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Abstract

This manual outlines the features and usage of the new Graphical User Interface (henceforth
GUI) for FEMATS. An example run using the NASA almond is worked to demonstrate the use of the
new GUI. A brief installation procedure is included, as is a discussion of some of the more important
directories and files in the installation.
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Chapter 1

User’s Manual for the FEMATS GUI

1.1 Introduction

The GUI has become a critical component in user-oriented codes which provide multifunction ca-
pabilities. FEMATS is such a code, bringing together a number of different technologies and capa-
bilities. Moreover, because FEMATS is able to run on serial, vector and parallel platforms, a user
interface to manage the submission and execution of jobs on these platforms is essential. Using FE-
MATS, a user will typically go through the following steps in an RCS/radiation simulation:

o Definition of a new target using a solid modeler or retrieval of a previous created target geom-
etry.

o Specification of the materials in selected regions

e Generation of the surface and/or volume mesh and element/mesh quality inspection

e Selection of a mesh truncation scheme and solver (Pro-Solver, BCG, FMM, AIM, etc.)
e Data run specification (frequency ranges, angles, output format selection, etc.)

e Submission of the problem to one of the available computational platforms

e Monitoring the status of the solver

e Data extraction and display of RCS and surface fields using line plots and 3D visualization
software

The GUTI is a valuable tool for managing and coordinating this complex sequence of tasks, espe-
cially given the intent of developing a code that may be used by entry-level engineers. Even more
to the point, however, is the eventual integration of RCS simulators into broader design codes. Inte-
gration of a code of this sort into a simulation environment which already combines aerospace and
other disciplines clearly necessitates such a graphical interface with its extra organization and man-
agement abilities.

The FEMATS GUTI is intended to greatly simplify the use of the collection of programs necessary
to run FEMATS. It does this by providing a consistent, easy-to-understand interface that cohesively
ties all the steps required for an RCS simulation with FEMATS into one simple process. This allows
the user to ignore the mechanics of the solution procedure, and instead concentrate on the electro-
magnetics of the problem. A diagram further detailing the FEMATS GUT’s function(s) is shown in
Figure 1.1.
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Figure 1.1: Functions administered by the FEMATS GUI using the project construct.

1.2 The Project Concept

The FEMATS GUI is based on the concept of a project—a name, a data structure, and an organiza-
tional idea that groups and organizes all the pertinent information about a certain task in one loca-
tion. In doing this, redundant information is eliminated, and an extra level of order and structure is
both provided and enforced. All the information about the project is stored permanently in a special
file called a project file. This project file keeps track of what data is available, what data is missing,
which parts of the analysis have or have not been run, etc. It also keeps track of all the miscellaneous
information used by FEMATS that previously needed to be managed by the user.

The base name of the project file is the name of the project, and the extension is .prj. The
project file itself is placed in the current working directory, and all the files related to that project are
stored in a subdirectory with the same name as the project. Given this, a short but descriptive name
for the project should be chosen when prompted. It is worth noting that the FEMATS GUI will not



allow any further action to be taken until a project is loaded.

1.3 Starting & Running the FEMATS GUI

1.3.1 Overview
To start FEMATS, after completing the installation as described below in Chapter 3, type
femats

at the prompt. In a second or two, a window like that shown in Figure 1.2 should appear in the upper
right quadrant of your screen.

Figure 1.2: FEMATS Main Menu, with no project selected.

1.3.2 Notational Notions

There are a few standard ideas applied to the notation in the FEMATS GUI. Each is trivial in itself,
but in concert serve to make the interface easier to learn and use, and help guide the user through the
simulation process.

Shadowed text: Indicates that the selection or input field shown is not available for use. De-
pending on the situation, this may be due to a lack of information, as is the case in Figure 1.2,
where a project has not yet been defined. Until a project is defined, the FEMATS GUI will not
allow any other actions. The shadowing may also be a result of a prior choice, the results of
which include the invalidation of the particular option or input in question.

Ellipsis (...): Indicates that some sort of information requestor will appear. An example of this
is the Open item in the Project menu in Figure 1.3.

Underlined characters: Indicates the presence and availbility of hot keys/key-stroke combi-
nations. (Not fully implemented yet.)

Courier font: Generally indicates direct interaction with the computer — text to be typed-in
verbatim, or textual output from the computer.

Sans Serif Courier font: Used to indicate the system-dependent portion of a filename or path.
That is, the portion of a path or filename that must be changed to make it applicable on the
individual user’s system. See Section 2.2 for more information.

1.4 Project Menu

1.4.1 Overview

As was discussed above, the organizational unit in the FEMATS GUI is the project. Nothing can be
done in FEMATS until a new project is defined, or an old one is loaded. To start a new project, or



to select an old one, click on Project, and select the appropriate option from the pull-down menu,
shown in Figure 1.3. A dialog window like that shown in Figure 1.4 will appear, prompting for the

Figure 1.3: Project menu

name of the new project. If a previously defined project is opened, FEMATS will load it, and the rest
of the options in the main menu will be enabled, making it look like Figure 1.5. If a new project is
defined, FEMATS initializes the copy of the project file that is stored on disk, but then requires the
user to open it as they would a previously defined project, even though no work has been completed
on it. The main menu items will then be enabled, as discussed above.

An indication of what project is being worked on is given in the title bar of the window contain-
ing the main menu. In Figures 1.2 and 1.3, following the name FEMATS, { -None- } is displayed,
indicating that there is no current project. However, after a project is chosen, the title bar is updated,
as shown in Figure 1.5, where the new project is entitled demo.

Figure 1.4: New Project dialog, prompting the user to enter the name of the new project.



Figure 1.5: FEMATS Main Menu, with project selected.

1.4.2 Detailed Descriptions

New...

Open...

Save

Save As...

Delete...

Print

Window Dump...

Exit...

Defines and initializes a new project. Utilizes a file requestor dialog
similar to that in Figure 1.4.

Opens a previously defined project for continued work. Utilizes a file
requestor dialog similar to that in Figure 1.4.

Saves the current project under the current name.

Renames the current project, and saves it under the new name. Utilizes
a file requestor dialog similar to that in Figure 1.4.

Deletes the specified project. Utilizes a file requestor dialog similar to
that in Figure 1.4. (Not fully implemented yet.)

ASCII dump of pertinent information regarding the project. (Not fully
implemented yet.)

Individual window graphics dump. (Not fully implemented yet.)

Exits the FEMATS GUL

1.5 Geometry Menu

1.5.1 Overview

The Geometry menu in Figure 1.6 provides an interface to the various solid modelers and geom-
etry editors available to the user, as well as to format conversion utilities. In the beginning stages
of a project, when the geometry is being defined, the editor is chosen under New..., along with the
other default settings. Once the initial setup is complete, further access to geometry-related items
is available through the Edit... menu. If the geometry in question has already been developed, for-
mat conversion utilities are available under Format Conversion... to convert the original geometry
format to the internal FEMATS formats.

Figure 1.6: Geometry menu



1.5.2 Detailed Descriptions

New... Starts the process for defining a new geometry, including the choice of
the editor.

Edit... Provides access to the current geometry in the editor of choice.

Format Conversion... Provides access to format conversion utilities.

1.6 Pre-Processing Menu

1.6.1 Overview

After the target geometry has been developed, it must first be meshed and then processed for input
to the FEMATS solver(s). The Pre-process menu in Figure 1.7 provides a first-level interface to
these mesh generation and preprocessing functions in FEMATS. Figure 1.8 shows the submenu that
interfaces with the various meshing packages.

Figure 1.7: Pre-Processing menu

Figure 1.8: Meshing sub-menu

1.6.2 Detailed Descriptions

Use Current Model Not currently in use.

Generate Mesh... Pulls down a sub-menu that accesses the available meshing packages.



Prism 3-D meshing package. Uses the ACAD 2-D surface facet file as
a starting point, and “grows” the 3-D mesh from that. The user-
interface to the controls for Prism is shown in Figure 1.9. Fur-
ther discussion and information on its usage may be found in Sec-
tions 1.6.3 and 2.3.

Second Mesher Other meshing package...
Third Mesher Other meshing package...

View Mesh... Allows inspection and modification of meshes formed by the mesh gen-
erators, above. Currently under development.

Post-Process Mesh... Processes the mesh for input to the FEMATS solvers. An example win-
dow is shown in Figure 1.10.

Set Material Properties... Provides a means to define the material properties for those meshes
which were created using less-capable mesh generators. Figures 1.11,
1.12, and 1.13 show the three available input screens, one each for di-
electrics, resistive sheets, and impedance sheets, respectively.

1.6.3 Prism
1.6.3.1 Introduction

Prism is one of many available public-domain grid generators. It was developed at NASA Ames
by Shishir Pandya for solving fluid flow problems on a prismatic grid. From a 2-D surface mesh,
which is obtained from some other package, it creates a 3-D grid by extending the individual surface
normals outward layer by layer, gradually constructing the computational domain around the object
of interest. Several techniques are available internally for construction and optimization of the grid,
depending on its final use.

Prism was chosen for integration into FEMATS both because of its ease of use and because of the
inherent geometrical and numerical advantages of prismatic elements. Prismatic elements combine
the geometrical flexibility of tetrahedral elements with the simluation efficiency of brick elements.
Also, because a prismatic grid is constructed layer by layer, it is quicker and easier to generate than
the geometrically equivalent tetrahedral mesh.

For further information regarding the internals of Prism, the interested user should see the Prism
subdirectory of the documentation directory of FEMATS (/I/EM/femats/doc/prism),and pos-
sibly contact Shishir Pandya at NASA Ames. Parts of Prism have been modified or added to in order
to facilitate the interface to familiar geometry generators and the FEMATS preprocessors. The GUI
pictured in Figure 1.9 was also developed to make Prism easier to use.

1.6.3.2 Detailed Descriptions

For the most part, the FEMATS GUI takes care of the settings for the grid generation using Prism.
However, some parameters much be entered by the user, as they cannot otherwise be deduced. Over-
all, the following information is required by Prism:

Name of Surface Datafile The input file to Prism, consisting of all the data for the 2-D triangular
surface mesh of the object of interest. Because of the input file’s format,
itis typically generated by a conversion program from the file output by



Figure 1.9: Prism grid generator user-interface.

the original surface mesh generator or solid modeler. For example, if
ACAD is used as the original modeling package and 2-D grid generator,
a program called ac2pr is automatically run by the FEMATS GUI to
convert the ACAD facet file into a form readable by Prism. This input
is automatically supplied by the FEMATS GUI, and should only need
to be changed under unusual circumstances.

