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1 Introduction

1.1 What is FE Builder?

Finite-element methods have broad applications in areas such as mechanical
engineering, electrical engineering, physics research, 
uid dynamics and bio-
engineering. In recent years, two factors have made it feasible for researchers
to create their own �nite-element programs:

� General availability of high-power personal computers.

� Growing numbers of textbooks and the introduction of �nite-element
methods in university curricula.

Although �nite-element methods are straightforward to implement for a
wide variety of physical systems, researchers and students building three-
dimensional �nite-element programs face two obstacles:

� Creation of high-quality conformal meshes for application geometries
(mesh generation).

� E�cient analysis of a large amount of numerical output data (postpro-
cessing).

Writing custom user programs to accomplish these tasks could involve man-
years of e�ort. On the other hand, commercial 3D mesh generators are
expensive and are often in
exible and proprietary.

FE Builder resolves both issues, allowing developers to concentrate their
attention on �nite-element solutions. The e�cient, low-cost package has
three components 1) a solid-modeling graphical environment, 2) an automatic
conformal mesh generator and 3) a fully-customizable post-processor. The
programs run under 32 and 64-bit versions of Windows.FP Builder features
include the following:

� Import capability for complex parts from SolidWorks and other 3D
CAD programs.

� Option to run programs from the command prompt, allowing batch �le
or script control of complex calculations.

� Simple and well documented �le formats (binary or text).

� Unique technology to generate conformal hexahedron elements on a
structured mesh, reducing the development time and increasingthe
speed of solution programs.
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Figure 1: FE Builder organization

� Dynamic memory allocation for large meshes.

� Neutral mesh format that applies to any physical solution.

� Wide variety of 2D and 3D plots based on developer-de�ned quantities.

� Interactive analysis features allow quick and accurate exploration of
the solution space.

FE Builder is a powerful tool for researchers writing one-of-a-kind software
for advanced applications. It is also well-suited for the sale and distribution
of integrated �nite-element packages over the Internet.

1.2 Package components and how they operate

Figure 1 shows the organization of a complete �nite-element solution package
using FE Builder . It consists of the following program components:

� Geometer is an interactive, graphical environment for solid modeling
featuring OpenGL routines for three-dimensional displays. The user
of your package appliesGeometer to build physical objects (regions)
from parts. Parts may be simple shapes (e.g., sphere, box, cone,...) or
complex shapes imported from programs likeSolidWorks . The output
from Geometer is a geometry script (FPREFIX.MIN), a compact text
�le that contains a complete description of the system. The script acts
as input to MetaMesh and provides a convenient method to send
simulation information by E mail for communication with colleagues
or technical help.
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� MetaMesh automatically generates structured, conformal 3D meshes
of shaped hexahedrons. Conformal meshes give high accuracy with the
minimum number of elements. The mesh structure greatly reducesthe
work involved in creating your solution program. MetaMesh reads
the geometry script and creates an output �le (FILEPREFIX.MDF) in
either text or binary formal. The �le lists node coordinates and ele-
ment identities. MetaMesh features interactive, graphical displays of
completed meshes. The program has advanced capabilities such as the
creation solids and surfaces from three-dimensional data arrays.

� Your program may produce �nite-element solutions for any physical
problem. The only interface requirements are that 1) it recognizes one
of the standard formats of theMDF�le and 2) it produces data output
�le in the text or binary format recognized by FEVision .

� FEVision is a 
exible post-processor with an interactive environment
for user analysis of solutions from your program. It has an extensive
set of capabilities for plotting or quantitative analysis.

In summary, there are two tasks that you perform to create a �nite-element
package. The �rst is to write the solution program which generates and solves
node equations to arrive at calculated values for node and element quantities.
There is considerable 
exibility. Your program may address physical prob-
lems of any degree of complexity for initial-value or boundary-value problems.
Because communication between program components is through data �les,
your program may be written in any computer language. The second task is
to write entries for the text con�guration �le of FEVision . The �le tells the
post-processor how to interpret the node and element quantities in the data
output �le. You can set labels, program features, and calculated quantities
speci�c to your application.

The following de�nitions are used throughout this manual:

� Package : a suite of programs that cover all steps in a �nite-element
solution (Fig. 1).

� Program : a component of a package. Programs communicate through
standard data �les.

� Developer : the creator and distributor of a package. The developer
writes the solution program and theFEVision con�guration �le.

� User : the end-user of a package. The user could be yourself in the case
of a research package or your customers if the package is commercially
distributed.

6



� Node : One of a �nite set of points in space for calculating quantities
in a �nite-element solution.

� Element : a small volume in the space between nodes with a unique
material identity. Nodes occur at the corners (and possibly thesides)
of elements.

� Facet : a surface in the space between nodes that forms the boundary
between two elements.

Chapter 13 gives details on the concepts ofnode, element and facet.

1.3 Outline of the manual

The MetaMesh Manual (metamesh.pdf) describes in detail of how to use
Geometer and MetaMesh to createMDF�les. The following chapter of this
document discusses the nature of structured, conformal hexahedron meshes1.
The chapter also reviews the structure ofMetaMesh output �les. The re-
quired format for the data output �le from your solution program is discussed
in Chap. 3.

The bulk of the manual (Chaps. 4 { 12) covers operation ofFEVision .
Chapters 4 and 5 explain how to customize the program by addingentries to
the con�guration �le. Chapter 4 addresses three topics: 1) control settings,
such as the displayed name of the program, 2) the relationship betweenFE-
Vision variables and quantities stored in the output �le of your program
and 3) run parameters. Chapter 5 describes how to de�ne calculated quan-
tities for plot displays and analysis for your application. Chapters 6 { 11
cover the menus and commands that control the extensive set ofFEVision
capabilities. Chapter 12 describes analysis scripts for control of FEVision
by scripts or batch �les. With this feature, you can automate complex or
repetitive operations.

This manual does not give instructions for building a �nite element so-
lution program. The assumption is that you have determined techniques to
model your application in the available references. The �naltwo chapters
are included to help you with this e�ort. Chapter 13 reviews the basic con-
cepts of the �nite-element method and some of the terminology. Chapter 14
describes normal coordinates and other methods to deal with integrals over
hexahedron elements.

1Note: depending on settings in theMIN �le, MetaMesh can create both conformal
and non-conformal (box element) meshes
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Figure 2: Representation of adjoining spheres witha) a regular structured
mesh andb) a conformal structured mesh.

2 Structured conformal 3D hexahedron meshes

2.1 Structured mesh advantages

This chapter reviews the nature of the three-dimensional meshes created
by MetaMesh and the structure of the mesh de�nition �le (MDF). Mesh
generation for a �nite-element solution consists of the division of a solution
space into small volumes (orelements). In this limit, the governing integral
equations may be converted to a large set of coupled linear equations. In
a non-conformal orregular mesh the elements have similar shapes (like the
boxes of Fig. 2a). The elements are then assigned material identities for
the best possible representation of physical objects. Element surfaces in a
regular mesh may not closely follow the physical surfaces. Therefore, curved
boundaries have the characteristic stair-step pattern of Fig.2a. Regular
meshes are easy to construct, and it is simple to determine linearequation
coe�cients for the �nite-element solution programs. Although a calculation
on a regular mesh can provide good accuracy for �elds in regions removed
from material boundaries, the values may be inaccurate on surfaces. Regular
meshes often require a large number of elements for a good representation,
and hence the solution run times may be long.

In contrast, the elements of a conformal mesh (Fig. 2b) have unique shapes
that follow the boundaries of material surfaces. As a result the �eld calcu-
lations achieve better accuracy with fewer elements. There is a price to pay
for this advantage:
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� It is more di�cult to construct the mesh.

� Generation of the coe�cients of the linear equation set may require
numerical integrations.

Conformal meshes divide into two categories:unstructured and struc-
tured. In the unstructured mesh, elements are added in an irregular pattern
and their shapes may even be in di�erent geometric classes (e.g., tetrahedrons
mixed with hexahedrons). An element's included nodes and its neighboring
elements have complex relationships that must be recorded in linked lists.
Although it is easier to generate an unstructured mesh, the task ofbuild-
ing a �nite-element solution program is more challenging. Incontrast, the
structured meshes created byMetaMesh have the following characteristics:

� All elements are hexahedrons with eight nodes.

� All elements connect to neighbors in the same way. Each elementhas
six facets that border on six neighboring elements.

� The nodes and neighbors of an element may be determined quickly by
index operations.

In other words, meshes created byMetaMesh have the samelogical structure
as a simple mesh with box elements (Fig. 2a).

2.2 Foundation mesh

The logical meshis the set of node/element relationships and identities. The
logical mesh maps to a physical mesh for a speci�ed set of node coordinates.
The mesh generation procedure inMetaMesh starts with the foundation
mesh, an expression of the logical mesh in terms of box elements with given
dimensions. The program then shifts nodes to �t the surfaces of objects,
creating regions of generalized hexahedrons.

MetaMesh produces meshes that �ll a bounded solution volume with
sides parallel to the Cartesian axes. The size of the solution volume along
the three axes is given by the quantitiesxmin , xmax , ymin , ymax , zmin and zmax

The circumscribing box may have di�erent lengths along the axes. Figure 3
shows a slice of a a foundation mesh normal to thez axis. It is divided into
box elements with boundaries along the three axes are de�nedby the arrays:

x0; :::; xI ; :::; xI max ;

y0; :::; yJ ; :::; yJmax ;

z0; :::; zK ; :::; zK max : (1)
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Figure 3: Foundation mesh projection in a plane normal toz.

The number of nodes in the solution volume is

Nnode = ( I max + 1) � (Jmax + 1) � (K max + 1) : (2)

and the number of elements is

Nelem = I max � Jmax � K max : (3)

Figure 4 shows the relationship between node and element indices. The
element [I; J; K ] of the foundation mesh extends fromx(I -1) to x(I ) along
x, from y(J -1) to y(J ) along y and from z(K -1) to z(K ) along z. In both
the foundation and conformal mesh stages, an element has eight bounding
nodes with indices

[I-1,J-1,K-1],
[I,J-1,K-1],
[I-1,J,K-1],
[I,J,K-1],
[I-1,J-1,K],
[I,J-1,K],
[I-1,J,K],
[I,J,K]
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Figure 4: Node indices for element [I; J; K ] of the foundation mesh.

Each element that is not on the solution-volume boundary shares a facet
with the following six elements:

[I+1,J,K],
[I-1,J,K],
[I,J+1,K],
[I,J-1,K],
[I,J,K-1],
[I,J,K+1]

MetaMesh assigns region numbers to nodes and elements to associate
them with structures in the solution space. For example, in an electrostatic
solution all nodes and elements that constitute an electrode would share the
same region number. Physical properties are associated with regions only in
subsequent solution programs. Therefore, the operation ofMetaMesh is
independent of the nature of the physical solution { the program may be ap-
plied to any type of �nite-element calculation (electrostatics, magnetostatics,
electromagnetics, mechanics, thermal transport,...).
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2.3 MetaMesh output �le formats

In the structured, conformal mesh ofMetaMesh , nodes are referenced with
the indices [I,J,K ] where I (the index along thex axis) extends from 0 to
I max , J (y axis) from 0 to Jmax and K (z axis) from 0 to K max . A single
element (in the direction of positivex, y and z) is associated with each node
for storage. The region number for the elements associated withnodes at
I max , Jmax and/or K max is set to zero.

MetaMesh output �les have names of the formFPREFIX.MDF, whereMDF
signi�es MetaMesh Data File. The string FPREFIXmay contain up to 50
characters and should include no spaces. TheMetaMesh binary output �le
has a simple and compact format. The following code extract comprises the
entire output algorithm:

WRITE (OutMDF) 'BINARY'
WRITE (OutMDF) IMax,JMax,KMax
DO K=0,KMax
DO J=0,JMax

DO I=0,IMax
WRITE (OutMDF) &

M(I,J,K).x,M(I,J,K),y,M(I,J,K).z, &
RegNo(I,J,K),RegUp(I,J,K)

END DO
END DO

END DO
DO NR=1,NRegs

WRITE (OutMDF) Reg(NR).Name
END DO

The sequential binary �le starts with the string BINARY(6 bytes) and the
mesh size parametersIMax, JMax and KMax (4-byte integers). This is
followed by (I max + 1)( Jmax + 1)( K max + 1) data sequences containing the
following quantities:

� The spatial coordinates of the node (x; y; z) (8 byte real)

� The region number of the node (RegNo) (4 byte integer)

� The region number of the associated upper element (RegUp) (4 byte
integer)

The order of bytes for integers starts from the LSB (least signi�cant bit)
to the MSB (most signi�cant bit). This order is sometimes referred to as
little endian. Real numbers are recorded in IEEE T
oating format (little
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endian). To conclude the �le, MetaMesh recordsNRegregion names (20
byte strings).

