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1.  INTRODUCTION

The purpose of this project has been to provide sensitivities of results from an Eulerian
hydrodynamics computer code (hydrocode) [1] for use in design-optimization and uncertainty
analyses.  We began [2] by applying an equation-based sensitivity technique used successfully
in the early eighties that was applied to reactor-safety thermal-hydraulics problems [3,4],
which is called Differential Sensitivity Theory (DST) [5,6].  The methodology is as follows:
the system of partial differential equations (the forward or physical PDEs) is assembled, and
differentiated with respect to the model parameters of interest; the adjoint equations are then
determined using the inner-product rules of Hilbert spaces [5]; and finally, the resulting
adjoint PDEs are solved using straightforward numerical operators.  The forward-variable
solutions when needed for the adjoint solutions are provided by the original computer code
that solves the physical (or forward) problem.  In the present hydrocode application,
acceptable results were obtained for one-material, one-dimensional problems. The DST results
were then improved by means of "compatible" finite difference operators [6,7].  We have
seen, however, that DST techniques do not produce accurate values for sensitivities to all of
the parameters of interest and for problems with discontinuities such as a multi-material
problem [8].  To obtain accurate sensitivities for arbitrary numerical resolution a more code-
based approach was then tried.  We attempted to apply automatic differentiation (AD) in the
forward mode using Automatic DIfferentiation of FORtran (ADIFOR, version 2.0) [9] and the
Tangent-linear and Adjoint Model Compiler (TAMC) [10] in the forward and adjoint modes.
We were successful for one-dimensional problems in both modes but failed to obtain accurate
sensitivities in the adjoint mode for two-dimensional problems [11].

Here we present the successful results for two-dimensional problems in both the forward
and adjoint modes using ADIFOR, version 3.0 [12].  In what follows, we describe AD
methods in the context of their use for a hydrocode.  We then examine setup time, results,
accuracy, and computer run times for three test problems obtained by ADIFOR.  Finally, we
outline our plans for future work.

2.  AUTOMATIC  DIFFERENTIATION  METHODS  FOR  A  HYDROCODE

Both code- and equation-based methods can be implemented in either the forward or
adjoint mode. By forward and adjoint, we mean the direction through the solution and in time
and space in which the derivative values are obtained.  The forward mode is more efficient for
determining the sensitivity of many responses to one or a few parameters, while the adjoint
mode is better suited for sensitivities of one or a few responses with respect to many
parameters.  The most recent version of ADIFOR [12] that is used here is applied in both the
forward and adjoint modes.



AD tools require several steps to get from the original code to an executable code with
derivative coding included.   A precompiler first analyzes the code and modifies it to include
code that calculates the derivatives of interest.  For a non-linear hydrocode, information from
the forward calculation is needed in the adjoint calculation. Independent storage or
recalculation can provide this information.   The second step in the process is to determine and
set up the required storage.  For a large problem a technique called checkpointing is required.
This technique consists of dumping the solution at checkpoints as the forward solution is
generated.  The forward solution is stored from the final checkpoint to the final time of the
forward calculation.  One then calculates the adjoint solution backward from the final state.
The forward solution is then calculated from the second to the last checkpoint.  This process is
repeated until the starting time of the forward calculation is reached. The last step is to
compile the enhanced code, auxiliary storage code, and the adjoint code, including run-time
libraries that satisfy the external subroutine calls.

3.  PROBLEM DESCRIPTIONS AND RESULTS

Setup time, accuracy, and run times are described for three problems.  The problem test set
consists of a one-dimensional shock-propagation problem, a two-dimensional metal-jet-
formation problem, and a two-dimensional shell-collapse problem. The physical situations for
the problems are depicted in Figure 1.
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Figure 1. Test problems: 1D shock; jet-formation; and shell collapse.

To compare the computational times on an equal footing all of the problems had 17
parameters and one response.  The model parameters were 4 initial conditions, 3 equation-of-
state parameters, 2 artificial-viscosity parameters, 5 boundary conditions, and 2 material-
strength parameters.  Setup time for ADIFOR was approximately two man-months starting
from a simplified fixed-dimension version of the original code.  Creation of the simplified
code and getting it running on an SGI platform represents several months of work.  Run times
for the problems are compared below in Table 1.