Method Determines how the generated grid will be optimized. Of the available
choices, the Averaged Normals selection seems to generate the best
grids, so it is recommended that this option be left alone. This input is
automatically supplied by the FEMATS GUL

Number of Steps The number of layers of prisms desired. Automatically supplied by the
FEMATS GUI, but almost certainly needs to be modified by the user.
NOTE: This number includes the layers of absorber.

Number of Shells to Save The number of surfaces between the layers of prismatic elements.
Always one more than the Number of Steps. Automatically supplied
by the FEMATS GUL

Initial Step Size The initial layer thickness. This, combined with the Stretch parame-
ter, below, allows variable thickness elements. However, for the most
part, Stretch is turned off, making this input the layer thickness for each
layer. Automatically supplied by the FEMATS GUI, but almost cer-
tainly needs to be modified by the user.

Total Marching Distance Total thickness of all the layers if Stretch is on. As mentioned above,
Stretch is usually turned off, so this parameter is usually ignored. Au-
tomatically supplied by the FEMATS GUI.

Stretch Method to provide automatic layer thickness adjustment. Generally not
used. Automatically supplied by the FEMATS GUL

Surface Triangulation Definition Determines the node ordering to ensure that the surface nor-
mals point outward from the surface. Counter-Clockwise corresponds



to the Right-Hand Normal (RHN) convention defined in ACAD. For
example, if you curl your fingers around a facet coincident with the
node numbering increment, you thumb will point in the direction of the
normal, which is away (outwards) from the object. The RHN conven-
tion is also used by FEMATS.

The Number of Surfaces and Active Surfaces inputs are not utilized in FEMATS.

Following the input of the above data, click on Generate Prisms. A temporary window will
open, and display the progress and status of the grid generator. It will then prompt the user for the
desired output element type — prisms or tetrahedrals. Currently, FEMATS required tetrahedral ele-
ments, so “2” should be entered, (in this case, the prismatic elements are simply divided into tetrahe-
drons). The user will also be prompted for a color choice. If the different color is chosen, FEMATS
will crash, so this should be treated as a cosmetic device only. Finally, the user is prompted for the
number of layers of artificial absorber to be placed around the periphery of the mesh as a termination
boundary. It has been found that 3 layers is generally adequate. Thus, if 9 layers of prisms were orig-
inally requested, and 3 layers of artificial absorber is chosen, there will be 6 layers of air between the
target and the first absorber layer. Following these inputs, Prism will continue to process the mesh,
and will write out a data file readable by the FEMATS preprocessors.

1.6.4 Mesh Post-Processing
1.6.4.1 Introduction

Following the generation of the 3-D mesh/computational domain for the target in question, the in-
formation contained in this mesh must be extracted and rearranged for consumption by the FEMATS
solver(s). Control of this (possibly) complex process is available through the pre-processing inter-
face shown in Figure 1.10. For meshes with inherent symmetry, reflections are available to mini-
mize the mesh creation time. 2-D object processing is available for thin plates, and other termina-
tion schemes besides the artificial absorber scheme discussed above are also accessable. Finally, the
progress of the various stages of the preprocessing is displayed in a scrolling window, and optionally
logged to a file for future reference.

1.6.4.2 Detailed Descriptions

Mesh Reflections For large geometries with planes of symmetry. This option allows the
user to define and mesh only the unique portion of the geometry, thus
greatly speeding up the definition & meshing process. The rest of the
geometry and mesh is generated via reflections across the appropriate
planes of symmetry. There are three possible reflections shown in Fig-
ure 1.10, allowing the user to define and mesh at the minimum 1/8 of the
actual geometry, and create the rest later. Each of the three reflections
is done in sequence, the top first, the middle second, and the bottom
third, and each operates on the results of the previous action. Only re-
flections in the coordinate planes are supported — no reflections across
planes that intersect more than one axis.

Reflection Switch to turn that reflection on or off.



Figure 1.10: Mesh processing controls.

Refl. Plane The coordinate plane that the geometry and mesh will be mir-
rored across.

Reflection Point The location of the mirror plane. Alternatively, where the mirror
plane, which is parallel to the plane formed by the two coordinate
axes specified.

Point Coincidence Tolerance The minimum allowable separation between two in-
dividual nodes for them to be considered distinct, instead of coin-
cident. Hence, nodes that are within this distance of the reflection
plane will not be duplicated, while nodes that are farther away
will be copied.

10



2-D Object Processing Allows FEMATS to handle thin objects, such as plates. For 3-D ob-
jects and when used with the artificial absorber termination, it should
be turned off.

2-D Objects? Switch to turn 2-D processing on and off.

PEC Tells the preprocessor to look for 2-D (planar) PEC sheets, and
group them accordingly.

R-Card Tells the preprocessor to look for 2-D (planar) r-card sheets, and
group them accordingly.

Impedance Sheet Tells the preprocessor to look for 2-D (planar) impedance sheets,
and group them accordingly.

Far-Field Int. Surf. When not using the artificial absorber termination, tells the pre-
processor to group the far-field integration surface properly for
2-D structures.

Mesh Outer Boundary Description Only used when not using the artificial absorber termina-
tion on the outer boundary. Allows the selection of different surfaces
to apply the absorbing boundary condition on. The shape of the outer
boundary should be chosen to minimize the number of elements in the
computational domain while still ensuring that it is large enough to al-
low accurate compution of the fields inside it. While this information
could possibly be extracted from the actual mesh, it is faster and more
accurate to query the user. NOTE: The outer boundary shape is deter-
mine when the mesh is generated, and only echoed here, so it is impor-
tant to allow for this when the geometry and mesh are generated.

Spherical Selects a spherical-shaped boundary, with center coordinates and
radius defined below.

Cylindrical Selects a cylindrical-shaped boundary, with center, radius, orien-
tation, and overall length defined below.

Rectangular Box Selects a rectangular-shaped boundary, with center, orientation,
and overall dimensions along each axis defined below.

Conformal Selects a boundary conformal to the outer surface of the object.
Not currently implemented.

Center x,y, and z coordinates of the center of the geometric shape defin-
ing the mesh outer boundary.

Axis Axis along which the geometric shape forming the termination
boundary lies.

Dimensions Overall size of the rectangular termination boundary.

Radius Radius of either the cylindrical or spherical termination bound-
ary.
Height Overall length of the cylindrical termination boundary.

Status/Output Window Allows the user to monitor the progress of the preprocessors, and verify
that the requested processing is being performed properly.
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Data Logging Allows the user to log the information displayed in the status/output
window to a file for future reference.

Yes/No Turns data logging on and off.

File Allows the user to select which file the log will be written to. A
file requestor dialog is used, and the FEMATS GUI makes an ap-
propriate suggestion for the name, which the user may either ac-
cept or redefine. If a file is chosen that already exists, any new
information will be appended to the original file.

Controls: Run After the controls have been set and the appropriate selections made,
click this button to run the preprocessors.

Controls: Kill Inactive until the preprocessors are running. Once they have started,
clicking on this button will halt the preprocessing of the mesh file, forc-
ing it to be started over from the beginning. Useful if an error is discov-
ered while monitoring the output of the preprocessors — the process
may be halted, the error corrected, and the preprocessing restarted, in-
stead of waiting for it to finish before making the necessary corrections.

Controls: Reset Resets all the options and inputs to their default values.

Controls: Cancel Cancels the operation, and closes the window. Also used to close the
window after the preprocessing has been completed.

1.6.5 Material Properties
1.6.5.1 Introduction

While the geometry is being entered and the mesh defined, different tags are used to indicate each ma-
terial. However, because most geometry generators don’t support the sort of information required by
FEMATS, the electrical parameters for each material must somehow be defined externally. In short,
for each dielectric region and for each resistive or impedance sheet, their constitutive parameters
must be defined and saved for input to the FEMATS solver(s). Figures 1.11, 1.12, & 1.13 show the
three dialogs used to define the constitutive parameters for the different materials mentioned above.
To select each of the input pages, click on the appropriate tab inside the top left edge of the window,
and the associated page will appear.

1.6.5.2 Detailed Descriptions

Dielectrics

A list of the different dielectric materials found by the preprocessors is given in the display win-
dow in Figure 1.11. Material 1 is internally defined as air, and Material 2 is the artificial absorber,
also defined internally. Any of the parameters may be modified by clicking on the desired material
in the list to select it, and then by modifying the appropriate value and clicking on Done. The mod-
ifications will then appear in the list. If, while the parameters are being modified, the user decides
not to continue, the Cancel button may be clicked, and the edits to that point will be ignored and the
window closed. The Reset button resets all the parameters to their original values, but doesn’t close
the window. The Ok button saves the changes, and closes the window.

12



Figure 1.11: Material properties selection for dielectrics.

R-Cards

Figure 1.12: Material properties selection for resistance cards.

Figure 1.12 shows the entry dialog for r-cards. As is noted, FEMATS currently supports just
one r-card. To define and use this r-card, select the Yes radiobutton. The two material regions the
r-card is sandwiched between can then be specified. The r-card is defined on the boundary between

13



two volumes, not as a volume itself, because it is typically very thin compared to a wavelength. The
r-card’s resistivity must also be defined, in terms of normalized resistivity — that is, resistivity in
/0, normalized by the impedance of free space, 1207 2. As before, the Cancel button ignores all
the edits to that point, and closes the window. The Reset button resets all the parameters to their
original values, and the Ok button saves the changes before closing the window.

Impedance Sheets

Figure 1.13: Material properties selection for impedance sheets.

The entry dialog for impedance sheets is quite similar to that for the r-card, as is shown in Fig-
ure 1.13. It is slightly different in that only the top material region number is required, instead of
both the top and bottom, as above. Also, as indicated by its name, the impedance may be complex,
but still must be normalized by the impedance of free space. The buttons operate as discussed above
for the r-card box.