MetaMesh can also generate text output �les. The following excerpt
illustrates the �le format:

TEXT
IMax: 20
JMax: 20
KMax: 40

I J K x y z RegNo RegUp
==============================================================================

0 0 0 -5.000000E+00 -5.000000E+00 -1.000000E+01 1 1
1 0 0 -4.500000E+00 -5.000000E+00 -1.000000E+01 1 1
2 0 0 -4.000000E+00 -5.000000E+00 -1.000000E+01 1 1
3 0 0 -3.500000E+00 -5.000000E+00 -1.000000E+01 1 1
4 0 0 -3.000000E+00 -5.000000E+00 -1.000000E+01 1 1

...

Region names
==========================

1: Outer boundary
2: Dielectric
3: Inner electrode
4: Outer electrode

A data line consists of text contents followed by two control bytes:

0D char(13)
0A char(10)

Entries on lines are separated by spaces. The �rst line contains the string
TEXT. In the next three lines, the second entry givesI max , Jmax and K max . A
total of Nnode data lines follow after three title lines. Each data line contains
the node indices (three integers in I8 format), the node coordinates (three
real numbers in E14.6 format), the node region number (I6) and the element
region number (I6). After a blank and a title line, the data lines give the
region number (I6) and corresponding region name (20 byte string).
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3 Solution �le formats

Your program should create one or more solution output �les foranalysis
with FEVision . The �les have names of the form

NAME.SUFFIX

whereNAMEis a unique descriptive name andSUFFIXis a �le su�x from 1 to
12 characters in length. You can set the su�x in theFEVision con�guration
�le (Chap. 4.1). The default is FEV.

The output �les may be recorded in text or binary format. The number
of calculated and region quantities must be consistent with speci�cations in
the FEVision con�guration �le (Sect. 4.1).

3.1 Length units

Mixed units are a potential source of confusion and errors in computer pro-
grams. We strongly recommend that you consistently use SI units for physi-
cal quantities in your solution program. There is some 
exibility in handling
units of length, governed by the following rules:

� Convenient length units (e.g., microns, inches,...) may be used in
MetaMesh . Node coordinates are recorded in the outputMDF�le
in the chosen units.

� We recommend that you include a factor to convert node coordinates
to meters for calculations in your solution program. For example, if
the MetaMesh units are microns, multiply coordinates by 10� 6 when
they are loaded from theMDF�le.

� Coordinates recorded in the output �le of your solution program must
be in meters. You can specify a conversion factor for unit displayin
FEVision .

The length conversion factorDUnit is the number of display units per meter.
For example, useDUnit = 106 if you want to show coordinates in microns.
FEVision will include a length-unit string in the labels of plots for the
special values ofDUnit listed in Table 1.
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Table 1: Unit display for special values ofDUnit .

Unit Abbreviation DUnit
picometer pm 1:0 � 1012

angstrom (�A) A 1:0 � 1010

nanometer nm 1:0 � 109

micrometer micron 1:0 � 106

mils mil 3:937� 104

millimeter mm 1000.0
centimeter cm 100.0
inch in 39.370
foot ft 3.281
meter m 1.000
yard yd 1.094
kilometers km 1:0 � 10� 3

miles mi 6:214� 10� 4

3.2 Text �le format

The text �le format provides maximum versatility for data export to compiled
and script languages that do not support IEEE number formats. Itis also
possible to view the data �les with a text editor to check for errors. Text
�les have three disadvantages: 1) the numbers are less precise, 2) the �les are
larger and 3) it takes longer to write and to load the data. Text �les consist
of a set of data lines. Each line consists of the text contents followed by two
control bytes:

0D char(13)
0A char(10)

Table 3.2 illustrates a routine to create a text output �le.
The solution �le has three sections:

� Header . Run control parameters.

� Node data . Mesh coordinates and quantities calculated by the �nite-
element program.

� Region data [optional]. Material properties of regions of the solution
volume.

The header has the following components:
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Table 2: Routine to write a text output �le for an electrostatic solution.
NStored = 2, NRParam = 0, NRQuant = 0.

OPEN (UNIT=OutField,FILE=OutFieldName)
WRITE (OutField,5000) ! TEXT
WRITE (OutField,5100),NRegMax ! NRegMax
DO N=1,NRegMax ! Region names

IF (Reg(N).Fixed) THEN
WRITE (OutField,5200) TRIM(Reg(N).RName)

ELSE
WRITE (OutField,5210) TRIM(Reg(N).RName)

ENDIF
END DO
WRITE (OutField,5400) IMax
WRITE (OutField,5500) JMax
WRITE (OutField,5600) KMax
WRITE (OutField,5700) DUnit
WRITE (OutField,5800)
DO K=0,KMax

DO J=0,JMax
DO I=0,IMax

IF (.NOT.ElementEpsi(I+1,J+1,K+1,EpsiWrite)) &
EpsiWrite = DZero

IF (.NOT.ElementRho(I+1,J+1,K+1,RhoWrite)) &
RhoWrite = DZero

MC = M(I,J,K)
WRITE (OutField,6200) &

C(MC).RegNo,C(MC).RegUp,C(MC).x,C(MC).y,C(MC).z, &
C(MC).Phi,EpsiWrite,RhoWrite

END DO
END DO

END DO

5000 FORMAT ('TEXT')
5100 FORMAT ('NReg: ',I3)
5200 FORMAT (A,' E')
5210 FORMAT (A,' I')
5400 FORMAT ('IMax: ',I6)
5500 FORMAT ('JMax: ',I6)
5600 FORMAT ('KMax: ',I6)
5700 FORMAT ('DUnit: ',1P,E14.6)
5800 FORMAT (/ &

' RegNo RegUp X Y Z ', &
'Phi EpsiR Rho'/ &
'============================================================', &
'====================================')

6200 FORMAT (2I6,1P,6E14.6)
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1. Format marker . The �rst line of the �le must contain the string
TEXT, a signal toFEVision that the �le is in text format.

2. Run parameters [optional]. The �le may contain up to 10 data lines
with real-number values de�ning run parameters. Examples include
the frequency in a solution with harmonic quantities or the time for an
initial-value solution. The values may be expressed in any valid format
(e.g., 3.1456, 85, 1.0574E+06,...). The number (NRParam) and order
of parameters must agree with de�nitions in theRUNPARAMsection of
the con�guration �le (Sect. 4.1). If you do not record parameters, then
the RUNPARAMsection in the con�guration �le should be omitted or
empty.

3. Region number . The second entry in the next line is the integer value
NReg, the number of regions in the solution volume.

4. Region designations . The next NReg data lines contain the name
and status of each region,

BONETISSUE I

The name is a string with maximum character length of 12. It should
consist of letters and/or numbers with no spaces or punctuationmarks.
The underscore character is permitted. You can pass on region names
from the MetaMesh input �le or de�ne names in your program. The
second entry in a data line is the characterI (included) or E(excluded).
The elements of an excluded region are not included in plots, vector line
calculations or volume integrals. As an example, an excluded region
could represent an electrode or a void.

5. Logical mesh size . The second entries in next three lines are the
integer valuesI max , Jmax and K max discussed in Sect. 2.2.

6. Length conversion factor . As discussed in the previous section, the
node coordinates in your data �le must be in meters. This data line
determines the display units inFEVision . The second entry in the
line is the real-number quantityDUnit equal to the number of display
units per meter. For example, to display dimensions in centimeters use
DUnit = 100:0.

7. Data lines . Mesh properties and solution values are speci�ed in a total
of Nnode data lines that follow a blank line and two title lines. Each
data line speci�es values for a node and the adjacent upper element.
The term upper means toward higher values of [I; J; K ]. The recording
order for data lines is:
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DO K=0,KMax
DO J=0,JMax

DO I=0,IMax
WRITE (OutSol,5300,ERR=2000) &

M(I,J,K).RegNo,M(I,J,K).RegUp, &
M(I,J,K).x,M(I,J,K).y,M(I,J,K).z, &
(Q(I,J,K,N),N=1,NStored)

END DO
END DO

END DO

Each data line contains the following quantities separated by spaces:

(a) The region number of the node (integer)

(b) The region number of the upper element (integer)

(c) The node coordinates (three real numbers)

(d) The calculated quantities (up to 50 real numbers)

Integers and real numbers may be in any valid format. The number
and order of stored quantities in a line must agree with the de�nition
lines in the STOREDQUANTsection of the con�guration �le (Sect. 4.2). A
stored quantity may be of theNode type, in which case it represents a
value at the node position. A quantity of theElement type is assumed
to represent an average value over the volume of the upper element.

8. Region lines . If region quantities are speci�ed in theREGIONQUANT
section of theFEVision con�guration �le, the solution �le should con-
tain NReg additional data lines. The number and order of region quan-
tities follows the number and order of data lines in theREGIONQUANT
section. You can record up to 10 region quantities in the order

DO N=1,NReg
WRITE (OutSol,5400,ERR=2000) &

(Reg(N).Quant,N=1,NRQuant)
END DO

Values are real numbers in any valid format.
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3.3 Binary �le format

A binary solution �le contains three types of data: 4-byte integer numbers,
8-byte real numbers (double precision) and strings of a speci�ed length. The
order of bytes for integers starts from the LSB (least signi�cant bit) to the
MSB (most signi�cant bit). This order is sometimes referred to as little
endian. Real numbers are recorded in IEEE T
oating format (little en-
dian). Strings are sequences of bytes representing characters in their nat-
ural order. For example, a six-byte string to represent the wordPOST is
P-O-S-T-blank-blank . Table 3.3 illustrates a routine to create a binary
output �le.

A binary �le contains the following sequential components:

1. Format marker . The string BINARY[CHARACTER(6)].

2. Run parameters . A total of NRParam REAL(8) values, where 0�
NRParam � 10.

3. Number of regions . NReg [INTEGER(4)].

4. Region names . A total of NReg strings [CHARACTER(12)].

5. Region status . A total of NReg characters, either the letterE (ex-
clude) or I (include) [CHARACTER(1)]

6. Mesh size . IMax, JMax, KMax [INTEGER(4)].

7. Coordinate conversion factor . DUnit [REAL(8)].

8. Node data lines . The recording order is the same as that in the text
format. Each data line contains the following quantities:

(a) Node region number , RegNo[INTEGER(4)].

(b) Upper element region number , RegUp[INTEGER(4)].

(c) Coordinates , X ,Y,Z [REAL(8)].

(d) Calculated quantities , Q(1), Q(2), ..., Q(NStored) where 1�
NStored � 50 [REAL(8)].

9. Region data lines . NReg data lines in order of region number if
region quantities are speci�ed in theREGIONQUANTsection of theFE-
Vision con�guration �le. Each line contains the quantities RQuant(1)
... RQuant(NRQuant) where 1� NRQuant � 10.
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Table 3: Routine to write a binary output �le for an electrostatic solution.
NStored = 2, NRParam = 0, NRQuant = 0.

OPEN (UNIT=OutField,FILE=OutFieldName,FORM='BINARY')
Character6 = 'BINARY'
WRITE (OutField) Character6 ! File type
WRITE (OutField) NRegMax ! NReg
DO N=1,NRegMax ! Region names

Character12 = Reg(N).Name
WRITE (OutField) Character12

END DO
DO N=1,NRegMax ! Region status

IF (Reg(N).Fixed) THEN
Character1 = 'E'

ELSE
Character1 = 'I'

ENDIF
WRITE (OutField) Character1

END DO
WRITE (OutField) IMax,JMax,KMax ! Mesh size
WRITE (OutField) DUnit ! DUnit
DO K=0,KMax ! Node quantities

DO J=0,JMax
DO I=0,IMax

IF (.NOT.ElementEpsi(I+1,J+1,K+1,EpsiWrite)) &
EpsiWrite = DZero

MC = M(I,J,K)
WRITE (OutField) &

C(MC).RegNo,C(MC).RegUp, &
C(MC).x,C(MC).y,C(MC).z, &
C(MC).Phi,EpsiWrite

END DO
END DO

END DO
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4 Introduction to the FEVision con�guration �le

The con�guration �le is the mechanism for you (thedeveloper) to customize
the operation of FEVision for your application. The �le format provides
considerable 
exibility. For example, the user can switch between con�gura-
tions for di�erent types of analyses (e.g., dielectric or conductive electrostatic
solutions). You can allow users to set values for real-time parameters that
control program operation or even to de�ne their own custom calculation
quantities.