3.1  One-Dimensional Shock Problem
The first test problem is the one-dimensional impact of a copper plate with a rigid boundary
where the plate has an initial velocity 500 m/s as indicated in Fig. 1a. Upon impact the plate
experiences a right-going shock.  The impact problem was simulated to a final time of
2.0 µs.  The response for the problem was arbitrarily chosen to be the time-averaged density a
distance of 0.6 cm from the rigid wall.



3.2  Jet-Formation Problem
The second test problem is a two-dimensional jet-formation problem in which a copper bar
impacts a rigid boundary as is shown in Figure 1b.  The bar has an initial axial velocity
(uz t = 0( )) of 100 m/s and was run with three transverse velocities (ux t = 0( ) ): 0.0; 100; and
700 m/s, respectively. For the non-zero transverse velocities a jet is formed that flows along
the axis as in Figure 1b.  The response of interest is the final speed of a marker particle that is
placed on axis at the right side of the copper bar (shown as a black dot in Figure 1b). The
problem was run to a final time of 1 µs.  The sensitivity of the final speed to the initial axial
velocity is 1.000 for the zero transverse-velocity case.  This seemingly trivial result provided
an excellent test of the advection-scheme adjoint code. When 1.000 was obtained for the
adjoint initial-velocity sensitivity, the other sensitivities agreed well with the forward results
obtained by ADIFOR (which is viewed as the �correct� solution) and by finite differences.
The sensitivities produced by the adjoint code for 100 m/s also agreed well with those of the
forward code and finite differences.  It was not possible to produce reasonable sensitivities for
times greater than 0.8 µs by any method for the 700 m/s transverse velocity case.
Examination of the computed results for this case showed that the sensitivity was proportional
to the marker particle acceleration, which became unstable after 0.8 µs.  A different response
choice (other than following a marker particle) will be necessary to obtain a numerically
smoother characterization of the jet tip speed and stable sensitivities. We intend to explore
this issue in future work.

3.3  Shell-Collapse Problem
The third test problem is a free-running shell collapse.  In this problem, a spherical shell of
elasto-plastic material is given an initial velocity toward its center (Figure 1c).  During the
collapse, the shell thickens, and the kinetic energy is irreversibly converted to internal energy.
Under the appropriate initial conditions, the shell will stop at a finite inner radius r0'  when all
of its kinetic energy has been dissipated.  We chose r0'  as the response.  Verney [13] has
provided the analytical solution for the plastic work done during the collapse of the shell from
r0  to r0' .  By equating the plastic work to the initial kinetic energy, an initial velocity
distribution may be determined that is consistent with a specified final inner radius.  The
initial shell radius is 8 cm and its thickness is 2 cm.  For a final inner radius r0'  of 3 cm, the
initial inner-radius velocity is 670 m/s.  Using this velocity, the fully collapsed (>99 % kinetic
energy converted) inner radius was calculated to be approximately 3 cm, which is in good
agreement with the analytical result.  For the analytical solution the only parameter that
matters is the yield strength.  The yield strength is also the parameter with the largest
sensitivity.

3.4  Accuracy and Timing Comparisons
ADIFOR-processed code provided accurate (as compared to finite difference) parameter
sensitivities in both the forward and adjoint modes for all of the problems.   The run times for
the various methods used to obtain the test problem sensitivities are listed in Table 1. These
test problems had 17 model parameters and one response. We find that the ADIFOR forward
mode is up to 39% slower and the ADIFOR adjoint mode is at least 11% faster than finding
the gradient by means of finite differences.  Problems of real interest will certainly have more
parameters.  The adjoint mode is thus favored since the computational time increases only
slightly for additional parameters.   



Table 1.  Comparison of computational times on an SGI Origin 2000 for test problems with 17
model parameters and one response.

Problem 1D Shock Jet Shell
Problem Information
Cells in 2D 3 X 40 60 X 100 42 X 42
Time steps 400 100 1000
Run Times CPU seconds
Finite Difference 36 126 347
ADIFOR-Forward 15 146 484
ADIFOR-Adjoint 12 63 309

4.  SUMMARY AND FUTURE WORK

We have applied the automatic differentiation tool ADIFOR (version 3.0) to MESA2D (a
Fortran77 code) and have obtained accurate sensitivities for three test problems in both the
forward and adjoint modes.  We will apply this capability to experimental data assimilation
and result uncertainty analysis with this code. We will then extend the capability to parallel
hydrocodes written in languages other than Fortan77.
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