1.7 Run Menu

1.7.1 Overview

Before the simulation can be run, most of the so-called “simulation parameters” must still be en-
tered — solver parameters, incident and far-field information, polarization, etc. Some facilites must
also be provided to the user for control over the solution as it progresses. In the Run menu, ac-
cess to the geometrical & electrical paramters is provided through the Define Runtime Parame-
ters... dialog. Both informative and regulatory solver parameters are made available in the Define
Solver Parameters... dialog. A runtime interface to the solver for the local machine is provided
under Run Locally.... Remote access to off-site computational resources will be available under
Run Remotely..., but is still under development. Because a substantial amount of information is
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required to automate remote access to other machines, a user-friendly interface will be provided un-
der Remote Setup... to facilitate its input.

Figure 1.14: Run menu

1.7.2 Detailed Descriptions

Define Runtime Parameters... Opens a dialog window requesting all manner of information
regarding the type of calculation to be made (Mono- or Bi-static), the
incident field parameters, and both the incident and observation points.

Define Solver Parameters... Opens a dialog window that gives various statistics regarding the
size of the problem, and allows the user to either accept the automatic
solver tolerance and iteration limits, or to enter their own.

Run Locally... Opens a window that displays the status and progress of the solver, pro-
vides data logging capabilities, and offers some measure of control over
the solver.

Run Remotely... Opens acontrol interface to another computer, providing status displays
and control over the solver running on that machine.

Remote Setup... Setup screens for the remote solver control function, above.

1.7.3 Runtime Parameters
1.7.3.1 Introduction

Before the actual simulation of the target, all the geometrical and electrical parameters that define
the simulation must be set. This data is collected in the user dialog shown in Figure 1.15 or Fig-
ure 1.16. Available settings include the pattern type, incident field polarization, and both incident
and observation angle settings and sweeps.

This dialog reconfigures itself depending on whether a bistatic or monostatic pattern is chosen.
In Figure 1.15, it is configured for a monostatic pattern. Figure 1.16 shows the same dialog after it
has been reconfigured for a bistatic pattern.
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Figure 1.15: Interface to set runtime parameters for monostatic run.

Figure 1.16: Interface to set runtime parameters for bistatic run.

1.7.3.2 Detailed Descriptions

Far Field Pattern Type Enables the user to define the type of far field pattern to be computed.
Essentially, allows the user to specify whether the source will be inde-
pendent or coupled to the receiver in the equivalent measurement.

BiStatic Bistatic pattern. The transmit antenna is fixed, and the recieve
antenna follows the cut as defined in Figure 1.16.

MonoStatic Monostatic pattern. Both the transmit and receive antennas fol-
low the cut as defined in Figure 1.15.

Radiation Not implemented yet.

Incident Field Parameters Lets the user define the polarization state of the incoming plane wave
and the bistatic incidence angle, if a bistatic pattern is chosen.
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Polarization Defines the polarization state of the incoming plane wave. In 3-D
space and spherical coordinates, for TE polarization, E is along
¢E, while for TM polarization, E is along é, and has some compo-
nent along 2. In both cases, 2, 9, and ¢ are defined in the standard
right-hand system, shown in Figure 1.17.

Incidence Angle For a bistatic pattern, defines the direction from which the plane
wave excitation will approach. For a monostatic pattern, this op-
tion is not available (compare Figures 1.16 and 1.15).

Incident/Observation Angle Parameters For monostatic patterns, where the transmit and re-
ceive antennas are co-located (Figure 1.15).

Angle Held Constant Chooses and defines the angle to be help constant in the cut.
If Theta (0) is held constant, a conical cut is defined, with the axis
of the cone along 2 and the cone half-angle « = 6. If Phi (¢) is
help constant, a planar cut is defined such that the it contains both
z and p.

Angle to Sweep Chooses the extents and number of points at which the fields are
calculated, in whatever cut is defined.

Observation Angle Parameters For bistatic patterns, where the transmit antenna is stationary
and the receive antenna moves. The direction along which the trans-
mit antenna is positioned is determined by the Incidence Angle inputs
under Incident Field Parameters, and is defined according to the stan-
dard spherical coordinate system, shown in Figure 1.17. The rest of the
inputs are the same for the bistatic case as they were for the monostatic
case, and are discussed above.

P(p.8,9)
i P(xy,z)

X

Figure 1.17: Standard Cartesian & Spherical coordinate systems.

1.7.4 Solver Parameters

1.7.4.1 Introduction

Once all the simulation parameters have been set in the Runtime Parameters dialog, before the
FEMATS solver can be started, the accuracy and termination conditions for the solver must be set.
The dialog box in Figure 1.18 provides some helpful information regarding the size of the problem,
and allows the user to set the both the iteration tolerance and the maximum number of iterations.
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Figure 1.18: Interface to set solver parameters.

1.7.4.2 Detailed Descriptions

Problem Information To make an informed decision regarding the termination tolerance and
the maximum number of iterations the solver should perform before ter-
minating, it is convenient to have some information regarding the size
and relative bandwidth of the system. The following values give some
idea of the scope of the problem.

Number of Nodes Number of finite element nodes in the geometry.
Number of Elements Number of finite elements in the geometry.

Number of Edges/Unknowns Number of finite element edges in the geometry, or
the actual number of unknowns in the numerical system.

Average Bandwidth The finite element system is a highly sparse system. The aver-
age bandwidth gives some idea of the width of the band of non-
zero elements in the matrix. It also indicates the average coupling
between elements.

Peak Bandwidth Indicates the width of the widest portion of the band of non-zero
elements in the matrix.

Solver Parameters FEMATS uses an iterative solver which continues to fine-tune its an-
swer until one of several termination conditions is reached. Two of
these, the error tolerance and maximum number of iterations, are dis-
cussed below. The final termination condition is given by the solver
itself — it will not iterate more than the total number of unknowns.

Tolerance For small problems, typically set between 0.0001 and 0.001. For
larger problems ( > 100k unknowns), often set between 0.01 and
0.1. The solver iterates until the norm of the difference between
the current residual error and that of the immediately previous
iteration is less than this tolerance.

Maximum # of Iterations Typically somewhere between 1/10 and 1/100 the num-
ber of unknowns, depending on the problem size (the larger the
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problem, the greater the fraction) and the system condition num-
ber. This forces (or only allows, depending on your outlook) the
solver to perform a certain number of iterations, regardless of the
residual error.

1.7.5 Local Runs
1.7.5.1 Introduction

After setting the solver parameters, and all the rest of the runtime values, the solver is ready to be
run. Under Run in the main menu, clicking on Run Locally... brings up the user dialog/control
panel shown in Figure 1.19. This displays the current status and monitors the output of the solver,
controls the logging functions, and gives some measure of control over the solver itself by providing
a termination mechanism for the solver.

Figure 1.19: Control interface and status display for solvers.

1.7.5.2 Detailed Descriptions

Status/Output Window Allows the user to monitor the progress of the solver, and verify that
the requested runs are being performed properly.

Data Logging Allows the user to log the information displayed in the status/output
window to a file for future reference.

Yes/No Turns data logging on and off.

File Allows the user to select which file the log will be written to. A
file requestor dialog is used, and the FEMATS GUI makes an ap-
propriate suggestion for the name, which the user may either ac-
cept or redefine. If a file is chosen that already exists, any new
information will be appended to the original file.
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Controls:Run Once the status of the data logging has been determined, click this but-
ton to start the solver.

Controls:Kill Inactive until the solver is running. Once it starts, clicking on this but-
ton will terminate the solver, forcing it to be started over from the begin-
ning. Useful if an error is dicovered while monitoring the initial output
of the solver — if an error is discovered, the solver may be halted, the
mistake corrected, and the solver restarted, instead of waiting for it to
finish before making the necessary corrections.

Controls:Cancel Cancels the operation, and closes the window. Also used to close the
window when the solver has completed.

1.7.6 Remote Processing

In the future, this ability will be added to facilitate the execution of FEMATS on other machine, either
locally (in the next room) or half-way across the world. However, until this is ready, this option will
remain inoperative.

1.8 Post-Processing Menu

1.8.1 Overview

Following the calculation of the scattered or radiated fields by the FEMATS solver, some facility
must be provided to view the results. The Post-Processing menu in Figure 1.20 provides a first-
level interface to several different visualization packages.

Figure 1.20: Post-Processing menu

1.8.2 Detailed Descriptions

Patterns... Starts XMgr, a very sophisticated 2-D plotting package. In this context,
it is very useful for viewing and manipulating 2-D pattern plots.

Impedance... Not implemented yet.

Fields... Starts a3-D viewer, which is used to display and manipulate the surface
fields on the target.
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Figure 1.21: XMgr: 2-D plotting for radiation & rcs patterns.

1.8.3 Patterns: XMgr
1.8.3.1 Overview

XMgr is a public domain 2-D plotting package, developed by Paul J. Turner. Its initial look and feel
is shown in Figure 1.21. It not only allows the simple display of line data, but also allows all sorts
of operations to be performed on the current set of data, as well as across several data sets. Thus,
not only can it be used strictly to view the data, but also for any sort of post-processing that the user
might have in mind.

In the context of FEMATS, the data to be plotted is formatted internally by the FEMATS GUI,
and is sent through a pipe to XMgr, which then displays it. The GUI also defines the initial scaling,
titles, labels, etc. However, as mentioned above, XMgr is a full-fledged plotting package, and very
capable, not to mention extremely customizable.

While XMgr is fairly intuitive to use, for further documentation regarding the more esoteric com-
mands and operations, see the XMgr subdirectory in the documentation directory of the FEMATS
source tree. (//EM/femats/doc/xmgr).

1.8.4 Impedance

Inoperative.

1.8.5 Fields

Inoperative.

21



1.9 Help Menu

1.9.1 Overview

At any time during the use of FEMATS, help is available under the Help menu, as shown in Fig-
ure 1.22. However, the help system is still in development, and until it is fully debugged, will remain
inoperative.

Figure 1.22: Help menu
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Chapter 2

An Example Run using the GUI:
The NASA 1.19)\ Almond

2.1 Introduction

To further introduce the FEMATS GUI, and to give some idea of its intended use, the following
example is worked through from start to finish. We choose a scaled version of the NASA almond
as the target, both because it is a relatively low-observable object of reasonable current interest, and
because it can be scaled down enough to be a reasonable, and yet still interesting, example problem.