The con�guration �le has the default name FEVISION.CFG. The default
�le must be located in the same directory as the executable,fevision.exe .
FEVision loads the default con�guration �le the �rst time it runs. The
user can switch to a di�erent con�guration within the program. The identity
of the current con�guration �le is recorded in the Windows registry and
becomes the default for the next run.

The con�guration �le is in text format. It is divided into the ten sections
shown in Table 4. They may appear in any order. The following sections are
required: HEADER, STOREDQUANTand INTERPOLATION. The remaining sections
(REGIONQUANT, PROGPARAM, RUNPARAM, REALTIMEPARAM, VECTOR, VOLUMEand
SURFACE) are optional. FEVision uses a free-form parser to analyze the �le.
Entries on data lines are delimited by spaces. You may include indentations,
blank lines and any number of comment lines (beginning with an asterisk).
This chapter covers the �rst six sections listed in Table 4 for setting pro-
gram control parameters. The following chapter discusses the de�nition of
calculated quantities for plots and the generation of numerical data.

4.1 Header section

The required HEADERsection contains a number of parameters that you can
set to control the appearance and performance of the program.Each line
has the following form:

ParameterName = Value

The following commands may appear in the header section.

ProgramName = String
ProgramName = Heat Transport Advanced
This name appears as the program window title. The name stringmay
have any content including spaces. Note that you can change the name
of fevision.exe for your distribution package. In any case, the default
con�guration �le must be named fevision.cfg and be in the same directory
as the executable.
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Table 4: General organization of theFEVision con�guration �le (content
of the �le TEMPLATE.CFG)

HEADER
Control parameters (Required)

END
STOREDQUANT

Stored quantities in the solution file (Required)
END
REGIONQUANT

Physical properties of regions (Optional)
END
PROGPARAM

Program parameters (Optional)
END
RUNPARAM

Parameters set by the solution program (Optional)
END
REALTIMEPARAM

Parameters set by the user (Optional)
END
INTERPOLATION

Calculated quantities for plots and data output (Required)
END
VECTOR

Calculated quantities for vector display (Optional)
END
VOLUME

Calculated quantities for volume integrals (Optional)
END
SURFACE

Calculated quantities for surface integrals (Optional)
END
ENDFILE
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ManualName = String
ManualName = htransport.pdf
The named manual �le will be called in response to theHelp/Instruction
manual command in the main menu. The help �le must be in the same
directory as the executable. Supported formats areHLP(Windows help �le),
CHM(compiled HTML �le), HTMLor PDF. FEVision loads the �le in the
default application (e.g., default browser for HTML �les).

WebSiteURL = string
WebSiteURL = http://www.�eldp.com
Enter the name of your Internet site. FEVision opens the default browser
at the URL in response to theHelp/Website command in the main menu.

About = string
About = General Analysis; Widget Manufacturing; Copyright 2 009
Enter the information you would like to appear when the user clicks on the
Help/About command. The string may be up to 300 characters in length.
Use semicolons to indicate line breaks.

DataSu�x = FileSu�x
DataSu�x = GOU
Enter a su�x for your solution �les. FEVision displays a load dialog listing
�les with the su�x in response to the File/Load solution �le command in
the main menu. The default isFEV.

NRecord = 5
By default, FEVision includes all quantities de�ned in theINTERPOLATION
section (Sect. 5.3) in listings of line scans and matrix �les. Use this command
to limit listings to the �rst NRecord quantities.

SliceDisplay = NInterp
SliceDisplay = 3
ScanDisplay = 8
PlaneDisplay = 1
SurfaceDisplay = 12
Set the default interpolation quantity to display in slice, scan, plane and
surface plots. The number is the quantity's order in theINTERPOLATION
section (Sect. 5.3).
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VectorDisplay = NVector
VectorDisplay = 2
Set the default vector quantity for display by the vector tools in the slice plot
menu. The number is the quantity's order in theVECTORsection (Sect. 5.3).

4.2 Stored and region quantities

The requiredSTOREDQUANTsection speci�es the number of stored quantities in
the output �les from your solution program and the nature of the quantities.
The section must include one data line for each stored quantity in the solution
�le (to a maximum of 50). Data lines have the form of a quantityname
followed by the letter N or E:

QuantName = [N,E]

The component QuantName is a single string (with no spaces) up to
12 characters in length. It is used for display purposes. The status code
tells whether the quantity is de�ned at node positions (N) or is an element
property (E). In a �nite-element solution, calculated quantities are usually
node types and material properties are usually element types.

There are two options to record the material properties of elements in
your solution �le:

� If the property is uniform over a region (e.g., relative dielectric con-
stant), record the single value as aregion quantity.

� If the property varies over a region (e.g., temperature-dependent ther-
mal conductivity), record it as a storedelement quantity.

Recording a single value for a region gives a smaller solution �le. Note that
FEVision can handle solution �les that combine stored element quantities
with region quantities.

The optional REGIONQUANTsection contains from 1 to 10 variable names:

REGIONQUANT
$Name01
$Name02
$Name03
...

END

Variable names must begin with a dollar sign ($) and may includea maximum
of 12 characters. The number of region variable names must be the same as
the number of stored region quantities in your solution �le (Sects. 3.2 and

24



3.3). Furthermore, the order of names must be the same as the order of stored
region quantities. The solution �le contains a value of each region quantity
for each region in the solution volume. Region variables may be used in
expressions for calculated quantities in theINTERPOLATIONand other sections
discussed in the next chapter. In this case,FEVision uses the quantity value
corresponding to the region number of the element at the calculation point.

4.3 Program, run and real-time parameters

FEVision supports three types of parameters:

� Program parameters : a numerical value set in the con�guration �le
for use in mathematical expressions. These parameters are set when
FEVision is launched and stays in force unless another con�guration
�le is loaded. Examples include physical constants and unit conversion
factors.

� Run parameters : a �xed numerical value characteristic of the run
passed from the solution program. Examples include the frequency of
harmonic solutions and the recording time for an initial-value solution.
Run parameters stay in force until another solution �le is loaded.

� Real-time parameters : numerical values that may be changed by
the user during a solution analysis. Examples include distance units
and the reference phase for displays of harmonic quantities.

Values of the three types of parameters are set in thePROGPARAM, RUNPARAM
and REALTIMEPARAMsections respectively.

The PROGPARAMsection may contain from 1 to 10 data lines in the form

$PName = Value

The parameter name is a string beginning with the dollar sign from 1 to 12
characters in length. The value is a real number in any format. Entries in
the RUNPARAMand REALTIMEPARAMsections have the form

$PName = DefaultValue

The default value is a real number. The two sections may each contain a
maximum of 10 data lines.
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5 De�ning calculated quantities in the FEVision
con�guration �le

This chapter covers the remaining sections of theFEVision con�guration
�le. Here, entries de�ne physical quantities for numerical output and plot
display. The con�guration �le includes the following sections for developer
data:

� Interpolation . Scalar quantities for multiple uses: 1) displays in slice,
plane and surface plots, 2) results of point and scan calculations and
3) values written to matrix output �les.

� Vector . Vector quantities for the display of �eld or 
ux lines in slice
and surface plots.

� Volume . Scalar quantities for volume integrals over regions.

� Surface . Vector quantities for surface integrals over the boundaries of
region sets.

Run speed is a critical issue inFEVision . The generation of a single
slice plot may require over 50,000 interpolations. To ensure fast operation,
expressions for calculated quantities in the con�guration �le are written in
reverse Polish notation (RPN).FEVision parses the function strings once
while loading the con�guration �le and saves them in a coded form. There-
after, operations are performed at the speed of compiled code. The following
section reviews the basics of RPN notation. Section 5.2 coversparameters
and variables that may appear in expressions. Section 5.3 reviews the form
of the data sections. Section 5.4 discusses methods to display information
on complex-number values that result from a steady-state solution for a har-
monic quantity.

5.1 Introduction to RPN

Consider the expression

5:0 � 4:53 +
h
9:2 + 0:6 � 0:9(2+0 :67)

i
: (4)

Equation 4 could be represented in algebraic notation by the string:

5.0 * 4.5^3 + (9.2 + 0.6 * 0.9 ^ (2 + 0.67))

The rules for parsing such a string are involved, requiring an interpreter with
recursive logic. The equation has the following form in RPN:
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Figure 5:

0.9 0.67 2 + ^ 0.6 * 9.2 + 4.5 3 ^ 5.0 * +

The string is parsed in strict order from left to right for expressions of any
degree of complexity. A calculator with RPN logic uses the stack shown in
Fig. 5. Numbers are pushed and popped at the bottom. The �rst two stack
registers have the special namesX and Y. Three simple rules govern the
evaluation of RPN expressions:

� If the entry is a number, push it on the stack.

� If the entry is a unary operator (exp, ln, sin,...), apply it to the number
in the X register.

� If the entry is a binary operator (+,*,^,...) combine the numbers in the
X and Y registers and move the stack down.

The �nal result is given by the number remaining in theX register. By
convention, the binary operators act in the following way:

� Addition(+): Y + X

� Subtraction (-): Y � X

� Multiplication (*): Y � X

� Division (/): Y=X

� Exponentiation (^): Y X
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Reverse Polish notation eliminates all issues with regard to parsing order.
Furthermore, it is simple to compile expressions. Entries are represented
either by variables or operator codes.

5.2 Variables, operations and parameters

Expressions to de�ne quantities inFEVision may contain numbers, unary
and binary operations, standard variables, standard calculated quantities and
parameters. The standard variables are

$X, $Y, $Z, $NREG, $DUNIT

Note that the name of variables and parameters must start with a dollar
sign. Calls to de�ned functions for plots, line scans and other operations
are always made at a speci�c location in the solution space.FEVision sets
the current position [$X,$Y,$Z] before any calls are made. To illustrate, the
following expression gives the distance from the origin in meters:

RDIST = $X 2 ^ $Y 2 ^ $Z ^ 2 + + @SQRT

The program also sets the variable$NREGequal to the region number of the
element that contains the current position. It is used if the expression involves
region quantities. The standard variable$DUNITis a dimension conversion
factor passed from the solution program. For example, suppose dimensions
in MetaMesh were de�ned in centimeters and converted to meters for use
in the solution program. In this case, an entry in the header of the solution
�le would set $DUNIT= 100.0. The following expression returns the distance
from the origin in centimeters:

RDIST = $X 2 ^ $Y 2 ^ $Z ^ 2 + + @SQRT $DUNIT *

Unary operators have names that begin with '@'. Table 5 lists the available
set. The following considerations apply with respect to the@CHSoperator:

� You may include negative numbers (such as-3.1456 and -8.9E-09 )
in expressions. The number-22.56 is equivalent to -22.56 @CHS.

� Expressions like-$Epsi0 and -&grady[3] that mix the binary operator
with a variable are invalid. Instead, use forms like$Epsi0 @CHS.
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The following quantities represent values from the �nite-element solution
calculated at the current position:

&Q[1]
&GRADX[3]
&GRADY[2]
&GRADZ[1]
&GRADMAG[5]

The names must begin with an ampersand. They are always followed by
an integer in box brackets giving the number of the stored quantity. The
quantity &Q[n] is the interpolated value of stored quantityn (Sect. 4.2) at
the current position [$X,$Y,$Z]. FEVision performs the interpolation and
replaces the symbol with its numerical value before evaluating the expres-
sion. The interpolation method depends on whether the stored quantity is of
type Node or Element. FEVision performs detailed interpolations ofNode
quantities. In the LIN mode, the program interpolates within the target el-
ement using shape functions and values of the stored quantity atthe eight
nodes. In theLSQmode,FEVision collects data from surrounding elements
of the same region type and makes a least-squares �t to a three-dimensional,
second-order function.

