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INTRODUCTION

Sensitivity analysis is a necessary component in the
evaluation of computer simulation models. Because
computational simulation often involves two or more
computer programs run in sequence, the calculation of
sensitivities using analytic methods requires a code
coupling procedure to propagate sensitivities through the
entire code sequence. This summary describes a code
coupling methodology used in conjunction with automatic
differentiation to develop new versions of existing
Fortran 90 programs by adding the capability to calculate
sensitivities analytically even when the computational
simulation is run as a sequence of computer programs.
The code coupling method was successfully used to
couple SCALE [1] modules CENTRM [2] and PMC [3].
The application of this code coupling methodology to
CENTRM and PMC is described in a companion
paper.[4]

BACKGROUND INFORMATION

Because programmed equations can be differentiated
analytically, sensitivities can be precisely defined and
calculated using automatic differentiation. [5-9]
Furthermore, when computational simulations are
implemented as a sequence of computer codes, the
automatic differentiation approach can be extended to
automate the calculation of sensitivities for the entire
sequence.

In the 1980s, the Gradient Enhanced Software
System (GRESS) [8,9] was developed at Oak Ridge
National Laboratory to automate the implementation of
sensitivity analysis methods into existing Fortran 77
programs. More recently GRESS was upgraded to allow
processing of Fortran 90 programs. The new version of
GRESS is named GRESS 90.

An automated code coupling methodology
implemented in GRESS 90 extends the automatic
differentiation approach to couple a sequence of computer
programs. The code coupling procedure involves writing
derivatives calculated in one code to a transfer file, along
with information identifying parameters of interest for
sensitivity calculations. The next code in the sequence
reads the transfer file and initializes derivative
information needed to calculate derivatives and
sensitivities with respect to parameters identified in the
first code.

A MATHEMATICAL MODEL OF A COMPUTER
PROGRAM

In a Fortran program, calculated left-hand-side
variables are a function of previously defined left-hand-
side variables and data, either through mathematical
operations or read statements. This relationship can be
expressed as

( )y yf , (1)

where the symbol <= indicates a value assignment (i.e.,
store) operation. The components of the column
vector, y , are all the terms on the left-hand-side of real
number replacement statements. The column vector, f ,
represents the right-hand-side mathematical operations.
The vector, y , includes both calculated results and input
data. Read statements are treated in the same manner as
setting a variable equal to a constant.

In a Fortran program, a symbol cannot explicitly
depend on itself. When a Fortran variable is redefined,
mathematically, it is not the same variable. In the
statement, X <= X + 5.0, the X on the left and the X on the
right represent two different locations in the solution
vector, y . Mathematically, the equation can be thought

of as X2 = X1 + 5.0. Therefore to represent Eq. (1)
mathematically, the dependence of a variable on itself
must be considered explicitly. If we define
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then Eq. (1) can be rewritten as

( )y f y . (3)

Differentiating Eq. (3) with respect to y yields
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where the identity matrix, I, provides the explicit
dependence of a variable on itself necessary to make
Eq. (4) meaningful. Eq. (4) can be rearranged, such that

f d y
I I

y yd


  


 
 
 

. (5)

Eq. (5) can be represented in a more compact form as

'AY I , (6)
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Because Fortran equations are solved in a sequential
fashion, Fortran variables are dependent on previously
defined variables. Therefore,
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such that the matrix,
f
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, is a lower triangular matrix

with zeros on and above the diagonal. This matrix can
easily be solved by application of the chain rule of
calculus as each row is determined.

GRESS 90 FORWARD CHAINING OPTION

The GRESS 90 forward chaining option is utilized to
calculate and report sensitivities with respect to a subset
of the input data. The method used is to resolve Eq. (6)
for selected columns in the matrix, 'Y , by forward
substitution in memory as each Fortran statement is
executed. A fully resolved column in 'Y represents the
derivatives of every real variable with respect to the user-
selected variable or parameter associated with that
column. Because selected columns in 'Y are resolved by
forward substitution in memory, the A matrix is never
saved. At any given point during execution, the user can
retrieve the total first-order derivatives of a calculated
variable with respect to all the declared parameters. The
steps used to process a code with GRESS 90 are
illustrated in Fig. 1.

Fig. 1. Flowchart showing the processing steps for using
GRESS 90.

GRESS 90 CODE COUPLING

When a model is implemented as a sequence of
computer codes, the code coupling method, illustrated by
the flowchart in Fig. 2, is used to calculate derivatives
with respect to input parameters. For example, assume
there are three codes, named A, B, and C, respectively.
As shown in Fig. 2, both A and B are run first. The input
to codes A and B includes sets of parameters of interest,
PA and PB, respectively. The results from A and B (i.e.,
RA and RB, respectively) are read as input by code C. The
results of interest for derivative calculation, RC, are output
from code C. The independent variables of interest are
the inputs PA and PB.

The derivatives of results from A and B with respect
to input parameters can be represented as
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Via application of the chain rule, the derivatives of
code C with respect to input parameters can be
represented as
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Fig. 2. Flowchart illustrating the GRESS 90 code
coupling methodology.

The results that are calculated in codes A and B and
then read by C are referred to as transfer variables. The
parameters of interest from codes A and B are referred to
as transfer parameters in C. The user inserts subroutine
calls in code C to identify transfer parameters and transfer
variables. When code C is executed, derivatives of
floating point variables with respect to parameters defined
in codes A and B are calculated and may be reported or
used for sensitivity calculations.

CONCLUSION

The automated GRESS 90 procedure with code
coupling was successfully used to add sensitivity
capability to SCALE programs CENTRM and PMC.[4]
Results demonstrate that the GRESS 90 code coupling
methodology can be successfully applied to existing
Fortran 90 programs to create new versions of those
programs enhanced for sensitivity calculations. Because
computational simulations often involve two or more
programs run in sequence, the automated code coupling
methodology using GRESS 90 is a significant new
capability for calculating sensitivities in such simulations.
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