In the process of simulating the radar scattering from some target of interest, the user will typi-
cally go through the following major steps:

1. Contruction of the target geometry

2. Generation of a mesh on the surface of the target

3. Generation of the 3-D computational domain

4. Processing of the 3-D mesh for input into the FEMATS solver

5. Specification of the constitutive parameters of the non-PEC materials in the target

6. Specification of the runtime parameters - source & observation angle, incident field, etc.
7. Submission of the job to the FEMATS solver

8. Review of the solution(s) generated by FEMATS

In general the user will create the geometry they wish to simulate with their favorite CAD pack-
age. However, it was deemed easier to avoid that process in this case, especially since the main objec-
tive of this discussion is the operation of the FEMATS GUI, and not solid modeling techniques. An
ACAD facet file containing all the mesh information for this example has already been developed,
and is located in the FEMATS source tree at /l/EM/femats/bench/almond/almond. facet.
It is pictured in Figure 2.1. NOTE: A complete copy of all the files used and generated during this
example may be found in //EM/femats/bench/almond, should the user feel inclined (or need)
to peruse them.
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Figure 2.1: NASA almond facet file, from ACAD.

As mentioned above, both the geometry and mesh that will be used in this example were gen-
erated using the (originally) Lockheed Fort Worth CAD package ACAD (NOT Autodesk’s Auto-
CAD). ACAD uses an associative database, which, coupled with both a capable solid modeling fa-
cility and good surface modeling capabilities, makes it a very powerful package. It also produces
reasonably good triangular and rectangular surface grids, although they are not optimized for elec-
tromagnetic analysis.

2.2 Getting Started

In the pursuit of organization and neatness, it is highly recommended that the FEMATS user make a
separate (sub)directory for their simulations; somewhere in their user space, and definitely separate
from the main FEMATS source and binary tree. FEMATS can also be a bit of a disk hog, particularly
for big problems, so depending on how much data from previous simulations, etc., is kept around,
50-100 MB of work space might be considered a minimum. Given these recommendations, for this
example the following paths will be assumed (not because there is anything special about them, but
to minimize confusion by making sure everything is well-defined).

1. The FEMATS source tree is located in /I/EM.
2. The user’s work directory is //mwnurnbe/work.

(Realizing that these paths will most likely not be valid on the user’s system, the system-dependent
portion of the path will be typeset in a sans serif font, making it stand out from the rest of the path.
This makes it more obvious which portion of the path the user needs to replace with a similar portion
that is valid on their own system.

After making a separate (sub)directory to work in, cd to that directory, and run FEMATS by
typing femats at the prompt. Assuming everything went right in the installation, and that the paths
are set properly, a window like that shown in Figure 2.2 should appear in the upper-right quadrant
of the screen.

Before anything else can be done, a project must be defined. As was discussed in Section 1.4.1,
the FEMATS GUI will not allow any other actions until either a new project is defined or an old
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Figure 2.2: FEMATS Main Menu, with no project selected.

project is reloaded. From the Project menu, select New..., since a new project is being started. A
file requestor window will appear, prompting for the name for the new project. Following the think-
ing that a descriptive name is best, in the entry field labeled New Project:, enter almond, (see Fig-
ure 2.3) and then click on OK.

Figure 2.3: Defining a new project named almond in the New Project file requestor.

The FEMATS main menu will still be mostly grayed out since, as was discussed in Section 1.4.1,
defining a new project only initializes the project database. The project must also be loaded in to FE-
MATS before anything else can be done. To do this, from the Project menu, select Open..., choose
the project that is to be worked on — in this case, almond, and click on OK. (The name of the
project, in the list under Project Files, can also be double-clicked to automatically load it.) This is
shown in Figure 2.4.

Once a valid project is loaded, and the project database initialized, the rest of the FEMATS Main
Menu will cease to be grayed out, indicating that the menus are accessible, and that all the function-
ality of FEMATS is available. These changes may be observed by comparing Figure 2.5 with Fig-
ure 2.2. Also worth noting is the change in the title of the main menu window (and all the subsequent
windows). Again refering back to Figure 2.2, the original title was FEMATS{ -None— }. Now, after
loading a project, the project name, almond, is displayed in place of ~None— . This is the case for
all the windows, and helps the user keep track of which project is being worked on, particularly if
more than one copy of FEMATS is being run at a time.
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Figure 2.4: Loading the almond project.

Figure 2.5: FEMATS Main Menu, after selection of the almond project.

2.3 Mesh Generation

According to the list in Section 2.1, after starting the interface and defining the project, the next step
is Step 1, construction of the target geometry. Step 2, the generation of the surface mesh for the tar-
get, follows. However, because this is an example run, with a previously defined target geometry and
surface mesh, these steps will be skipped. Instead, the FEMATS GUI will be fooled into thinking that
the geometry has already been created and meshed. To do this, copy the filenamed almond. facet
from the /I/EM/femats /bench/almond directory to the directory named almond in your cur-
rent working directory. Using the above-mentioned paths, to do this, you would type

cp /N/EM/femats/bench/almond/almond. facet almond

For all intents and purposes, this takes care of Steps 1 & 2. Using the surface mesh provided
in the sample geometry (created in ACAD), the grid generator Prism will be used to generate a 3-D
grid inside which the fields will be computed, satisfying Step 3. To do this, under the Pre-Process
menu, activate the meshing submenu by clicking on Generate Mesh.... From the list of meshing
packages, choose Prism. This will start the Prism meshing package, and bring up its GUI, as shown
in Figure 1.9. Following the discussion in Section 1.6.3, edit the input fields until they are same as
those in Figure 2.6.

It is worth noting that, for this example, the grid generator has been instructed to generate 9 lay-
ers of elements, each 0.05) thick. For an in-depth discussion of each entry field, please see Sec-
tion 1.6.3.2. An example mesh is shown in Figure 2.7, where a view of the almond is shown with
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Figure 2.6: Settings for the Prism grid generator.

just one layer of prisms around it (partially cut away).

Figure 2.7: An example mesh of the almond, showing only 1 layer of prisms.

Once all the fields are properly entered, press the center button, labeled GENERATE PRISMS.
First, this starts a program to translate the ACAD facet file format to the Prism input file format. It
then invokes Prism to “grow” the mesh around the target. Another window will appear, keeping the
user updated as to the status of the grid generation. It will also prompt the user regarding several
issues, as shown in the following transcript of the Prism run. (The inputs required from the user are
shown in bold, as is a short description of each.)

Transcript of Prism run:

Number of Surfaces to be Treated = 1
MAXNE = 1420
MAXNN = 712
NSTEPS = 10

INITIAL DZETA = 5.00000E-02 ZETA MAX = .4499999

RMU = .0
2 .500000E-01 .500000E-01
3 .500000E-01 .100000E+00
4 .500000E-01 .150000E+00
5 .500000E-01 .200000E+00
6 .500000E-01 .250000E+00
7 .500000E-01 .300000E+00
8 .500000E-01 .350000E+00
9 .500000E-01 .400000E+00
10 .500000E-01 .450000E+00
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Shell 2
Shell 3
Shell 4
Shell 5
Shell 6
Shell 7
Shell 8
Shell 9
Shell 10
Output 1) prisms or 2) tetrahedrals?
2 <=== Choose tetrahedral elements.
Display shell #1 in different color (l=yes)?
0 <=== Don’t highlight shell #1.
Number of layers for artificial absorber (<= 9): 3 <===
Edge count = 2130 # of Layers of AA.

Elements - prismatic: 12780
Elements - tetra: 38340
Writing Universal File . . .

Output file is almond.unv.

Searching for element dataset...Done.

Searching for artificial absorber layers...Done.

Changing material parameters for artificial absorbers...Done.
Performing automatic grouping...Done.

End of Prism Transcript.

Approximately one-half of the way through the transcript, Prism gives the user a choice of ele-
ments —either prisms or tetrahedrons. Internally, Prism generates elements that are distorted triangu-
lar prisms. However, FEMATS is not yet equiped to deal with them. To deal with this, the user needs
to specify tetrahedral elements instead of prismatic elements when prompted (see above transcript).

Immediately following the prompt for element type, Prism asks the user if they want to display
shell #1, which corresponds to the surface of the scatterer, in a different color. This option is useful
for debugging, and pertains to I-DEAS, another geometry generator/visualization package. How-
ever, it will make the FEMATS mesh processors crash, so it should always be set to 0 (see above
transcript).

The last prompt is for the number of layers of absorber. This absorber is used to terminate the
computational domain. In this example, a total of nine layers of prismatic elements were called for.
In the above transcript, three of these nine layers were dedicated to the absorbing layer, leaving six
layers of actual free space. In other terms, the target is surrounded by approximately 0.3\ of free
space, which is then surrounded by 0.15A of absorber.

After the user has answered these three prompts, Prism makes the appropriate modifications to
the data file and exits, closing the status window. The Prism GUI is still running, in case the user
wishes to make any changes. However, for this example, there should be no modifications, and Prism
should have made a valid mesh file. To close the Prism GUI, click on EXIT.

2.4 Mesh Processing

The next step in the simulation of the target is to process the grid generated by Prism, converting it
into a form that is understood by the FEMATS solver. Again, under the Pre-Process menu, start the
mesh processing software by clicking on Post-Process Mesh.... This brings up the control interface
shown in Figure 2.8.

As was discussed in Section 1.6.4, this interface makes available many different processing op-
tions, including 2-D objects, geometry and mesh reflections, and various automatic boundary de-
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Figure 2.8: Settings for the mesh processing controls.

scriptions. For this demonstration, however, most of these options will be ignored. Hence, ensure
that all the options are set to their defaults: all the mesh reflections are turned off, that the 2-D object
switch is turned off, and that a spherical outer boundary is chosen.

The only option that will be used for this simulation is the Data Logging, at the bottom. By
default it is turned off, so turn it on by clicking on Yes, and then select a log file. This may be ac-
complished either by typing in a path and filename, or by clicking on the browse button at the far
right of the dialog window. This will bring up a file requestor, and will suggest an appropriate name.
It is recommended that the user choose the browse option, and that the suggested name be used, as
it keeps the naming convention intact. It is, however, up to the user.

It is also recommended that the user save the project at this point, and at every convenient point
following this, as the next steps are often troublesome. To do this, under the Project menu, click on
Save. This ensures the project file on disk is up-to-date, just in case something breaks.
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Once the log file has been chosen, click Run at the bottom of the window. At this point, two
things will happen. The adjacent Kill button will become active, and the mesh processors, as they
run, will start writing status reports both to the log file and to the Status/Output Window. At any
point while the mesh processors are running, if an error is doscovered, or for whatever reason, they
may be killed by clicking the Kill button. Eventually, as shown in Figure 2.8, the user is informed
that the mesh processors have finished running. At this point, the Cancel button can be clicked, and
the next step begun.