The other special quantities have the following interpretation:

&GRADX[n]=
@Qn
@x

; (5)

&GRADY[n]=
@Qn
@y

; (6)

&GRADZ[n]=
@Qn
@z

; (7)

&GRADMAG[n]=

vu
u
t

 
@Qn
@z

! 2

+

 
@Qn
@z

! 2

+

 
@Qn
@z

! 2

: (8)

The result of a gradient operation depends on whether the stored quan-
tity is of type Node or Element. The standard condition in a �nite-element
calculation is that physical properties are uniform over an element volume.
Therefore,FEVision returns zero for derivatives of element quantities. To
illustrate, consider a thermal solution where stored quantity 1is the temper-
ature (node type) and quantity 2 is the thermal conductivity(element type).
The following de�nition would be used to plot the magnitude ofthe thermal

ux:

FLUXMAG = &GRADMAG[1] &Q[2] *
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Table 5: Unary operators

Name Operation Comments
@SIN sin(X ) Angle in radians
@COS cos(X ) Angle in radians
@TAN tan(X ) Angle in radians
@ASIN sin� 1(X ) Returns angle in radians
@ACOS cos� 1(X ) Returns angle in radians
@ATAN tan� 1(X ) Returns angle in radians
@EXP eX

@LN ln X
@LOG log10(X )
@SQRT

p
X

@ABS jX j
@EXCH X *) Y
@OVERX 1=X
@XSQ X 2

@ENTER X ) X; Y Copy X and push on stack
@CHS X = � X

Expressions may also include run parameters, program parameters or
real-time parameters. The symbolic names and default values are de�ned
in the PROGRARAM, RUNPARAMand RTPARAMsections of the con�guration �le
as discussed in Sect. 4.3. In the case of real-time parameters,FEVision
uses the current value set by the user. Region quantities de�nedin the
REGIONQUANTsection of the con�guration may also appear. In this case, the
quantity corresponding to the region number$NREGat the current position is
used. To illustrate, suppose we have an electrostatic solution where regions
have a uniform value of the relative dielectric constant. Theinitial sections
of the con�guration �le might look like this:

...
STOREDQUANT

Phi N
END
REGIONQUANT

$EPSIR
END
PROGRARAM

$EPSI0 = 8.85E-12
END
...
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The following expression for the �eld energy density might appear in the
volume section:

UELEC = 0.5 $EPSI0 * $EPSIR * &GRADMAG[1] 2 ^ *

5.3 Setting up the calculated-quantity sections

The �nal sections of the con�guration �le de�ne quantities for plots and
calculations. There are four sections:

INTERPOLATION
QuantityName = Definition

END
VECTOR

QuantityName = Definition1;Definition2;Definition3
END
VOLUME

QuantityName = Definition
END
SURFACE

QuantityName = Definition1;Definition2;Definition3
END

Quantities in the sections perform the following tasks:

� Interpolation : scalars that de�ne color coding in slice plots, plane
plots and surface plots and give numerical values for point calculations,
line scans and matrix �les.

� Vector : quantities for the vector tools in slice plots.

� Volume : scalars for integrals over region volumes in the solution space.

� Surface : vectors for surface integrals over regions or region sets of the
solution space.

Each section terminates with theENDcommand. TheINTERPOLATIONsection
may contain from zero to 50 quantity de�nitions. The VECTOR, VOLUMEand
SURFACEsections may contain a maximum of 20 quantity de�nitions each.

A de�nition line for a scalar quantity in the Interpolation section consists
of a variable name, an equal sign and an RPN expression using the compo-
nents discussed in the previous section. The following rules apply to quantity
names in all sections:
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� A name has a maximum length of 12 characters (the length is limited
so that quantity names will �t in plots and formatted output li sts).

� Names may include characters, numbers and the underscore symbol.
Names may not includes spaces and other punctuation marks.

The RPN expression is a string (maximum length of 300 characters)with
entries separated by spaces. Here are some examples of quantity de�nitions:

EX = &GRADX[1] @CHS *
LOGTEMPK = &Q[1] 273.15 + @LOG
RADFLUX = &GRADX[1] 2 ^ &GRADY[1] 2 ^ + @SQRT
PHASE = &Q[2] &Q[1] / @ATAN $RADTODEG *

The last expression requires that the parameter

$RADTODEG = 57.2958

was de�ned in the PROGPARAMsection. Note that the result of the division
operator in the expression is 0.0 if&Q[1] = 0.0.

The order in which quantities appear in theInterpolation section a�ects
some operations inFEVision . The �rst listed quantity is the default choice
for Slice plots if the header does not contain aSliceDisplaycommand. In di-
alogs for picking a plot quantity, the options are listed in the same order that
they appear in the con�guration �le. Therefore, you should put important
quantities near the beginning and specialized quantities near the end. The
same order is followed in listings created by theMatrix �le command. In ad-
dition, you can set theNRecord parameter in theHeadersection (Sect. 4.1)
to include only selected values.

Each quantity in the Vector section requires three expressions for thex,
y and z components. The format for a de�nition line is

Name = (Expression x);(Expression y);(Expression z)

The line may contain a maximum of 500 characters. The component expres-
sions are separated by semicolons. The following example de�nesheat 
ux
in a thermal solution:

F = $K &GRADX[1] * @CHS; $K &GRADY[1] * @CHS;$K &GRADZ[1] * @CHS

Evaluation of the expression requires that the thermal conductivity for the
current region was de�ned in theREGIONsection:

REGIONQUANT
$K

END
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The volume integral of a quantity Q over a regionNR is given by
Z

dx
Z

dy
Z

dz Q(x; y; z); (9)

where only those elements with region number equal toNR are included.
You can de�ne up to 20 quantities in theVolume section for integrals. The
expressions should de�ne quantities with dimensions of the form(quant=m3).
For example, the relative internal energy density of a regionin a thermal
solution could be expressed as

UINTERNAL = $RHO $CP * &Q[1] *

In the expression, the region quantity$RHOis the mass density of the region
in kg/m 3, $CPis the speci�c heat in J/(kg-oC) and the �rst stored quantity
is the temperature inoC. Volume integrals use internal program coordinates
in units of meters. Note that the quantity $DUNITis used inFEVision only
for display labels.

The surface integral of a vector quantityS over a region or a set of regions
is given by

Z Z
dA S � n; (10)

wheredA is an element of area on the surface of the region set andn is a unit
vector normal to the surface pointing out of the region set. Youcan de�ne up
to 20 quantities in the SURFACEsection for integrals. The data line for each
quantity should contain the name, an equal sign, and three RPN expressions
separated by semicolons for the vector components. The expressions should
de�ne quantities with dimensions of the form (quant=m2). As an example, a
surface integral of the following quantity would give the induced charge on
the surface of a region representing an electrode in an electrostatic solution:

QINDUCE = $EPS0 $EPSR * &GRADX[1] * @CHS;
$EPS0 $EPSR * &GRADY[1] * @CHS; $EPS0 $EPSR * &GRADZ[1] * @CHS

To conclude, it is important to clarify the format of quantity names.
Quantity names must begin with special symbols if they are referenced in
RPN expressions. Symbols for di�erent quantity types are listedin Table 6.
Therefore, quantity names in theREGIONQUANT, PROGPARAM, RUNPARAMand
REALTIMEPARAMsections must include the dollar sign. Quantity names that
are de�ned only for display purposes need not include a special symbol. The
includes quantities de�ned in the STOREDQUANT, INTERPOLATION, VECTOR,
VOLUMEand SURFACEsections.
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Table 6: Naming conventions in RPN expressions

Name form Functions
$NAME Program, run and real-time parameters
$NAME Region quantities
$NAME Standard variables (e.g., $X)
&NAME Special quantities calculated from the solution (e.g.,

&gradx[2] )
@NAME Unary operators in RPN expressions

5.4 Representing complex-number quantities

Complex numbers are encountered in steady-state harmonic solutions such
as radio-frequency electric �elds. In such solutions, calculated quantities
over the solution volume vary harmonically atf . The general form for a
calculated quantity is

Q(x; y; z; t) = Q0(x; y; z) cos [!t + � (x; y; z)] ; (11)

where Q0 is the amplitude, � is the phase and the angular frequency is
! = 2�f . Equation 11 is often represented in the complex form

Q(x; y; z; t) = Ref Q0(x; y; z) exp [j� (x; y; z)] exp [j!t ]g : (12)

We can identify the spatially varying part of Eq. 12 as thephasor

Q = Q0 exp (j� ) : (13)

The variation of the quantity in space and time may be written as

Q(x; y; z; t) = Re
n
Q(x; y; z) exp(j!t )

o
: (14)

The complex-value phasor carries complete information on spatial variations
of the quantity. We can record the phasors in the solution output �le and
reconstruct values inFEVision by multiplying by exp( j!t ).

We recommended that you represent information on harmonic calculated
quantities in your solution output �les as the real and imaginary parts of the
phasor:

Qr = Q0 cos(� ); (15)

Qi = Q0 sin(� ): (16)

34



In this section we shall consider how to calculate physical information from
quantities stored in the form of Eqs. 15 and 16. For the discussions,we
assume that the real part of the phasor is stored as quantity&Q[1] and the
imaginary part as &Q[2]. The examples illustrate expressions as the would
appear in theInterpolation section.

The amplitude of a harmonic quantity is given by the expression

Q0 = &Q[1] @XSQ &Q[2] @XSQ + @SQRT

and the phase (in radians) by

PHI = &Q[2] &Q[1] / @ATAN

Sometimes we may want to display a snapshot of the spatial variation of Q
at a particular reference phase!t 0 = � 0. Applying Eq. 11, the calculated
quantity is

Q(x; y; z; t0) = Q0(x; y; z) cos(� 0 + � ): (17)

Can rewrite Eq. 17 as

Q = Q0 (cos� 0 cos� � sin� 0 sin� ): (18)

Substitution from Eqs. 15 and 16 leads to the equation:

Q(x; y; z; t0) = Qr (x; y; z) cos� 0 � Qi (x; y; z) sin � 0: (19)

To illustrate use of Equation 19, suppose the con�guration �le contains
the following entries:

PROGRARAM
$DEGTORAD = 0.0174533

END
RUNPARAM

$OMEGA = 0.0
END
REALTIMEPARAM

$PHI0 = 0.0
END

The program parameter$DEGTORADallows the user to enter the reference
phase in degrees. The run parameter$OMEGAis the angular frequency. It
will be set to a non-zero value when the solution data �le is loaded. The
real-time parameter$PHI0 may be set by the user to control plot displays.
The following entry appears in theInterpolation section:
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QUANTREF = $PHI0 $DEGTORAD * @COS &Q[1] *
$PHI0 $DEGTORAD * @SIN &Q[2] * -

Next we discuss the interpretation of the gradients of complex quantities.
As an example, consider determining the electric �eld from thecomplex
potential of an RF solution. Spatial gradients are easy to handle if we use
the complex phasor representation of Eqs. 15 and 16. We can writethe
potential in the form

Q(x; y; z; t) = Ref (Qr (x; y; z) + jQ i (x; y; z)) exp(j!t )g : (20)

The x component of the harmonically-varying electric �eld follows from the
gradient of Eq. 20:

Ex = �
@Q
@x

= Re

( 
@Qr
@x

+ j
@Qi
@x

!

) exp(j!t )

)

: (21)

Interpolation section quantities that give the amplitude ofEx and its value
at the reference phase� 0 would look like this:

EX0 = &GRADX[1] @XSQ &GRADX[2] @XSQ + @SQRT
EXREF = $PHI0 $DEGTORAD * @COS &GRADX[1] *

$PHI0 $DEGTORAD * @SIN &GRADX[2] * -

The amplitude of the total electric �eld vector follows fromthe expression

jEj =
p

E � E � ; (22)

Using expressions like Eq. 21 for the vector components, can de�nefollowing
quantity:

E0MAG = &GRADX[1] @XSQ &GRADX[2] @XSQ + &GRADY[1] @XSQ +
&GRADY[2] @XSQ + &GRADZ[1] @XSQ + &GRADZ[2] @XSQ + @SQRT
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Figure 6: File information dialog

6 FEVision �le and help menus

FEVision has the following popup menus:File operations, Analysis, Slice
plots, Plane plots, Surface plotsand Help. Initially, only the File operations
and Help menus are active. You must load a data �le in order to create plots
or to perform analyses. This section reviews options in theFile operations
menu.

