive formats. By generalizing the required modelling
functions, only a few statement types and keywords must be mastered in order to
fully utilize its capabilities.

The evaluation procedure is fully implicit; that is, it accommodates
models specified without regard for the order of their defining statements.

The iterative evaluation technique employed has been designed to insure that
any set of non-singular model equations will achieve convergence. It is
intended to alleviate the effects poor modelling practices in that they are
identified by unrealistic responses rather than by convergence failures.
Computational efficiency is obtained through the use of an updating method of
C. G. Broyden (Reference 3) which corrects the Jacobian matrix for model non-
linearities without resort to direct reevaluation. Constraints and other
discontinuous functions are accommodated by multiple continuous evaluations, if
necessary. It is well suited for both transient and steady-state cases as well
as the calculation of design parameters specified by system performance
requirements.

The A-stable second order method of C. W. Gear (Reference 4) is the omnly
integration method supported by REPLICAS. A selection algorithm, based on-
the relative stiffness of the individual state, chooses either the integral or
a differential version of the formula in order to enhance the execution rate of
the program. Transient response with respect to the free variable is obtained
without the need to specify the discretization interval which is automatically
controlled in order to achieve a given error condition.

The input/output facilities included in the REPLICAS system adhere to its
requirement for simplicity in their design and use. Execution time input is
generally limitéd to the selection of specific disturbances and forcing
functions from a menu included with the model definition statements. In
addition, all parameters of the user-defined model are addressable through

execution time input. Appropriate numerical output is available under control
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McLAUGHLIN

of the user and an interface with the user's graphics software is provided
through which tabular data can be transmitted for display.

The size of a REPLICAS program is limited only by the availability of
computational resources. It can accommodate any size model and is as effective

in large-scale applications as it is on smaller problems.

LANGUAGE STRUCTURE

In this section, the important language elements are described in terms
of their application to models consisting of first-order ordinary differential
equations. Their relation to the numerical techniques used to implement these
functions are discussed in the next Section. Details of the more mundane
modelling functions; such as constant parameter assignments, are omitted since
they differ little from the standard practice.

_ The most important aspect of model definition is the specification of the
states of the system (the arguments of the model's first-order differential
equations). In REPLICAS, this function is provided by STATE, whose arguments
serve to identify a state and its derivative with respect to the free variable.

Its form is:
state variable = STATE (derivative, initial derivative)

The equations themselves consist of relationships in the form of first-order,

ordinary differential equations:
derivative = f(state variables, input parameters)

These model functions can consist of any of the‘conventional FORTRAN arithmetic
expressions or a comprehensive set of the FORTRAN utility and trigonometric
functions.

. In addition, three other statements are used to describe discontinuous or
discretely defined functions. They are related by the fact that each of them
employs a common technique which protects the evaluation procedure from the
adverse effects of these necessary modelling elements. The form of the state-
ment by which tables of data points are evaluated for given values of the input

arguments is as follows:

result = output table name (first argument table name (first argument),
second argument table name (second argument, . . D))
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REPLICAS 5

where the values to be used as the basis for the interpolation and extrapolation

of the data are specified as'arguments of the table name:
table name = value, value, valuﬁ,

Model definitions which rely on conditional or alternative calculations of

certain variables are represented by a statement of the form:

IF (logical expression, THEN, variable = expression,

ELSE, variable = alternative expression)

The logical expression controlling this function follows conventional FORTRAN
practice. A generalized limiting function is also provided. It is of the

form:
variable = CONSTR (minimum value, maximum value)

This mo&elling element is'generélly used to répresent real physical constraints
but can also serve to fealize multiple performance limitations with the ‘
introduction of an appropriate system control function. It would use the CONSTR
function to select the correct limit.

Communication of information between the model and the evaluation procedure
is achieved through the use of literal or character arguments in the subroutine
calls to the library functions. The language processor creates these arguments
in the course of translating one of the four statement types discussed above.

On execution, these constants are replaced by numerical pointers which are used
to access the appropriéte evaluation arrays. In order to insure that unique
pointers exist for each REPLICAS function, the user is required to assign
unique names to all variables which result from one of these operations. This
restriction greatly simplified the task of designing the language processor and
is probably good practice, anyway. '

Model definition statements can appear under three different keywords.
These define thé mathematical model 'itself, its forcing functions or disturbances,
and its design specifications. Forcing functions are defined by the occurrence
of keywords whose arguments numerically identify a specific model disturbance.
These can be defined by tables of data points read by the function described

above. 1In addition, matrices of input parameter values can be specified.
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6 McLAUGHLIN

Finally, the requested number of individual evaluations or, in transient
cases, the length of time required to observe the event is specified under
the forcing function keywords.