A copy of the log file for this run is included in Appendix A.3.

2.5 Materials Specification

After the mesh has been processed, the various constitutive parameters must be assigned to each ma-
terial. The preprocessors are aware of the presence of different materials, but most geometry genera-
tors don’t support the sort of information required by FEMATS, making some sort of external means
of defining these parameters necessary.

Figure 2.9: Setting the constitutive parameters for each material.

A list of the different materials found by the preprocessors is given in the display window in
Figure 2.9. In this case, they have (properly) only found two materials — air, and the absorber layers.
For these materials, default values are given for both the permitivity and permeability. In the case
of the absorber, these are the values that have been determined to give the best absorbtion for the
thinest absorber layer. Since the defaults are adequate in this case, there is nothing to do, so close
the window by clicking Cancel, and move on to the next step.

2.6 Simulation Parameters

After all the target geometry has been defined, and the materials chosen, the actual simulation can be
set up. This involves determining runtime parameters like the angle and polarization of the incident
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field, the scattering pattern type, and the locus of observation points (Figure 2.10). It also includes
setting up the parameters for the interative solver (Figure 2.11).

2.6.1 Runtime Parameters

Figure 2.10: Runtime parameters for a monostatic scattering from the almond.

Before the simulation can be run, all the excitation and the observation parameters must be defined.
Figure 2.10 shows these parameters for the almond example. Briefly, a monostatic pattern is selected
under Far-Field Pattern Type. The incident field is TM-polarized, and, since the transmitter and re-
ceiver are co-located, the incident and observation angles are the same. In this case, a cut at § = 90°
(a cut in the z — y plane) is defined, for 0 < ¢ < 180, in steps of 5° (see Figure 1.17 for a coordinate
system diagram).

Ensure that the values have been entered properly. If mistakes are made, they may either be indi-
vidually corrected, or, if either the user or the GUI gets confused, the Reset button may be pressed,
and all the settings will return to their default values, and the proper values may be entered. Once all
the user-entered values match those shown in Figure 2.10, click Ok to close the window and move
on. Again, it is recommended that the user save frequently (Now is a good time...Hint Hint).

2.6.2 Solver Parameters

FEMATS uses a sparse, iterative solver because of its increased efficiency and speed. However,
to make the best use of the extra speed, a couple of parameters need to be set. Figure 2.11 shows
both these two parameters and the information available to help with their choice. This is more fully
discussed and explained in Section 1.7.4. For the moment, both the Tolerance and the Maximum
Number of Iterations should be set to the values in Figure 2.11. As above, the Reset buttom may
be pressed to start over with the default values. (Don’t forget to Save...)

2.7 Running the FEMATS Solver

Now that all the geometrical and simulation information has been entered, the target can finally be
simulated. Under the Run menu, choose Run Locally.... A window will appear, containing both
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Figure 2.11: Solver parameters for monostatic scattering from the almond.

a status window and a data logging section, along with control buttons for the solver. As with the
mesh processing, the solver output may be logged to a file as well as echoed to the status window.
This is controlled from the Data Logging portion of the window, as discussed before, in Section 2.4.
Control over the solver is provided again though the Kill button while the solver is running. To start
the solver, press Run (Save... first...).

During the run, the solver will first display some statistics for the problem, and then echo back the
runtime information input by the user. It then periodically updates the user on its progress, displaying
the current angle, convergence information, timings, and results. For comparison’s sake, the timings
displayed in Figure 2.12 are for an otherwise unloaded hp 9000/715-75 workstation.

A copy of the log file for this run is included in Appendix A.3.

Figure 2.12: FEMATS solver control interface during almond run.
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2.8 Data Postprocessing

After the solver finishes, it saves the data to disk in ASCII format. This data can then be imported into
other packages for further analysis or display, or it can be viewed and processed with the packages
available through the FEMATS GUL

For 2-D plotting, the FEMATS GUI makes available the XMgr package, a fully functional 2-
D plotting and analysis package. A more in depth discussion of its capabilities is available in Sec-
tion 1.8.3.1, and in the references contained there-in. As an example of its capabilities, XMgr will be
used to make the backscatter plot for the almond simulation. Under the Post-Process menu, choose
Patterns. XMgr will start, presenting the user with an interface similar to the one in Figure 1.21. A
moment or two later (it depends on the amount of data to be transfered from the FEMATS GUI to
XMgr), the requested plot will appear. In this case, the final plot should look remarkably similar to
that shown in Figure 2.13.

The plot in Figure 2.13 may be printed either by doing a window grab, or by using the XMgr
interface to generate a Postscript file. It may also be manipulated inside XMgr, exported to another
package for manipulation with other data, or that other data can be imported into XMgr for manip-
ulation as well.

Project: almond
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Figure 2.13: Monostatic RCS for the Almond.
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Chapter 3

Installation

3.1 Introduction

The installation of the FEMATS package is designed to straight-forward and easy, and shouldn’t
require any uncommon knowledge about the host computer system. While FEMATS has been ported
to many different supercomputers, this version of the GUI and FEMATS is intended for use on a
workstation. More specifically, the following installation procedure will assume that you are using
an hp 9000/700-series workstation, or similar machine. However, the GUI, FEMATS, or both may
be quite easily ported to another type of machine.

3.2 Installation Instructions

1. Place the distribution tape in the tape drive. If the drive is not the default system drive, you
will need to find out what device it is, and include it in the following tar command.

2. Retrieve the files from the tape to the appropriate directory. The following command will
create a directory structure named femats, under which the FEMATS package will reside.
Change to the subdirectory where you want this directory structure to be located, and type the
following command:

tar x * .

For example, if the desired location of the head of the FEMATS package is //EM/femats,
you would type

cd /IEM
tar x * .

This would create the directory /I//EM/femats, and place the contents of the tape in it.

3. Change directory into femats and edit the Makefile, changing the line that says
ROOT = /12/femats/femats

to reflect the actual location of your FEMATS installation. For example, in the above case,
after editing the line would read

ROOT = //EM/femats

4. Staying in the femats directory, type
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3.3

make install

to build the various components of the FEMATS package. This step may take anywhere from
15 minutes to more than an hour, depending on your machine. Once that has completed, type

make docs

to build the documentation.

. After the successful completion of these steps, follow the instructions printed after make has

finished. They will tell you what to add to your path(s), and what links must be installed.

Some Possible Difficulties

. Kernel Parameters on hp 9000/700-series machines

It seems that the default kernel configuration in hp-ux 9.* is rather conservative in its allocation
of, among other things, stack space. This is particularly true if the machine that FEMATS is
running on has much more than 64 MB of RAM. If you receive an error that says something
like:

Pid ##### received a SIGSEGV for stack growth failure.

Possible causes: insufficient memory or swap space,

or stack size exceeded maxssiz.

Segmentation fault (core dumped)
it is likely that certain portions of the operating system kernel need to be reconfigured. In
particular, the kernel parameters maxdsiz, maxssiz, and maxtsiz probably need to be
enlarged. Maxswapchunks may also need to be increased. Finally, it may be useful to look
at defining the FEMATS solver as an EXEC_MAGIC user executable; refer to 1d (1) in the
HP-UX Reference Manual for more information. The manual "How HP-UX Works, Concepts

for the System Administrator” (Manual Part No. B2355-90029) might also be useful.

If the user has root permission on the machine, this may be done with SAM, the HP-UX System
Administration Manager, or by hand, depending on the level of experience. Otherwise, it
should be refered to someone with the required password and experience. Building a new
kemnel is not hard, but it is picky, and without the proper preparations, can be disasterous if
something goes wrong.

Script Path Length/Location of the FEMATS source tree

A good part of the FEMATS GUI is written in a scripting language called Tcl. In a round-
about way, this places certain restrictions on where the FEMATS source tree can be located.
Most of the unix shells only allow the first line of an executable script (the path and name of
the interpreter,) to be 30 characters long. Thus, because most of the GUI is made up of scripts,
the path (including the name) to the Tcl interpreter may only by 30 characters long.

To get around this difficulty, a link named femats that points to the head of the FEMATS
tree, wherever it is located, is created as part of the installation process. Thus, instead of hav-
ing /1/mwnurnbe/femats/bin/tixwish-tk4.1as the path (which is too long, even
though it is nearly as simple as possible), /usr/local/femats/bin/twis the path. Not
only is this short enough, but it is also location independent, since only the link needs to be
changed if the path changes. This is especially convenient for users with magneto-optical
(MO) drives, or other types of removable storage.

While this is of little interest to most users, if odd errors occur about invalid interpreters and
that sort of thing, this information may come in handy.
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3. Paths, DISPLAY, etc.

A few reminders about the painfully obvious issues:

1. Make sure the paths are set up properly.

2. If FEMATS is being run remotely, make sure the DISPLAY environment variable is set
properly, and that the X permissions are also turned on (xhost).

3. Beware of shell- and accounting-imposed limits on disk and memory usage.
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Appendix A

Files Overview & Directory Listings

A.1 Introduction

As discussed in Chapter 3, the FEMATS installation is organized in a directory tree structure. A
full directory listing of the FEMATS source (distribution) tree as it should appear after loading from
the distribution tape is given in Section A.2. A full directory listing of the installed tree as it should
appear after successful installation is given in Section A.3. Each of the subdirectory names have
been chosen to be self-explanatory, and give some indication of their contents.