LOAD SOLUTION FILE
FEVision displays a dialog with a list of solution �les with names of the

form FPREFIX.SUFFIX, where the stringSUFFIXis de�ned in the DataSu�x
command (Sect. 4.1). Changing the directory in the dialog changes the pro-
gram working directory. Pick an available �le and clickOK. The program
loads the solution and updates the status bar. If data retrieval is successful,
the analysis and plot menus become active.

SOLUTION FILE INFORMATION
The command shows a message box with information on the currently-loaded
data �le (Fig. 6).
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RUN SCRIPT
Analysis scripts (Chap. 12) make it easy to perform complex or repetitive

analyses on a set of similar solutions. This command displays a dialog with a
list of analysis scripts (su�x SCR) that you have created. Pick a �le and click
OK. Changing directories in the dialog changes the working directory of the
program. An analysis script can load data �les, open and close history �les
and perform any of the numerical analysis functions describedin Chap. 7.

CREATE SCRIPT
Use this command to create scripts using the internal editor. A box requests
a �le pre�x (the resulting script �le will be saved as FPREFIX.SCR). Next, the
program opens the �le in the editor and writes the reference list of allowed
commands shown in Table 7. Enter commands in the space aboveEndFile.
After saving the �le, you can run it using the Run script command.

EDIT SCRIPT
Use this command to change an existing script �le. The dialog lists�les in

the current directory with the subscript SCR. Changing directories does not
change the working directory of the program.

OPEN DATA FILE
In an interactive session, analysis commands likePoint calculation and Line

scan generate numerical information. You can automatically record the data
generated during an analysis session by opening a data �le. The �le will be
stored in the working directory. You can use an editor to view the �le or
to extract information for mathematical analysis programs or spreadsheets.
The default �le su�x is DAT.

CLOSE DATA FILE
You must close a data �le before using theEdit data �le command or loading
the �le into another program. Failure to close the �le may result in a Windows
Resource Sharing Error. This command is also useful if you want to start
a new data �le. Note that a data �le is automatically closed whenyou exit
FEVision .

EDIT DATA FILE
View or modify �les with names of the formFPREFIX.DAT.

EDIT FILE
Use the program editor to view or to modify any text �le.
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Table 7: Create script { default �le content

* FEVision script
* Insert commands here...
ENDFILE

--- Command summary ----

INPUT FileName
[Close current solution file and load FileName]

OUTPUT FileName
[Close the current data file and open FileName]

POINT xp yp zp
[Point calculation of interpolation quantities]

SCAN xp1 yp1 zp1 xp2 yp2 zp2
[Scan along a line between the given coordinates]

GENSCAN
xp1 yp1 zp1
xp2 yp2 zp2
...
xpn ypn zpn

END
[Scan over the listed coordinate set]

VOLUMEINT [Reg]
[Integrals of volume quantities for region Reg]

SURFACEINT Reg1 Reg2 ... RegN
[Integrals of surface quantities over the region set]

MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
[Write a matrix of field values to the file FileName]

NSCAN 100
[Set the number of points in a line scan]

INTERPOLATION [LSQ,Linear]
[Set the interpolation type, least-squares fit or linear]

ENDFILE
[Terminate the analysis]
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LOAD CONFIGURATION FILE
Load a con�guration �le with a name of the form FPREFIX.CFGand reset the
operation of the program. Depending of the content of the con�guration �les,
you can make minor changes in program operation (unit displays, calculated
quantities,...) or completely change the nature of the analysis. Chapters 4
and 5 cover the organization and content of the con�guration�le.

The Help menu contains the following commands:

INSTRUCTION MANUAL
Calls the document speci�ed in the con�guration �le ManualNamecommand
(Sect. 4.1). The document is displayed in the system default PDFviewer,
browser or Windows Help dialog. Note that the document must be in the
same directory asfevision.exe .

WEBSITE
Run the system default browser in a new window and navigate to theURL

speci�ed in the con�guration �le WebSiteURLcommand (Sect. 4.1). The site
may be your company home page or a page of frequencly-asked-questions.

ABOUT
Show the string de�ned in the con�guration �le About command. (Sect. 4.1).
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7 FEVision analysis menu

The Analysis menu contains commands to perform numerical operations
with quantities de�ned in the con�guration �le. The operati ons may also
be invoked from a script (Chap. 12) or from theSlice plot menu (Chap. 8).
By default, FEVision uses a least-squares �t technique to �nd values of
&Q[n], &GRADX[n], &GRADY[n], &GRADZ[n]and &GRADMAG[n]for calculations
of nodal quantities de�ned in the con�guration �le. The procedure involves
the following steps:

� Find the element that contains the point ($X, $Y, $Z). Add values of
the quantity at the eight nodes of the element to the interpolation set.

� Add nodes of surrounding elements with the same region number up
to a maximum of 32.

� Fit a three-dimensional, second-order polynomial function to the data
set.

� Evaluate the function and its derivatives at the target point.

FEVision performs the full set of operations under theLSQinterpolation
option. Only nodes in the target element are included in a �t to a linear
polynomial under theLinear option. The default LSQoption gives the high-
est accuracy when data from several elements are available. Use the Linear
option in tight spaces where there may be only a single layer of elements.

POINT CALCULATION
Use this command to determine values at a point in the solution volume.

In the dialog, enter a position in the length units de�ned by the DUnit
parameter (Sect. 3.1). For example, ifDUnit = 100:0, specify the point
coordinates in centimeters.FEVision calculates all quantities de�ned in the
INTERPOLATIONsection of the con�guration �le and lists them if a history
�le is open. The program also shows up to 14 values in a dialog in the order
that they appear in the con�guration �le.

LINE SCAN
Line scans are one of the most usefulFEVision capabilities. The command

brings up the dialog of Fig. 7. Enter coordinates for the stop and end points
of a line in the solution space in length units de�ned byDUnit . FEVision
records values of coordinates and calculated quantities ifa history �le is
open. Values for the �rst NRecord quantities in the INTERPOLATIONof the
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Figure 7: Line scan dialog

con�guration �le are included. The program then enters theScan plotmenu
and makes a plot of a selected quantity. Analysis functions of the Scan plot
menu are described in Chap. 9.

VOLUME INTEGRALS
In response to this command,FEVision performs volume integrals of quan-
tities de�ned in the VOLUMEsection of the con�guration �le. The program
applies the methods discussed in Sect. 14.4. The integral is taken over the
full solution volume. If a history �le is open, FEVision records global in-
tegrals and values organized by region. The program also displays a dialog
listing up to 14 global values.

SURFACE INTEGRALS
In response to this command,FEVision performs surface integrals of quan-
tities de�ned in the SURFACEsection of the con�guration �le. The integral
is taken over the surface of one region or a set of regions.FEVision loops
through all elements, including those with a region number in the set. An
integral over an element facet is included only if the facet borders an element
with a region number that is not in the set. The dialog displays alist of solu-
tion volume regions. Put a check next to the ones that should be included in
the set. If a history �le is open, FEVision records integrals of allSURFACE
quantities over the region set. The program also shows a dialog listing values
for up to 14 global quantities.

MATRIX FILE
The Matrix �le command controls a feature that is useful if you want to

write your own analysis routines or port results to mathematical software. In
response to the command,FEVision performs interpolations over a speci�ed
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box region on a regular spatial grid. It is easier to use results inthis form
than to deal with the conformal mesh directly. Clicking onCreate matrix
�le calls up the dialog of Fig. 8. Specify the dimensions of the boxalong
each axis (in units set byDUnit ) and the number of calculation intervals. To
illustrate, calculations are performed at positions withx coordinates given
by

x = xmin +
n (xmax � xmin )

nx
; (23)

where n = 0; 1; 2; :::; nx . For example, if you setxmin = 0:5, xmax = 1:5
and nx = 10, the calculations are performed at points withx = 0.5, 0.6,
..., 1.4, 1.5. You can also specify an output �le name. Table 8 shows an
example of matrix �le output. Note that the data are in the standard text
�le format de�ned in Sect. 3.2. With this feature, the user could reload
the calculated quantities into FEVision with a di�erent con�guration �le
for custom analyses. The only di�erence is that the quantitiesRegNo and
RegUpboth refer to the region number at the calculation point. Notethat
data lines are recorded in the order

DO K=0,KMax
DO J=0,JMax

DO I=0,IMax
...

END DO
END DO

END DO

at the positions:

x I = xmin + I � x; (24)

yJ = ymin + J � y; (25)

zK = zmin + K � z: (26)

where

� x = ( xmax � xmin )=Imax ; (27)

� y = ( ymax � ymin )=Jmax ; (28)

� z = ( zmax � zmin )=Kmax : (29)
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Table 8: Example of data recorded in a matrix �le forNRecord = 4.

TEXT
NReg: 4
SOLUTIONVOLUME
DIELECTRICSUPPORT
SPHERICALELECTRODE
GROUNDEDBOUNDARY
IMax: 20
JMax: 20
KMax: 20
DUnit: 1.000000E+02

RegNo RegUp X Y Z Ex Ey
==================================================================================

1 1 0.000000E+00 0.000000E+00 0.000000E+00 -5.097331E+01 5.950243E+01
1 1 4.500000E-03 0.000000E+00 0.000000E+00 2.381329E+01 2.444910E+02
1 1 9.000000E-03 0.000000E+00 0.000000E+00 2.639794E+02 4.663664E+02
1 1 1.350000E-02 0.000000E+00 0.000000E+00 3.367741E+01 8.588352E+02
...

Figure 8: Matrix �le dialog
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Figure 9: Dialog to set real-time parameters.

SET SCAN QUANTITY
Use this command to set the quantity that will be displayed in theScan plot
menu after a line scan.FEVision displays a list of the quantities de�ned in
the INTERPOLATIONsection of the con�guration �le. This setting does not
a�ect the listing in the data �le which always includes the �rst NRecord
quantities.

SET NUMBER OF SCAN POINTS
This command sets the number of line scan points in the screen plot and

data �le listing. The default value is 100 and the maximum number is 500.

LSQ/LINEAR INTERPOLATION
Toggle between theLSQand Linear interpolation options. The setting is

displayed in the status bar.

REAL-TIME PARAMETERS
This command calls up the dialog of Fig. 9 where the program user can

set values of parameters de�ned in theREALTIMEPARAMETERsection of the
con�guration �le.
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Figure 10: Slice plot menu screen

8 FEVision slice plots

Slice plots are two-dimensional plots that show the variationof quantities
over a plane normal to one of the Cartesian axes. In contrast to plane plots
(Chap. 10), slice plots are based on the structure of the mesh projected to
a slice plane. This structure may be complex for a conformal mesh. To
facilitate the process, slices are constructed at discrete locations along the
normal axis corresponding roughly to the planes of the foundation mesh.
The precise rendering of mesh information enables point-and-click analysis
operations (point calculation, line scan, ...) in the slice.

8.1 Organization of the slice window

Figure 10 shows the program display in theSlice plot menu. The menu at
the top contains the full set of commands. Entries in the toolbar represent
commonly-used commands. The status bar at the bottom shows the name
of the current solution �le and the name of a data �le (if open) to record
numerical information. Other entries show the current interpolation type
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(Chap. 7) and the snap status and distance. WhenSnap modeis active, the
mouse cursor moves between discrete locations.

The screen area is divided into three sections:

� The main plot window on the left.

� The orientation window at top-right.

� The information window at bottom-right.

Plots in the main window are constructed to true scale2 The orientation
window shows the plot location in the slice plane and along the normal axis.
The top portion is a thumbnail view of region boundaries in the full plane.
The blue rectangle designates the boundaries of the current view. The slide
bar at the bottom shows the location of the slice along the normal axis. The
content of the information window depends on the plot type. The color-
coding key shows regions in aRegion plot and selected values of the current
plot quantity in all other types. Horizontal and vertical intervals are listed
when the grid display is active.

8.2 Setting the slice view

The Change viewpopup menu contains commands to set the slice plane and
to adjust the dimensions of the plot.

SLICE PLANE PROPERTIES
This command calls up the dialog shown in Fig. 11. You can change the

normal axis, change the position along the normal axis, and set plot limits
in the normal plane. Set the normal axis with the radio buttons at the top.
For example, for a choice ofz the plot will be created in the x-y plane. You
can use the slider bar to set the position along the normal axis. Therange
of the slider bar is automatically set to the limits of the solution volume.
Alternatively, you can type a value in the box. FEVision seeks a nearby
position that cuts a logical plane; therefore, the displayed position may not
exactly equal the speci�ed one. The boxes at the bottom determine the plot
range in the normal plane. The default settings are the limitsof the solution
volume.