System or process design specifications can require that a particular
parameter should assume a value such that a given condition is met. This can
be described directly to the evaluation facility by the following statement

placed under the design keyword:
parameter == required value - computed value

The double equal sign is used to indicate that the left-hand input parametér
is to be varied until the value computed in the model matches the value
required by the design specification. This statement, called an implicit

equality, can also be used in the definition of the model.

NUMERICAL TECHNIQUES

The numerical integration formula of C, W. Gear are characterized by their
implicit definition and their use of only the current value of the derivative.

In this general class, the second-order form is given by:

X = [2X DT + 4X__, - X__,I/3 (1)

where X are the system states and X are theif derivatives. The subscripts
refer to their discrete values displaced in time by multiples of DT, the
discretization interval or time increment.

The selection of Gear's second-order method as the basis for REPLICAS'
transient evaluation facility is based on several factors. First of all, its
implicit nature is a necessary condition for absolute numerical stability
which, in the case of this formula, is assured when it is applied to any model
whose response is bounded. If all of the roots of the model's characteristic
equation lie on or to the left of the imaginary axis of the complex frequency
plane, this integration technique can be shown to provide bounded response,
regardless .of the size of the time increment employed. At the same time, the
use of only the current derivative value minimizes the spurious component of
the respcnse associated with the simulation of stiff systems; that is, those
whose models possess a wide range of response characteristics. Whilé higher

order, multistep Gear formula are also available, they can be unstable when
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REPLICAS 7

applied to lightly damped systems. Therefore, their use is unsuitable in a
simulation system intended for generalized applications. Finally, Gear's
second-order formula can be readily expressed in a single-step form, as shown
below. This has the effect of simplifying the design of the evaluation facility
and minimizing the effect of discontinuities. If an average derivative is

defined as:

X iwx - Xn_l]/DT (2)

then, in terms of this variable's past value, the integration formula can be

expressed as:

X =X + 2Xn + Xav DT/3 (3)

Due to their implicit definition, Gear's formula require iterative evaluation

when applied to the general, non-linear model:
X = £(X,t) (4)

The quasi-Newton method of C. G. Broyden is utilized by REPLICAS to perform the
iterative evaluation of the model under both transient and quiescent or steady-
state conditions. In this method, the inverted Jacobian matrix of coefficients
used to drive the iterative process is updated on the basis of information
obtained directly from the results of previous iterations. Applied to Gear's
implicit integration method, the iteration variables are the states of the
model. The iteration errors E are, in general, the difference between the

iteration variables and the state values computed from the integration formula:

JE=X - X (5)

At (6)
where A is the Jacobian matrix AE/AX and the superscripts are iteration indices.

Annual Simulation Symposium



8 . McLAUGHLIN

The delta is used to indicate that the quantity is the discrete approximation of
a differential. Convergence is attained when all of the elements of E are
smaller than a given toleranqe value. If A is reevaluated at each iteration,
convergence is assured if the model functions. are continuously differentiable,
non-singular and single-valued. In REPLICAS, this expensive approach is replaced
by Broyden's method which does not rely on model evaluations to update the
coefficients. Rather, a matrix of changes is computed from the changes to the
iteration variables and the errors as well as the elements of the current

inverted Jacobian:

i ) .
aa”l = 2T . [Axi = &L . AE?]- , . N

T o T 1
where: 2T = ax' . A7l [Axi - At ARt ]

AEi - Ei _ Ei—l

The updated matrix is then given by:

i+1 i . . '
Al -« Al 4 a7t (8)

The Jacobian is evaluated once at the beginning of éach simulation case. For
the remainder of the case, the Broyden update algorithm corrects the inverted
Jacobian for the effects of model non-linearities and changes to the time
increment. This process is repeated following each step of the iterative
process.

An important factor contributing to the generality ef the REéLICAS
evaluation facility is the use of a conditioning algorithm which is intended
to insure reliable convergence properties, regardless of the form of the
model. This technique first normalizes the coefficients of the initial

Jacobian by the corresponding values of the iteration variables:

8E _2E . x=a-X 9
AX

Next, the largest element of each row of the matrix is selected as another
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