After make has been run successfully, and FEMATS has been completely installed, as mentioned
above, the FEMATS directory structure should look like that in Section A.3. In the following abbre-
viated directory structure the more important files and directories are briefly described with the hope
of facilitating continued development by others.

femats/

Makefile

bench/
almond/
circ_inlet/
foam_cyl/
glass.plate/
rect_inlet/
rect plate/

bin/

doc/
Geomview/
bench/
femats/
prism/
Xmgr /

include/

lib/

man/

src/
Geomviewl.5/
Tix4.0.5/
archive/

Head of the FEMATS directory tree
Top-level Makefile for FEMATS
Benchmarking data for various targets
Example run & results for NASA almond
Benchmark results for circular inlet
Benchmark results for foam cylinder geometries
Benchmark results for glass plates geometries
Benchmark results for rectangular inlet
Benchmark results for rectangular plate
Contains all the FEMATS binaries
Documentation directory

Documention for 3-D visualization package
Postscript plots for above benchmark cases
FEMATS manuals and information

Manuals for supplied surface meshing packge
Manuals for 2-D plotting package

Header files for all packages

Library files for all packages

Man pages for all packages

Source code & binaries for all packages
Binaries for 3-D visualization package
Source code for Tcl/Tk widget libraries
Original distributions for all packages
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gui/
postproc/
preproc/
prism/
solver/
tcl7.5/
tkd4.1/
xmgr-3.01pl7/

Tcl/Tk source for GUI

FORTRAN source for data postprocessing
FORTRAN source for mesh processing, etc.
Source code for surface mesher and its gui
FORTRAN source for the FEMATS solver
Source code for the Tcl language

Source code for the Tk interface libraries
Source code for the 2-D plotting package

40



A.2 Source Distribution Directory Listing
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Appendix B

Mesh Processing Runtime Transcript

Following is a copy of the full transcript of the mesh processing that was performed in Sec-
tion 2.4. This should be identical to what appeared in the status window show in Figure 2.8, and
to the file /I/mwnurnbe/work/almond/almond.preproc. log.
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Appendix C

Solver Runtime Transcript

Following is a copy of the full transcript of the solver run that was performed in Section 2.7.
This should be identical to what appeared in the status window show in Figure 2.12, and to the file
/lmwnurnbe/work/almond/almond.run. log.
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User’s and Test Case Manual
for FEMATS

Arindam Chatterjee, John L. Volakis
and Mike Nurnberger

Radiation Laboratory
Department of Electrical Engineering
and Computer Science
University of Michigan
Ann Arbor MI 48109-2122

For FEMATS-related questions and bug reports, please call either Arindam Chatterjee at (313) 747-
1794 or Mike Nurnberger at (313) 764-0502.
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D.1 Introduction

The FEM-ATS program incorporates first order edge-based finite elements and vector absorbing
boundary conditions into the scattered field formulation for computation of the scattering from three-
dimensional geometries. The code has been validated extensively for a large class of geometries con-
taining inhomogeneities and satisfying transition conditions (see [1] for formulation). The FEMATS
code has been optimized to run on the Cray Y-MP and parallelized to run on the Kendall Square Re-
search (KSR) architecture and the Intel iPSC/860.

D.2 Data Generation

The computation of scattering from a specific geometry with FEMATS is a multi-stage process, as
is shown in Figure 1. Once the geometric parameters of the target are known, a solid model is con-

I-DEAS I-DEAS

Geomet > N
ry Solid Modeling Mesh generation

Universal
file

FEMATS e EEEE— Preprocessor S E—

Figure D.1: Stages involved in scattering computation from arbitrary 3D geometries

structed in the Solid Modeling family of SDRC I-DEAS, a commercial CAD/CAE/CAM software
package. The solid model is then exported to the Finite Element Modeling and Analysis family of
[-DEAS, and the nodes and elements necessary for the scattering analysis are generated. This data is
written to a output file, called a Universal file, and operated on by several preprocessors, generating
the necessary input files for FEMATS.

The process of object modeling and mesh generation is an art, not a science. Hence, it cannot be
taught, or demonstrated—it must be learned through experience. Hence, this manual is not by any
means an I-DEAS FE mesh generation manual. In fact, it assumes (and requires) a working knowl-
edge of, and familiarity with, the I-DEAS Solid Modeling and Finite Element Analysis families of
tasks.

D.2.1 Solid Modeling

Once the geometry of the target is specified, it is constructed using the I-DEAS Solid Modeling Fam-
ily of tasks. There is a tendency to downplay the importance of the solid model, and treat it only as
a stepping stone towards a final product. However, the solid model is the framework for the finite
element mesh, and as such, has a direct bearing on the quality of the mesh. Because of this, it is wise
to keep the mesh generation problem as simple as possible. This helps to ensure a better mesh, and
a more accurate answer.

In general, the object or body being meshed will contain various planes of symmetry. It is nearly
always advisable to take advantage of whatever symmetry is available, as doing so will greatly re-
duce the amount of time necessary to generate the mesh. In fact, the geometry may require such
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subdivision to make meshing possible. For more details about the creation of the solid model for
FEMATS, please see the [-DEAS Solid Modeling User’s Guide.
Note: When creating the Solid Model, FEMATS requires the dimensions to be in wavelengths.

D.2.2 Mesh Generation

I-DEAS generates the finite element mesh by creating mesh areas on surfaces, and then combining
these mesh areas into mesh volumes (2%-D mesh generation). Each mesh volume is then filled with
the chosen element type. When the solid model is imported into the Finite Element Modeling and
Analysis Family of I-DEAS, these mesh areas and mesh volumes are automatically created. Gener-
ally, however, I-DEAS does not choose the correct element order (linear vs. parabolic), and the mesh
volumes must be modified to reflect the correct element order. Even if the guidelines mentioned in
Section D.2.1 are followed, the mesh areas that are auto-created by I-DEAS can become quite com-
plex. It is then prudent to break the mesh volume into smaller, more manageable mesh volumes. For
more details on mesh creation, please see the I-DEAS Finite Element Modeling User’s Guide.

D.2.3 Modifying material property labels

After all the mesh volumes have been created , the material property labels of each need to be mod-
ified according to the type of material each mesh volume contains. The elements in the volume be-
tween the target and the outer boundary usually have a material property label of 1. If the target con-
tains a dielectric-filled volume, the material property labels of the elements in that volume should
be 2—actually any integer greater than 1. In this way, the code can accommodate up to 9 different
material fillings. If the geometry requires more than 9 different materials, the dimensions of the vec-
tors € and ;1 should be modified (wherever they appear) to reflect the necessary number of materials.
Please see Appendix D.A for more details.

D.2.4 Type of meshing

The global element length also needs to be specified (usually .075-.085 units); finer meshing can be
done in regions with rapidly changing fields or large curvatures by specifying the local element length
or curvature-based size parameters. The geometry is then free-meshed using the -DEAS Mesh Cre-
ation Task. It is essential to use free meshing and not mapped meshing, since the latter maps the mesh
volume into a rectangular box and back, thus distorting the elements. No such distortion occurs in
space when an electromagnetic wave travels through it; a mapped mesh, therefore, alters the physics
of the problem and leads to inaccuracies in the final result.
Please see Appendix D.A for more details.

D.2.5 Grouping nodes

The finite element method essentially solves a boundary value problem; thus, it is crucial to identify
surfaces or surface edges on which the boundary conditions are imposed. In the current version of
FEMATS, this is carried out by grouping the nodes which lie on the surfaces where the boundary
conditions are imposed. If the surface nodes coincide with a perfect electric conductor, the group is
labeled C, if the nodes lie on a resistive sheet, the group is labeled R, and so on. Detailed information
about node grouping is given in Appendix D.A.

Care must be taken when grouping surfaces that intersect, since edges connecting two such nodes
may not lie on the surface at all. For example, suppose three surfaces intersect at the corner of a
cube. If the nodes on each of these surfaces are not grouped separately, the processing program will
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generate ‘surface’ edges which actually do not lie on the surface. Another anomaly may arise when
the surfaces are separated by a single element. This is due to the fact that the processing program
considers an edge to lie on the surface if two nodes in the group connect to form an edge. As a rule
of thumb, it is best to group each surface separately. They may be grouped together only when the
user is certain that spurious surface edges will not be created by the processing program.

Please see Appendix D.A for more details.

D.2.6 Universal file

The mesh information obtained from I-DEAS is then written to an ASCII file called the Universal
file. The Universal file has a specific format for identifying the nodes, elements and groups which
can be obtained from the I-DEAS User’s guide.

It should be noted that only the FE entities and Groups need to be included into the Universal
file. Also, while this discussion has dealt primarily with [-DEAS, any mesh generator that writes a
Universal file will work just fine. . .

D.3 Preprocessing

The necessary preprocessing is performed by a number of smaller programs that operate on the Uni-
versal file generated by I-DEAS. Because FEMATS is designed to be run on a supercomputer, and
I-DEAS and the preprocessors are generally run on a workstation of some sort, some of the prepro-
cessing is performed on the workstation, and some of it on the supercomputer. In both cases, a script
runs the necessary preprocessors, and presents the user with the necessary FEMATS input data files.
(Note that while FEMATS has been designed to run on a supercomputer, it can peacefully co-exist
with the preprocessors, etc. on the workstation. However, if FEMATS is to be run on the work-
station, certain variable types must be changed to reflect the decreased precision inherent to most
workstations.) To run the script that runs the preprocessors, type

femats.preproc file.unv

where £ile.unv is the name of the universal file containing the mesh information. This script ex-
tracts the necessary information from each preprocessor, and terminates with instructions informing
the user of which files need to be transferred to the supercomputer for further preprocessing.

After the appropriate files have been transferred to the supercomputer, a script is also run there
to finish the preprocessing. To run this script, type

femats.{arch} file

where {arch} is the architecture (either ksr, cray, or paragon), and £ile is the name of the
original universal file, without the ending (. unv). This script will present the user with the necessary
input files for FEMATS, along with a list of numbers required for input by FEMATS. Note that the
above example is for the KSR.

Note: For efficiency, the dimensioning of the arrays in the preprocessors may be changed to
reflect the size of the problem. On the UNIX workstation, the relevant dimension statements are
contained in the file

(path) /femats/src/preproc/parmvl

For the re-dimensioning to take effect, recompile the preprocessors by typing make all in the
(path)/femats/src/preproc directory. Similarly, on the supercomputer, the relevant di-
mension statements are in the file
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(path) /femats/src/{arch}/femdata.h

For these changes to take effect, recompile the preprocessor and FEMATS by typing make allin
the (path) /femats/src/{arch} directory.

D.4 Running FEMATS

D.4.1 KSR-specific runtime information

Before executing FEMATS, the user must inform the operating system of the required number of
processors. To do this, type

allocatecells -A ##

where ## is the requested number of cells. This command starts a new shell, and gives that shell
control of ## cells. Because of this, it is important to exit the shell when FEMATS finishes, so that
others may use the processor cells.

After the new shell is running, the user must let the operating system know how many total
threads it may run on the allocated cells by typing

setenv PL_NUM_THREADS ##

where ## is the same as in the previous command. FEMATS may now be run safely.
To execute FEMATS, type

femats

at the shell prompt. FEMATS will then prompt the user for the necessary input (see following doc-
umentation).