2Depending on your monitor, it may be necessary to adjust the window size for equal
dimensions in the horizontal and vertical directions. The window size is saved when you
closeFEVision .
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Figure 11: Slice plane dialog.

SLICE NORMAL TO X
SLICE NORMAL TO Y

SLICE NORMAL TO Z
Quick commands to change the normal axis.

JUMP FORWARD
STEP FORWARD
STEP BACKWARD
JUMP BACKWARD
Move along the normal axis by small or large steps. The small step isap-
proximately one layer of the foundation mesh and the large stepis 5 layers.
The term forward means motion toward a higher index of the normal axis.
The slider bar in the orientation area to the right of the plot (Fig. 10) shows
the current location.

ZOOM WINDOW
As an alternative to the entries in theSet slice planedialog, you can inter-

actively change plot limits within the normal plane using themouse. Choose
the command and move the mouse pointer into the plot area. The status bar
enters coordinate mode. It shows the current mouse position in the plot in
the units set by theDUnit conversion factor (Sect. 3.1). Use the left button
to pick one corner and then move the mouse to create a view box. Click the
left button again, and the plot regenerates. On any coordinate operation,
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press theF1 key if want to enter values from the keyboard. Note that the
normal plane plot in the orientation area (Fig. 10) shows the outline of the
current zoomed view.

ZOOM IN
Enlarge the plot about the current view center.

EXPAND VIEW
Expand the plot about the current view center.

GLOBAL VIEW
Expand the plot boundaries to show the entire normal plane.

PAN
When the plot is zoomed, you can use this operation to shift the current

view center. Use the mouse to de�ne relative start and end points for the
shift. Again, press theF1 key to enter relative positions from the keyboard.

8.3 Setting slice plot properties

The commands in thePlot control popup menu are used to set the plot style
and mouse options.

SLICE PLOT STYLE
This command brings up the dialog on the left-hand side of Fig.12. The

Region plot style is a cross-section view of the mesh element divisions color-
coded by region number. In contrast to the logical plane plot of MetaMesh ,
FEVision attempts to resolve the exact mesh structure in the plane. In the
Filled contour style, the program creates discrete bands of color according to
values of the current plot quantity. TheContour style shows lines of constant
values of the plot quantity. Finally, an Element plot has color coding by
the average value of the plot quantity in the element volume.When the
Element outlinebox is checked,FEVision includes facets in theRegion and
Element modes. When theRegion shadingbox is checked,FEVision adds
region shading toContour plots. In comparing relative advantages, theFilled
contour and Contour type plots provide an attractive and accurate display
for locations where the plotted quantity varies continuously. Use theElement
plot for discontinuous quantities or for a clear view near region boundaries.
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Figure 12: Slice-plot style and slice-plot quantity dialogs.

PLOT QUANTITY
Use this command to set the quantity for color-coding inFilled contour

and Element plots and line values inContour plots. FEVision displays the
dialog on the right-hand size of Fig. 12. The menu contains thenames of
the quantities de�ned in the INTERPOLATIONsection of the con�guration �le
(Sect. 5.3). Pick a quantity and clickOK to regenerate the plot.

PLOT LIMITS
In the Autoscale mode, FEVision chooses defaults for the minimum and

maximum values for colors and contours based on the range of values of the
current plot quantity in the current slice. Deactivate Autoscale to set the
values manually. The manual mode is useful for comparing �elddistributions
between di�erent slices.

RESET PLOTS TO DEFAULT
Return to the default view that applied when the solution was loaded

TOGGLE GRID
A set of dashed grid lines may be superimposed on slice plots.FEVision

automatically chooses intervals and positions so that the lines occur at con-
venient values along the horizontal and vertical directions (for example, 0.01
rather than 0.01153). The grid intervals are listed in the information window.
Grids corresponding to the normal plane axes are plotted as solid lines.
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GRID INTERVALS
To set intervals for grid lines in the horizontal and verticaldirections, de-

activate the AutoGrid box and enter real numbers in the boxes. The values
should be speci�ed in the length units set by theDUnit parameter (Sect. 3.1).

NUMBER OF CONTOUR LINES
Set the number of intervals forFilled contour and Contour plots.

TOGGLE SNAP MODE
Mouse coordinates for commands such asZoom window, Pan, and Scan in

slice may be entered in two modes. In theContinuous mode, the returned
position corresponds to the mouse position on the screen. The values depend
on the screen resolution and window size. In theSnap mode, the program
picks a point at an even interval close to the mouse position. Thereturned
point depends on the value of the parameterDSnap. For example ifDSnap =
0:1 and the mouse is at position (6.2345,-5.6113), the returned position is
(6.2000,-5.6000). The status bar displays the continuous or snapped position
of the mouse.

SNAP DISTANCE
Change the value ofDSnap from the default value chosen by the program.

8.4 Analysis in a slice

You can determine �eld values at points and along scan lines inthe slice with
the commands of theAnalysis popup menu.

POINT CALCULATION
This command is useful to make quick checks of quantities in the solution

volume. After you click thePoint calculation command, move the mouse into
the plot area. The mouse pointer changes to a cross-hair patternand the
status bar enters coordinate mode. Click the left button to specify a point
or press theF1 key to enter the coordinates from the keyboard. (Note that
mouse coordinates will shift between discrete values ifSnap modeis active.)
FEVision calculates all quantities de�ned in theINTERPOLATIONsection of
the con�guration �le and lists them if a history �le is open. The program
also displays the �rst fourteen quantities. Therefore, the most important
quantities should be grouped at the beginning of theINTERPOLATIONsection.
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LINE SCAN
After clicking on the command, supply two points with the mouse to de�ne a
scan line (or press theF1 key to enter coordinates manually). The snap mode
is useful in this application (for example, you may want the scan to extend
from 0.000 to 5.000 rather than 0.067 to 4.985.) The program computes a
series of values of �eld quantities in the normal plane at equal intervals along
the line. Information on NRecord quantities (Sect. 4.1) is recorded if a data
�le is open. FEVision also makes a screen plot of the currently-selected
quantity versus distance along the scan and activates theScan plot display,
described in Chap. 9.

SCAN QUANTITY
With this command you can pick the quantity that will be displayed in the

Scan plot menu. Pick the quantity from the list box and click OK. This
setting has no e�ect on the data �le listing which includesNRecord �eld
quantities.

NUMBER OF SCAN POINTS
This command sets the number of line scan points in the screen plot and

data �le listing. The default value is 100 and the maximum number is 500.

8.5 Slice vector tools

FEVision has useful tools to display the direction of the quantities de�ned
in the VECTORsection of the con�guration �le (Sect. 5.3). Figure 13 shows
the corresponding entries on theSlice plot toolbar.

VECTOR PROBE
This feature was inspired by the familiar Magnaprobe illustrated in Fig. 13.

When you click on the tool and move the cursor into the slice-plot area,
it changes to a semi-transparent probe that rotates about a pivot point to
show the direction of the current vector quantity in the slice plane. The probe
functions in all plot styles. The status bar shows the coordinates and the
magnitude of the vector quantity at the pivot point. Click the right mouse
button or pressEsc to exit the probe mode and to reactivate theSlice plot
menu.

52



Figure 13: Tools to display vector information in theSlice plot menu.

VECTOR LINES AT POINTS
Use this command to add lines of the current vector quantity.FEVision

enters coordinate entry mode. Move the mouse cursor to a point in the
solution volume and click the left button. The program calculates the three-
dimensional path of a vector �eld line that passes through the point and plots
the projection in the slice plane. You can continue to add any number of lines.
Click the right mouse button or pressEsc to exit coordinate mode. The lines
are not included in hardcopy or plot �le exports and disappearif you change
the slice view. Use a screen capture utility to record them. It is important
to recognize the nature of the plots. The lines are three-dimensional curves
projected to the slice plane. They may be di�cult to interpret if the line does
not lie close to the slice plane. For full three-dimensional �eld line plots, see
the Vector line plot �le command in Chap. 11.

VECTOR ARROW PLOT
Superimpose a uniform distribution of arrows pointing in the direction of

the current vector quantity in the slice plane (Fig. 10). Arrows may be added
to any of the plot types, including Region. They are included in hardcopy
and plot �le export. The arrows are preserved and adjusted if you change
the slice view.

REMOVE VECTORS
Use this command to turn o� the vector scatter plot mode and to remove

vector tool displays from the current plot.
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VECTOR QUANTITY
Pick one of the quantities de�ned in theVECTORsection of the con�guration

�le for display.

8.6 Exporting plots

The commands of theExport plot popup menu are used to send the screen
display to a printer or to a plot �le.

DEFAULT PRINTER
With this command, the current plot may be ported to any installed Win-

dows printer (including network printers, postscript drivers,PDF drivers...).
Note that the current screen plot is sent to thedefault Windows printer. If
necessary, change the default using theSettings/Printers command of Win-
dows before issuing the command.

PLOT FILE (EPS)
PLOT FILE (BMP)

PLOT FILE (PNG)
Use this command to make a plot �le of the current screen plot in either
encapsulated PostScript, Windows bitmap or portable networkgraphics for-
mats. specify a �le in the dialog box. The plot �le will be created in the
current directory with a names of the formFPREFIX.EPS, FPREFIX.BMPor
FPREFIX.PNG.

COPY TO CLIPBOARD
The current plot is copied to the clipboard in Windows Meta�le format.

You can then paste the image into graphics software.
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Figure 14: Screenshot ofFEVision in the Scan plot menu showing the
oscilloscope mode.

9 FEVision scan plot menu

FEVision enters theScan plot menu if you click on theAnalysis/Line scan
command in either theMain menu or the Slice plot menu. The program
calculates values of a chosen quantity along a line in the solution volume and
then creates a plot like the one shown in Fig. 14. Use the command in the
Main menu to de�ne an arbitrary line in three-dimensional space. Scan lines
de�ned in the Slice plot menu are con�ned to the current slice plane. There
are three commands in the calling menu that determine the nature of the
plot: Scan quantity, Number of scan pointsand LSQ/Linear interpolation .

9.1 Standard display

As shown in Fig. 14, the current scan quantity is plotted as a function of
distance from the start point. The coordinates of the start and end points
are listed above the graph. Coordinates are plotted in units set by the DUnit
parameter. In the default mode,FEVision sets limits so that the plot �lls
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the screen. The program includes grid lines at even intervals.The status
bar at the bottom lists the solution �le, the data �le (if open) a nd the grid
intervals. The Export plot menu includes that standard set of commands
described in the previous chapter. TheSettingsmenu contains the following
commands.

SYMBOL DISPLAY
Toggle the plot display to either a thick line or a set of symbols at calculated
points connected by a thin line.

VERTICAL LIMITS
Override automatic selection and set vertical limits for the current quantity.

To set manual limits, uncheck theAutoScale box and enter real-numbers
values for the lower and upper limits of the plotted quantity. Check the
Autoscalebox to return to the default mode.

TOGGLE GRID
Suppress or activate the display of grid lines.

GRID INTERVALS
Override automatic selection of grid intervals. To set values for the horizontal
and vertical grid intervals, uncheck theAutoGrid box and enter real-number
values. For the horizontal direction, enter the interval in length units set
by the DUnit parameter. Check theAutogrid box to return to the default
mode.

OPEN DATA FILE
In the oscilloscope mode, you can record a variety of numericalvalues for

the scan. The information will be written to a data �le if already opened.
Use this command to open a new data �le.

CLOSE DATA FILE
Close the current data �le. This command should be invoked before attempt-
ing to use the �le in another program.
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9.2 Oscilloscope mode

When you click the Oscilloscope modecommand, the scan plot becomes
interactive with many of the features of a digital oscilloscope. The commands
and tools of theScan plotmenu are deactivated andFEVision displays the
red cross-hair lines shown in Fig. 14. Values of the distance and plot quantity
at the cross-hair intersection are displayed in the red box belowthe plot. The
intersection point follows the mouse when the cursor is inside the plot area.
Note that the intersection moves discontinuously between the data points.
To check points at the end of the interval, move the mouse slowlytoward the
left or right-hand boundaries.

If a data �le is open, FEVision records values at the current intersection
point when you click the left mouse button:

Scan point calculation
Distance: 9.506666E-01 (cm)
Phi: 0.384693E+04

Clicking the right button activates the pop-up menu shown in Fig. 14. The
menu contains the following commands:

Y VALUE TO CLIPBOARD
Copy the value of the plotted quantity at the cross-hair intersection to the

Windows clipboard. You can then past the number into a text document,
spreadsheet or calculator program.