FEMATS will also accept commands from standard input. This is necessary for use in batch
mode. The commands from above are inserted into a shell script, along with the following statement:

femats < input.dat

where input .dat is a text file containing the input, just as it would be entered at the keyboard
when running FEMATS interactively. The example in Section D.C shows this format.

If any problems arise, consult the KSR manuals, and the system administrator. The above steps
assume that everything works the way it is supposed to.

D.4.2 Intel iPSC/860 -specific runtime information

As with the KSR, the desired number of processors need to be specified. The minimum memory
requirement for each processor should also be known. This is done using the getcube command:

getcube -tz m y

where z is the number of processors and must be equal to an integer power of 2 and y is the memory
required in megabytes per processor.
To execute FEMATS, type

load femats; waitcube
Interactive input
killcube

relcube
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when running interactively or

load femats; waitcube < input.dat
killcube
relcube

when reading in data from an input file. These additional commands are necessitated by the fact that
the cube is really just an attached set of processors to the System Resource Manager (SRM). Thus
loading a job to the cube with just the load command is similar to putting the job in background (at
least as far as standard I/O is concerned). To remedy this situation, the user must tell the SRM to
wait for the cube - hence the waitcube command.

All modules - linear solver, matrix generation/assembly, excitation vector generation - of the FE-
MATS code was parallelized on the KSR. However, only the linear solver module was parallelized
on the Intel iPSC/860 for benchmarking with other parallel architectures. As a result, the matrix gen-
eration and assembly on the iPSC/860 is still serial and a copy of the entire matrix needs to be stored
on each processor. Thus the code is at present limited to small problems on the iPSC/860 as the indi-
vidual nodes do not have enough memory to store the entire coefficient matrix. A way of getting past
this problem is to generate and assemble the matrix on a workstation and read in the matrix elements
from a file for solving the final system.

D.4.3 Cray-specific runtime information

The code was only vectorized on the Cray series of machines. Thus it always runs on a single pro-
cessor with enhanced vectorization. To execute FEMATS, type

./femats < input.dat

where input.dat is a text file containing the input, just as it would be entered at the keyboard
when running FEMATS interactively. The example in Appendix D.C shows this format.

D.4.4 Intel Paragon -specific runtime information

To execute FEMATS on the Paragon, type
femats < input.dat -sz ##

where input .dat is a text file containing the input and ## is the number of processors to be used.
As in the other cases, the format of the input file remains the same. The example in Section D.C
shows the format.

D.4.5 FEMATS input documentation

Itis faster to read the input data from a file; however, for the first-time user, interactive input provides
more insight (see Section D.C).

Number of edges
Input the no. of edges obtained from proc.

No. of elements with surface edges on 1) pec 2) r-card 3) ibc
4) dielectric 5) outer boundary 6) outer surface of scatterer
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Enter the no. of elements with surface edges on the various materials as obtained from proc.f. In
the above statement, pec denotes a perfect electric conductor, r-card refers to a resistive card and ibc
represents an impedance sheet.

If inhomogeneous, enter 0

Enter 0 as long as there are two or more material property labels (see Appendix D.C) present in the
geometry. This holds for r-cards as well, since the top and bottom elements on a r-card have different
material property labels.

Number of distinct dielectric materials

Enter the no. of distinct material property labels. Note that material property label 1 is free-space
by default. If the mesh designates material property label 1 to anything other than free-space, the
program won’t run.

constitutive relative parameters for region ,i

Input the epsilon and mu of the dielectric in that order. For a r-card whose top and bottom surface is
free-space, enter €, and p, of free space, i.e., unity.

If resistive card inside geometry enter 1
Number of different r-cards
Input the no.of r-cards having different resistivity values for the geometry.

Input: a) Material property label on top of card
b) Material property label on bottom of card
c) Normalized resistivity

The mesh must be constructed in such a way that the material property labels on the top and bottom
surfaces of the R-card are different.

If impedance sheet inside geometry enter 1

Input: a) Material property label on top of impedance sheet
b) Normalized impedance

Filename containing no. of nodes and elements

The number of nodes and elements in the finite element mesh need to be saved in a file.
Most of the data entered until now has been related to the geometry. The data entered from this point
will be related to the iteration count, number of look angles, etc.

Tolerance, maximum iterations

The tolerance of the residual is usually kept between 0.001 and 0.0005. This is 0.1%-0.05% of the
solution norm. Max. no. of iterations is determined by trial and error. A typical value for PEC tar-
gets is N/100 for N > 25000 and N/120 for N > 75000. The largest problem run to date con-
tained 93000 unknowns and converged, on the average, in 800 iterations. The code uses a diagonally
preconditioned biconjugate gradient method to solve the system, so the residual error will jump to
abnormal values quite frequently.
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1) Bistatic 2) Backscatter
Enter 1 for bistatic pattern, 2 for backscatter
All angle values should be integers

Bistatic

Angle of incidence: theta,phi

Fix 1) phi 2) theta to specified angle

Angle of observation: start,end, increment
Polarisation angle: alpha=0(H_z=0); alpha=90(E_z=0)

In order to fix ¢ to 90° (say), the input should look like
190

To fix 6 to 90° (say), the input should be

290

Backscatter

Fix 1)phi 2)theta to specified angle

Angle of incidence: start,end, increment
Polarisation angle: alpha=0(H_z=0); alpha=90(E_z=0)

Enter 1 for spherical outer boundary; 2 for mixed termination

The code works for spherical, flat or cylindrical mesh termination boundaries or any combination of
these. The user should enter 1 at this juncture only if the mesh termination boundary is a sphere. For
an outer boundary having any other shape (e.g., flat planes or cylinders or spherical sections), the
user should enter 2.

No. of separate surfaces in outer boundary

The total number of distinct surfaces in the outer boundary must be entered. For example, a cylin-
drical boundary has three separate surfaces - the curved surface and the two flat surfaces at the top
and at the bottom.

For a SPHERICAL section, enter center coordinates and radius
For a CYLINDRICAL section:

X-directed axis - 200000. yc zC radius
Y-directed axis - xc 200000. zc radius
Z-directed axis - xc yc 200000. radius
For a PLANAR section:

Parallel to YZ plane - xc 200000. 20000. O.
Parallel to ZX plane - 200000. yc 20000. 0.
Parallel to XY plane - 200000. 20000. zc 0.

The program needs the center coordinates and the radius of each distinct surface on the mesh termina-
tion boundary. For a spherical surface, this poses no problem. In order to have complete information
about a cylindrical surface, we require its axis direction as well as the center coordinates and the cor-
responding radius of the curved surface. For example, a cylinder whose axis is oriented along the
X-axis, and is centered along (x,1,-1) with a radius of 2 is described by the following input line:
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200000. 1. -1. 2.

Similarly, a planar surface parallel to one of the principal planes is determined uniquely by specifying
the magnitude of the constant coordinate. For example, the Z=2 plane is described by the following
input line:

200000. 200000. 2. O.

In this way, a combination of simple surfaces making up the outer termination boundary can be input
to the program. The program handles only these three surfaces at present since these lead to symmet-
ric systems of equations when incorporated into the finite element matrix. The theory can handle any
doubly curved surface ; they would, however, lead to an unsymmetric system of linear equations.
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Appendix D.A

Stipulations for Mesh Generation

o the region surrounding the scatterer should have a material property number label of 1, i.e.,
the least possible value.

o for a surface draped by a resistive card, it is essential to differentiate the top surface from the
bottom surface. The only way the program can discern this from the available data is by check-
ing the material property number labels of the elements on the top and bottom surfaces. The
material property number label of the top surface must be different from that of the bottom
surface.

o when meshing a mesh-volume filled with a dielectric having a certain permeability and permit-
tivity, the material property label number should be different from that of surrounding space.

e when grouping surface nodes, the group labels should start with a

- C if the nodes lie on a perfect electrical conductor

- R if the nodes lie on a resistive card

— D if the nodes lie on a dielectric

- A if the nodes lie in free space (i.e. on the mesh termination boundary)

— O if the nodes lie on the outer surface of the scatterer
The above order (C, R, D, A, O) must be maintained when grouping nodes.

e Nodes on the interfaces of materials having different constitutive parameters must be grouped.
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Appendix D.B

Code Theory of Operation

proc.f

proc.f converts the mesh information stored in the Universal file into a more usable form for anal-
ysis by FEMATS. It first reads in the nodal co-ordinates, nodal connectivity and the grouped nodes
from the Universal file. Since FEMATS uses edge-based shape functions, the edges and the nodes
connecting them need to be identified. Because each edge is shared by more than one element, care
must be taken so that the same edge is not counted more than once. A comparison of the connect-
ing nodes must therefore be made to identify the old edges, and create the new ones. This can be
a computationally intensive task if a brute force approach is taken, especially if the problem size is
very large. It is necessary to use an algorithm that would scale at most linearly with the number of
nodes or edges, i.e. the number of comparisons required for identifying old or new edges should be
an O(N) process.

In order to realize this requirement, the ITPACK scheme [2] is utilized to store the node connec-
tivity information. The ITPACK scheme is attractive because the number of comparisons required
while augmenting the connectivity matrix depends only on the locality of the corresponding node
and not on the total number of nodes or edges. In the ITPACK storage scheme, the number of rows
of the connectivity matrix is equal to the number of nodes and the number of columns equals the
maximum number of nodes connected to a particular node. However, this approach wastes space
when the number of connecting nodes varies widely, so a modified ITPACK format is used—the
number of columns in the connectivity matrix now equals the average number of nodes connected
to a particular node, and the number of rows is slightly more than the total number of nodes. The
storage requirement for such a matrix is usually 1.1N,, x 16 integers, where N, equals the number
of nodes.

After generating the edges, FEMATS uses the same storage scheme for finding the surface edges
and elements from the grouped nodes. These surface edges are then sorted in ascending order by
element number for the various materials and boundaries on which they lie. All components of the
code are extremely fast, with the slowest being the sorting routine.

The output files from proc.f are

e enode
contains co-ordinates of all the nodes in the geometry.

e eglob
contains the edges making up each element.

o edge
contains the nodes making up each edge.

e esurfed
contains the element numbers, node numbers and corresponding edge numbers of the on-sur-
face edges.

e otpt
contains the number of edges in the geometry and the number of elements with surface edges
on the PEC, R-card, dielectric, outer boundary and outer surface of scatterer.

Required storage is about 18N real Words, where IV is the number of unknowns and is equal to the
number of edges making up the mesh.

112



count.f

count.f asks for the number of edges in the geometry and generates cntr as the output. cntr contains
the number of non-zero entries per row for the finite element system. The number usually varies from
9 to 31 for a typical system. Required storage is about 13NV real Words, where N again denotes the
number of unknowns.

fem.f

This is the main program (FEMATS) which computes backscatter or bistatic patterns after reading
in the mesh files created by proc.f and count.f. Parameters like the number of edges, number of
surface elements, type of pattern, etc. can be read in interactively or from a file. The backscatter or
bistatic pattern is returned in a separate file. If the code fails to run for some reason, a list of errors
is returned in the error file. The flow of control of FEMATS is given in Figure 2. The formulation
for the methodology is given in [2].

Input files: The input files containing the mesh information and parameters for running the pro-
belm are read in, usually in binary format. The ASCII format is quite slow for most machines and
prohibitively slow on the KSR1. A small program usually converts the mesh files from ASCII to
binary.

Processing data: Some preliminary processing is done to find the radius of the outer boundary
if a spherical mesh termination scheme is used.

FE matrix generation/assembly: The finite element matrix generation is done on an element-by-
element basis. The elemental matrix is first computed, and then assembled into the global sparse ma-
trix. The assembly is simplified since the number of non-zero entries per row of the matrix is known
apriors and the order of the entries is not important. The non-zero entries of the final sparse matrix
are stored in a long complex vector, the corresponding column numbers are stored in an integer vec-
tor, and the location of the first non-zero entry for each row is stored in another integer vector. This
is the well-known Compressed Sparse Row (CSR) format used in public domain software packages
like SLAP and SPARSPAK. The coefficient matrix is not a function of the angle of incidence.

The code also uses a simple diagonal preconditioner for speeding up the iterative process. Other
complicated preconditioning strategies are also available. However, except for the block ILU pre-
conditioner, none of them compare favourably with the point diagonal preconditioner in terms of
solution time.

Excitation vector generation: The excitation vector generation is not very cpu-intensive, since
the vectors are always quite sparse. It is a function of the angle of incidence.

BCG iteration: The biconjugate gradient (BCG) algorithm is used with preconditioning to solve
the sparse, symmetric system of linear equations. Each iteration of the algorithm involves 1 sparse-
matrix vector product, 3 vector updates and 3 inner products. The norm of the residual vector is
computed after every iteration to check for convergence. Reliable results have been obtained by
setting the convergence criterion to be

%] < 0.001 « ||3)

where ¥ is the residual vector after the kth iteration and b is the excitation vector.

Far-field evaluation: The far-field is evaluated by integrating the near-zone fields over a closed
surface using the Stratton-Chu integral equation. The surface is usually taken to be very close to or
on the body itself to achieve maximum accuracy.
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Figure D.2: Flowchart for FEMATS
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Storage required for the code is at present 36 N complex Words, where N is the number of un-
knowns. The storage can be cut by 40% if only the symmetric upper triangular part of the object
matrix is stored; the code, however, slows down significantly.

Subroutine functions in fem.f

basis.f
Calculates the two constant vectors of the bases for the finite element discretization as well as the
element volume.

bicg.f
The diagonally preconditioned biconjugate gradient solver for symmetric, linear systems of
equations.

bd1.f

Assigns each surface element on the mesh termination boundary its surface particulars.

calc.f
Computes the volume integral for the finite element discretization analytically.

comput.f
Calculates the basis functions at the mid-point of each edge.

crux.f
Computes the element matrix from the volume integral.

cruxd.f
Imposes the boundary condition for dielectric volumes and generates the corresponding excitation
vector.

diag.f
Generates the diagonal preconditioner for solving the system of equations iteratively.

f1.f

Carries out the volume integration of W; - W ; analytically.

bi2mono.f

Computes the far-field pattern for a particular angle of incidence. If a monostatic pattern is desired,
then monostatic values are approximated for the computed angle of incidence as well as for the
adjacent angles +5°.

finc.f

Computes the volume integral for a dielectric volume to be used in the excitation vector.

fcmb.f

Carries out the surface integration for the absorbing boundary condition employed on the mesh
termination boundary.

hpsrt.f
A standard heapsort routine.
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incc.f
Imposes the boundary condition for a perfect electric conductor. If iter is 0, the excitation vector is
computed, otherwise changes are made to the element matrix.

incd.f
Imposes the boundary condition for a dielectric surface.

inci.f
Imposes the boundary condition for an impedance sheet.

incr.f
Imposes the boundary condition for a resistive card.

mat.f
Performs finite element matrix generation and assembly.

mult.f
Carries out the sparse matrix-vector multiplication for the iterative solver.

norm2d.f
Computes the element normal for a 2D geometry.

norma.f
Computes the element normal for a surface element.

ops.f

Performs elementary vector and matrix operations.

ord.f

Identifies the global nodes and edges in the local context.

sort.f
Sorts the edges in a element according to a specific numbering scheme.

surfint.f
Imposes the absorbing boundary condition on the mesh termination boundary.

value.f
Computes the far-field using the Stratton-Chu integral equation.

volume.f
Calculates the element volume.

xc.f
Generates the excitation vector for each angle of incidence.
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Appendix D.C

Example FEMATS Run

A perfectly conducting cylindrical inlet was run on the KSR1 machine. The geometry was en-
closed by a rectangular outer boundary and the backscatter pattern was sought for 6 = 0°-90° and
a = 90°. The problem had 213,832 unknowns and a diagonally preconditioned BCG solver was
used.

Input file:

213832

13656 0 0 0 10704 7704
0

2

(1.,0.) (1.,0.)

0

0

eg

.001 10000

2

190

0 90 5

90

2

6

200000. 200000. 1.35 0.
200000. 200000. -1.35 0.
1.4 200000. 200000. O.
-1.4 200000. 200000. O.
200000. 1.4 200000. O.
200000. -1.4 200000. O.

Output file:

Number of threads = 56

Backscatter pattern will be computed
Polarisation angle= 90

Incident angle from 0 to 90
in steps of 5
Sweep through theta ; phi= 90

Khhkhkkhkhkhkk Ak Ak kA Ak hkhkhk kA Ak khk kA kA hkkhrhhkhkhhhhhhkhkkkrxk

Problem size

Number of nodes = 32453
Number of elements = 176048
Number of edges/unknowns = 213832

Khkhkkhkhkkkhkkhk kA kA kA Ak khk kA Ak hkhkkhkkhkhkhkhkhhdhkhhkhxhx

Finished reading in data

Outer boundary shape is

Mixed

For a SPHERICAL section, enter center coordinates and radius
For a CYLINDRICAL section:

X-directed axis - 200000. yc zcC radius

Y-directed axis - xc 200000. zc radius

Z-directed axis - xc yc 200000. radius

For a PLANAR section:

Parallel to YZ plane - xc 200000. 20000. 0.

Parallel to ZX plane - 200000. yc 20000. 0.

Parallel to XY plane - 200000. 20000. zc 0.

Time spent for unformatted I/0 = 1.0519631999999999 secs
Time spent for I/0 = 1.0754451999999999 seconds

Generating finite element matrix
Generated finite element matrix
No.\ of non-zeros = 3414496
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Average no.\ of non-zeros = 15

Total time spent= 25.834841199999996 secs

Time spent in loop= 24.807681599999999 secs

Generated diagonal preconditioner

Time for preconditioner = 1.1077387999999999 secs

R R R R R R R R e R s R R R R R R RS RS E R E SRS RS SRS E R R R R RS
90.000000000000000 0. 90.000000000000000

( 23874.682292021858, 0.)

Time spent in gen. soln. vector = 19.514778000000000 secs

Convergence achieved in 4397 iterations

Time spent in 4397 iterations = 584.26175160000003 secs

Backscatter = 13.132205300654515

90.000000000000000 5.0000000000000009 90.000000000000000
( 23874.649727818964, 0.)

Time spent in gen. soln. vector = 20.677881599999978 secs
Convergence achieved in 1878 iterations

Time spent in 1878 iterations = 248.19567480000001 secs
Backscatter = 12.346785646714235

90.000000000000000 10.000000000000002 90.000000000000000
( 23874.552995090075, 0.)

Time spent in gen. soln. vector = 20.646470399999998 secs
Convergence achieved in 6561 iterations

Time spent in 6561 iterations = 866.82569879999994 secs
Backscatter = 10.984172458513957

90.000000000000000 15.000000000000002 90.000000000000000
( 23874.394947730074, 0.)

Time spent in gen. soln. vector = 20.678055200000017 secs
Convergence achieved in 6112 iterations

Time spent in 6112 iterations = 807.46988880000004 secs
Backscatter = 8.0404387189358921

90.000000000000000 20.000000000000004 90.000000000000000
( 23874.180257205706, 0.)

Time spent in gen. soln. vector = 20.636231199999656 secs
Convergence achieved in 6430 iterations

Time spent in 6430 iterations = 849.45422520000011 secs
Backscatter = 4.5520666697643231

90.000000000000000 25.000000000000000 90.000000000000000
( 23873.915286302414, 0.)

Time spent in gen. soln. vector = 20.640396400000100 secs
Convergence achieved in 6303 iterations

Time spent in 6303 iterations = 832.76715800000011 secs
Backscatter = 1.8286943794696267

90.000000000000000 30.000000000000004 90.000000000000000
( 23873.607915069253, 0.)

Time spent in gen. soln. vector = 20.624299199999768 secs
Convergence achieved in 4543 1iterations

Time spent in 4543 iterations = 600.40641159999996 secs
Backscatter = 2.1870075445461543

90.000000000000000 35.000000000000007 90.000000000000000
( 23873.267321948337, 0.)

Time spent in gen. soln. vector = 20.654717999999775 secs
Convergence achieved in 6015 iterations

Time spent in 6015 iterations = 794.75217840000005 secs
Backscatter = 2.9538913638132449

90.000000000000000 40.000000000000007 90.000000000000000
( 23872.903724276915, 0.)

Time spent in gen. soln. vector = 20.636641200000668 secs
Convergence achieved in 6215 iterations

Time spent in 6215 iterations = 821.00750359999984 secs
Backscatter = 4.3094572190189613
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90.000000000000000 45.000000000000000 90.000000000000000
( 23872.528083709803, 0.)

Time spent in gen. soln. vector = 20<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>