X VALUE TO CLIPBOARD
Copy the value of the distance (in units set byDUnit ) at the cross-hair
intersection to Windows clipboard.

XY VALUES TO CLIPBOARD
Copy the values of the distance and plotted quantity to the clipboard. The
x value is on the �rst line and the y value on the second.
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DERIVATIVE
Calculate and record the numerical derivative at the intersection point. The

dimensions are determined by theDUnit parameter. For example, if the scan
quantity is pressure in MPa and the distance is shown in centimeters, the
derivative has units MPa/cm. FEVision writes the value to the clipboard
and also displays the results in a dialog. If a data �le is open, the program
makes a record like the following one:

Derivative
Location: 1.694667E+00 (cm)
Phi/(cm): 3.654382E+05

INTEGRAL
Calculate and record the de�nite integral of the plotted quantity from the

start point of the scan to the cross-hair intersection point. The dimensions are
determined by theDUnit parameter. For example, if the scan quantity is the
electric �eld in V/cm and the distance is shown in centimeters, the integral
has units (V/cm)-cm = V. FEVision writes the value to the clipboard and
also displays the results in a dialog. If a data �le is open, the program makes
a record like the following one:

Definite integral
Location: 1.908000E+00 (cm)
Phi-(cm): 9.679801E+03

EXIT OSCILLOSCOPE MODE
Activate commands and tools and return to the standardScan plot mode.
You can also press theEsc key to exit the oscilloscope mode.
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Figure 15: Plane plot menu screen.

10 FEVision plane plots

Plane plots are two-dimensional plots that show the variationof the current
quantity over a plane in the solution volume. There are four di�erences from
the slice plots discussed in the previous chapter:

� The plots are generated from a rectangular mesh of computed values
over a speci�ed planar region, with no explicit connection tothe struc-
ture of the conformal mesh.

� The plots are always scaled to �ll the available area

� There is a wider variety of plot styles.

� The plot planes need not be normal to the Cartesian axes.
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Figure 16: De�ning a plot plane that is not normal to a Cartesian axis.

10.1 De�ning the plot plane

The critical task in the Plane plot menu is setting the plot plane. There are
more options than in theSlice plot menu and it may require some planning
to achieve a desired view. As in theSlice plot menu, you can de�ne a plane
normal to one of the Cartesian axis. You can also rotate the planeabout
a pivot axis to display variations of the current plot quantity over arbitrary
planar surfaces. The example of Fig. 16 illustrates the procedure. In the
right-handed coordinate system, they axis points out of the page. The
goal is display the spatial dependence of electric �eld over the surface of the
dielectric on the right-hand side.

1. Initially, pick a plot plane normal to z at zp, such that the position
along the normal axis is at the middle of the dielectric.

2. Pick a pivot position xp just above the dielectric surface atzp.

3. Apply a rotation + � y of the plot plane about they axis.

4. The plane extends outside the solution volume, so there will be a region
of zero �eld near the top. This feature can be eliminated by adjusting
the value ofxmax .

In the resulting plot, the electric �eld magnitude near the dielectric surface is
plotted as a function ofx-y. If you want to display values in terms in terms
of y-z, set a plane normal tox and apply a rotation � (�= 2 � � y).
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Figure 17: Dialog to set the plot plane

SET PLANE
This command brings up the dialog of Fig. 17 to set the plot plane. Set the

normal axis with the radio buttons at the top. (For example, for a choice of
z the plot will be created in the x-y plane.) You can use the slider bar to
set the position along the normal axis or type a value in the box.The range
of the slider bar is automatically set to the limits of the solution volume
along the normal axis. In the example of Fig. 16, the normal axis is z and
the position is zp. The boxes at bottom-left determine the plot range in the
normal plane. The default settings are the limits of the solution volume.
The �nal group of commands controls the plot rotation. The radio buttons
set the pivot axis, the quantity Rotate is the rotation angle in degrees and
Position is the pivot position along the direction normal to the pivot axis.
In the example, the pivot axis isy, the rotation is + � y and the position isxp.

10.2 Plot controls

The following commands are included in thePlot control popup menu:

PLOT STYLE
This command brings up the dialog of Fig. 18 to set the plot style. As an

example, Fig. 15 shows theFilled contours 3D plot style. The numbers at
the bottom give the resolution of the mesh used to create the plot. Higher
values give more detail but require longer regenerate times.The default is a
150� 150 mesh.
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Figure 18: Plane plot style dialog.

PLOT QUANTITY
Set the quantity to be plotted. In the dialog, pick one of the quantities

de�ned in the INTERPOLATIONsection of the con�guration �le. Note that
plots may appear jagged at boundaries for quantities with discontinuities
because of the limited resolution of the mesh.

PLOT LIMITS
Set limits for the plotted quantity. When Autoscale is active, FEVision

automatically sets limits based on the range of values in the current plot
plane.

RESOLUTION
Set the number of calculation points along horizontal and vertical directions

for the plot. The default is 100 and the allowed range is 25 to 250. The
three-dimensional plot styles generally look better with lower resolution.

ROTATE VIEW
This command is active only for theFilled contours 3D and Gradient plot

3D styles. You can rotate the view point in 90o increments for the best
display.

The commands of theExport plot menu are the same as those described
in Sect. 8.6.
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Figure 19: Surface plot screen display

11 FEVision surface plots

Surface plots are three-dimensional views of the solution space. You can
superimpose three types of information: 1) region boundariescolor-coded
by region number, 2) region boundaries with color-coding bya computed
quantity and 3) computed quantities in a slice plane normal toone of the
Cartesian axes. Surface plots are created from the conformal mesh and pre-
serve true spatial scaling. Figure 19 shows the screen display. As inthe Slice
plot menu, there are three areas: main plot window, orientation window and
information window. In contrast to slice and plane plots, the main plot area
is active. The mouse cursor changes to indicate function when you move
it into the area. FEVision uses the same conventions asMetaMesh to
control the three-dimensional display. Figure 20 shows the active areas of
the screen. The central zone (A) is used for zooming in (left button) and
out (right button). Hold down the left mouse button in zonesB; C; D and
E to walk around the object. Hold down the right mouse button in zones
B; C; D and E to move the viewpoint to the right, upward, to the left and
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Figure 20: Active areas for mouse control of the 3D view.

downward. Note that changes are re
ected in the orientation box in the
upper-right portion of the screen. The plot is updated when you release the
mouse button. You can control additional aspects of the three-dimensional
view with the commands of theAdjust view popup menu.

SURFACE VIEW
This command brings up a dialog (Fig. 21) where you can set speci�c

view angles, displacements and the relative distance to the viewpoint. The
distance parameterDV iew controls perspective. Set it to a large value
(DV iew � 1:0) for an orthographic view. The minimum value is 1.5.

RESTORE DEFAULT VIEW
This command is useful if you loose your orientation after several rotations

and translations. The view is returned to the default:� x = � 30o, � y = 0o

and � z = 45o with the origin at the center.

+X VIEW
+Y VIEW
+Z VIEW
Rotate to views from the +x, + y or + z directions. Origin shifts are not
a�ected
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Figure 21: Dialog to set the three-dimensional view.

CENTER VIEW
Remove shifts by setting the origin to the center of the solutionvolume.

ZOOM IN
EXPAND VIEW
Alternatives to the mouse controls to zoom or to expand the viewabout the
center point.

The commands of thePlot control popup menu set the appearance of the
plot.

PLOT STYLE
This command brings up the dialog of Fig. 22. The group of commands

on the left-hand side controls the plot style. A three-dimensional plot is
constructed from color-coded facets. There are two types of facets: 1) element
facets on the boundary of a region with color coding by regionnumber or the
selected computed quantity and 2) rectangular facets comprising a slice plane
with color-coding by the values of the computed �eld quantity. Slice plane
and region boundary information may be superimposed. TheFacet style
radio buttons control whether the facets of region boundaries are plotted
as solid plates (hidden surface) or wireframe outlines. TheInclude facet
boundariescheckbox determines whether the boundaries of region facets are
plotted in the hidden-surface mode. (Note that the facets of the slice plane
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Figure 22: Surface plot control dialog.

are always plotted as solids with no outline).FEVision shows the origin and
Cartesian axes when theInclude reference axisbox is checked. The group of
commands on the right-hand side controls the slice plane. TheInclude slice
planebox determines whether a slice plot is included. The integer numberNr

in the Resolution box controls the quality of the slice plot. A total Nr � Nr

calculations are performed to create the plots. The radio buttons determine
the axis normal to the slice plane. You may move the plane alongthe chosen
axis by entering values in the box or moving the slider.

PLOTTED QUANTITY
Use this command to pick of the quantities de�ned in theINTERPOLATION

section of the con�guration �le for color-coding of region boundaries and the
slice plane.

PLOT LIMITS
In the Autoscalemode,FEVision chooses colors so that the spectrum spans
the range between the minimum and maximum values of the plotted quantity
in the current slice plane. Limit values change automatically if you change
plot quantities or move to a di�erent plane. To set the range manually,
deactivate theAutoscalecheck box and enter minimum and maximum values.

66



Figure 23: Region display dialog.

DISPLAYED REGIONS
The command brings up the dialog of Fig. 23 where you can pick region

boundaries to include in the plot. Check a box in theRegion column to
activate a region. The buttons in the column markedQuantity determine the
presentation style for boundary facets. If the box is unchecked, FEVision
colors facets by region number. If a box is checked in the Quantity column,
color coding is by the computed �eld quantity. The information window
shows the correspondence between color and the quantity. Note that the �eld
quantity is always calculated at a point near the facetoutside the chosen
region. If a boundary separates regions with di�erent materials properties,
the displayed quantity values may depend on which region is chosen for
display.

CUTPLANES
In a hidden-surface plot, internal geometric details may be obscured. This

command brings up the dialog of Fig. 24 for adjustment of the displayed
portions of region surfaces and normal planes along thex, y and z axes.
FEVision does not display facets that lie outside the limits. With this
feature you can create cutaway views. Note that cut-planes apply only to
region surface facets. They do not a�ect the facets of the slice plane. In
the default state, cut limits are set equal to the dimensions of the solution
volume so that all facets are included.
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Figure 24: Cutplane dialog.

VECTOR LINES FROM POINT FILE
You can add vector lines to three-dimensional plots with thiscommand.

To use it, you must prepare a text �le that may contain any numberof
point coordinates. The �le should have a name of the formFPREFIX.DAT.
FEVision reads the �le and adds �eld lines that pass through each point.
The �le consists of data lines, where each line contains three real numbers
(x, y, z) separated by any of the standard delimiters. Write the coordinates
in units set by DUnit . The �le may contain blank lines and comment lines
that start with an asterisk. Note that the target points must be inside the
solution volume.

RECORD VECTOR LINE COORDINATES
Use this command to record calculated paths of vector lines. Thepro-

gram prompts for the name of an output text �le with a name of the form
FNAME.VPL. A �le extract is shown below. The command functions only if a
�le of starting points has been opened with theVector lines from point �le
command.
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Vector field line plots for file: walkthru_binary.fev
Plotted quantity: EVect
DUnit(unit conversion factor): 1.00000E+02

Start point
X: 5.60000E+00
Y: 2.20000E+00
Z: 2.95000E+00

Forward
5.60000E+00 2.20000E+00 2.95000E+00
5.59764E+00 2.19449E+00 2.95006E+00
5.59526E+00 2.18898E+00 2.95011E+00
5.59287E+00 2.18347E+00 2.95017E+00
5.59047E+00 2.17797E+00 2.95023E+00
...

CLOSE FIELD LINE PLOT
Close the �eld line plot �le and remove �eld lines from the current plot.

VECTOR QUANTITY
Pick one of the quantities de�ned in theVECTORsection of the con�guration

�le for vector lines calculations.
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12 FEVision analysis script

12.1 Running scripts

FEVision scripts are useful for automating complex or repetitive analysis
procedures. For example, you may want to compare a line scan of values
between two points in a set of similar solutions. In the interactive mode,
it would be necessary to type in the same coordinates for each scan. An
analysis script can load each solution �le, perform the scan and record all
information in a single data �le. In the FEVision main menu, the following
commands in theFile popup menu (Chap. 6) apply to analysis scripts.

RUN SCRIPT
Pick and run a script �le with a name of the form FPREFIX.SCR. The script

can operate on the currently-loaded solution �le or load a di�erent �le. The
last solution �le loaded by the script becomes the current �le for plots and
interactive analysis.

CREATE SCRIPT
Use this command to create an analysis script using the internal program

editor.

EDIT SCRIPT
Use this command to change an existing script with the internal program

editor.

FEVision may be called as a command line task. The calling syntax is

[progpath\]FEVISION [scriptpath\]SPREFIX

where the script has the �le nameSPREFIX.SCR. You should supply the full
path [scriptpath] if the script is not in the current directory3. FEVision
expects to �nd input solution �les in the current directory and writes data
�les there.

3Do not include colons (which are used as delimiters) in �le paths. A correct path has
the form nDir1 nDir2 nDir3 n...
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Command line operation opens several possibilities.

� FEVision runs quickly and silently in the background when run from
the Command Promptin a terminal window. To minimize typing, open
the terminal in the working directory. Use the DOSCHDIRcommand
to change directories.

� The program may be launched by DOS batch �les with commands of
the form

START /w [progpath]\FEVISION [scriptpath\]SPREFIX
START [progpath]\FEVISION [scriptpath\]SPREFIX

Use batch �les to organize calculations that run autonomously.The
option /w in the �rst example signals that the batch �le waits for com-
pletion of the program to continue. This form is useful if datafrom
FEVision is required for the next operation. Omit the option if you
want to launch several instances ofFEVision to take advantage of a
multiple-core machine. Use theCHDIRcommand to set the working
directory.

� Run FEVision as a subtask from your own compiled or interpreted
programs. One application is to integrate �nite element solutions and
analysis into an optimization loop.

12.2 Script commands

Entries on a command line may be separated by the following set of de-
limiters: space, tab, equal sign [=], colon [:], left parenthesis [(] or right
parenthesis [)]. Each command listed below is shown in symbolic form along
with an example of how they might appear in a script. Chapter 7 gives a
detailed description of the input parameters and functions of the analysis
operations.

INPUT [datapath n] FileName
INPUT = nFEDatanAprilRunsnFLOWTEST.OUT
Close the currently-opened solution �le and load a solution �lefrom the

current directory. If [datapath] is not speci�ed, the solution �le must be in
the working directory.

71



OUTPUT [datapath n] FileName
OUTPUT: WGUIDE1.DAT
Close the current data record �le and open a new one. If a[datapath] is

not speci�ed, the �le will be written in the working directory . A data �le
must be opened to use the following analysis commands.

CONFIGURATION [datapath n] FileName
CONFIGURATION = nFeidlPnFEBuildernBIOHEAT.CFG
Load a new FEVision con�guration �le to change the analysis characteristics.
If a [datapath] is not speci�ed, the con�guration �le must be available in
the working directory. If this command does not appear, the program uses
the current con�guration or the one in force in the last run.

POINT xp yp zp
POINT = (0.00, 0.05, 4.67)
Perform a point calculation and write values of the quantities de�ned in the

Interpolation section of the con�guration �le to the data record �le. Enter
coordinates in the units set byDUnit .

SCAN xp1 yp1 zp1 xp2 yp2 zp2
LINE = (0.00, 0.00, 15.00) (12.00, 0.00, 15.00)
Perform (NScan+1) calculations along a line in space. At each point, write
the �rst NRecord quantities de�ned in the INTERPOLATIONsection of the
con�guration �le to the data record �le. Enter coordinates in units set by
DUnit .

GENSCAN
Perform any number of calculations along an arbitrary path in space. At

each point, write the �rst NRecord quantities de�ned in the INTERPOLATION
section of the con�guration �le to the data record �le. The command must
be part of a structure with the following form:

GENSCAN
xp1 yp1 zp1
xp2 yp2 zp2
...
xpn ypn zpn

END

Each data line contains three real numbers separated by spacesto de�ne a
point in the solution volume. Enter coordinates in units set byDUnit .
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VOLUMEINT [NReg]
VOLUMEINT
VOLUMEINT 8
Perform a volume integral of quantities de�ned in theVolume section of the

con�guration �le and write the results to the data record �le. The integral
is taken over elements with region numberNReg. If the region number is
omitted, the integral is taken over the full solution volume.

SURFACEINT Reg1 Reg2 ... RegN
SURFACEINT 5 7 9 12
Perform a surface integral of quantities de�ned in theSurfacesection of the

con�guration �le and write the results to the data record �le. The integral
is taken over the surface facets of one region or a set of regions.A facet is
included if the element on one side belongs to the set and the element on
the other side does not. The integer region numbers are separated by spaces.
The set may include any number of regions. The regions in a set mayor
may not be contiguous. Note thatFEVision does not include facets on the
boundary of the solution volume.

MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
MATRIX WGUIDE.MAT 1.00 1.00 10.00 2.00 2.00 12.00
Write values calculated at an array of location to a data �le in text format.

The �le is namedF ileName and is created in the current directory. The real-
number valuesxmin and xmax are the limits of the listing volume along the
x direction. The parameterNx is an integer. Listings are made at (Nx + 1)
evenly spaced positions alongx.

NSCAN NScan
NSCAN = 100
Set the number of intervals for line scans. The default value isNScan = 100,
the maximum value isNScan = 500.

INTERPOLATION [LSQ,Linear]
INTERPOLATION = Linear
Set the interpolation type to a multi-element least-squares �t or a single-

element linear �t.

ENDFILE
Terminate the analysis
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13 Basic �nite element techniques

13.1 Solution strategies on digital computers

The goal of a �nite-element solution is to �nd spatial variations of physical
quantities in two- and three-dimensional spaces. The variations are governed
by one or more partial di�erential equations. For illustration, we will con-
centrate on equations that involve the Laplace operator suchas the Poisson
equation:

r � kr � = Q: (30)

An analytic solutions of Eq. 30 is feasible for simple geometries.Such a
solution gives exact values of� at every point in space. Closed-form solutions
become di�cult for real-world systems that do not have special symmetries.
Even when an exact solution is possible, it often has the form of an in�nite
series that must be evaluated numerically.

With the increasing power of modern digital computers, directnumerical
solutions are the method of choice for spatial problems described by partial
di�erential equations. Computers can handle complex geometries easily. In
generating numerical solutions, there are two main issues to address:

� The ideal analytic solution contains an in�nite amount of information.
We must reduce the data to a �nite number of quantities while pre-
serving su�cient accuracy for the application.

� Digital computers cannot solve di�erential equations directly. We must
convert the relationships to a manageable form that preservesthe un-
derlying physics.

The basic strategy of the �nite-element approach is to recognize that a
solution � (x; y; z) of the Poisson equation is continuous in space. Therefore it
is not necessary to �nd values of� at all locations. Instead we can calculate
a �nite set of values � i at strategically-placed positions (Fig. 25) and then
estimate � (x; y; z) at intermediate points by interpolation. The evaluation
points are callednodes. We can achieve any desired degree of accuracy by
increasing the density of nodes.

Digital computers are well-suited to the solution of large setsof coupled
linear equations. For reference, Eq. 31 shows the form of a linear equation
set for node quantities� I that approximate the solution of Eq. 30.
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Figure 25: Schematic view of a two-dimensional computational mesh. The
primary quantity � is evaluated at the node points. The mesh has zones of
regular and conformal structure. The box shows a set of nodes whose values
could be used to estimater � at the marked point.
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a11� 1 + a12� 2 + a13� 3 + ::: + a1n � I = S1;

a21� 1 + a22� 2 + a23� 3 + ::: + a2n � I = S2;

a31� 1 + a32� 2 + a33� 3 + ::: + a3n � I = S3;

:::

aI 1� 1 + aI 2� 2 + aI 3� 3 + ::: + aII � I = SI: (31)

The essence of a numerical method is to convert the governing di�erential
equation to a �nite set of coupled linear equations that represent the physical
system approximately. The�nite-element method is one approach to deter-
mine the coe�cients aij and Sj in Eq. 30. In summary, the generation of a
numerical �eld solution involves three activities:

� Choose of set of node locationsx i .

� Generate a set of linear equations for the node values� i (the node
equations).

� Solve the equations.

The subsequent activity of calculating useful information forthe application
from the node coordinatesx ij and values� i is calledpost-processing.

The procedure of picking node locations is calledmesh generation. At the
simplest level we might place nodes in space following an ordered arrangement
such as a rectangular or box grid. An ordered orregular mesh has been
de�ned in the regions on the left- and right-hand sides of Fig.25. On the
other hand, a more 
exible mesh that follows the material structure of the
physical system o�ers advantages. For example, consider an electrostatic
solution in a volume with di�erent dielectrics. Although the potential �
is continuous, the gradient of potential (the electric �eldE = �r � ) may
change discontinuously at a material boundary. To generate good electric-
�eld interpolations, we should locate a string of nodes along the boundary
(center section of Fig. 25). To de�ne an interpolation function �( x; y; z)
to estimate the spatial derivative at a point near the boundary, we should
use node values� i at locations on the boundary and at nearby locations on
the correct side of the boundary. For example, the set of nodes outlined by
the box in Fig.. 25 could be used to estimate the electric �eld atthe marked
point. The mesh in the center region is called aconformal mesh because the
node locations conform to the material divisions of the physical system.

Given a collection of nodes, the next step is �nd the coe�cientsaij and
Si for a linear equation set. The set hasI equations, one for each node
value � i . The linear equations are valid if the quantities� i are close to
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Figure 26: Weighting function for nodei that equals 1.0 at x i and 0.0 at
surrounding nodes.

those of the exact solution,� (x i ). The basic principle of the �nite-element
approach is simple. Instead of demanding that the di�erentialequation holds
exactly at all points in space, we apply the less restrictive requirement that
the di�erential equation holds on the averagenear each node. Averages are
calculated by integrating the di�erential equation over small volumes near
the node, leading to a set of equations of the desired form of Eq.31.

The weighted-minimum-residualmethod is the most common approach
to performing the integrals. We required that a weighted integral of the
governing di�erential equation near a node is consistent withthe equation.
For example, the following integral over Eq. 30 yields the node equation for
� i :

Z Z Z
dV Ni [r � kr � � Q] = 0: (32)

The integral extends over all space. The quantityN i is a weighting function
that has its maximum value at x i and localizes contributions to the integral
near the node. Figure 26 shows a schematic view of the spatial variation of
N i . The term residual derives from the iterative numerical methods usually
employed to solve Eqs. 31. We start with an arbitrary set of node potentials
� i and gradually modify values so that they give a better approximation to
the content of the Poisson equation. At an intermediate stage there will be
error in the node values so that Eq. 32 takes the form:

Z Z Z
dV Ni [r � kr � � Q] = Ri : (33)

The error term Ri is called the residual at the node. In an ideal solution the
residuals at all nodes equal zero.
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Figure 27: Two-dimensional conformal triangular mesh with elements di-
vided into two regions (i.e., types of materials)

13.2 Element division of the solution space

This section and the next cover techniques to apply the concept of localized
node integrals to computer programs. A key step is to connect the nodes
with planes that divide the solution volume into small segmentswith unique
material identities. The segments are calledelements. Figure 27 shows how
element division is applied in a two-dimensional solution where quantities
vary in x and y and the volume extends in�nitely in z. In this case, we can
view the nodes as lines of unit length inz and the elements as prisms of
unit height. There are di�erent ways to connect the nodes, so wehave some
latitude to choose the element shape. The mesh in the �gure uses triangular
prism elements.

In a solution of Eq. 30, the termmaterial identity refers to the values of
k and Q in the element. In an electrostatic solution, the quantities are the
relative dielectric constant (k = � r ) and the adjusted space-charge density
(Q = � �=� 0). In a thermal solution material quantities include the mass
density and speci�c heat. In a �nite-element solution, the primary quantity
(� ) is de�ned at nodes and material properties are associated with elements.
The complete computational mesh contains two classes of information:
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� The location of nodes.

� The de�nition of planes (element facets) that connect the nodes and
divide the solution volume into elements.

In the conformal mesh of Fig. 27, we want to de�ne the facets so that they
connect the nodes along the material boundary. In this way facets lie along
the boundary so that no element spans a region with di�erent values ofk or
Q.

We can use the element division to break the node integrals of Eq. 32 into
manageable parts. Integrals are performed in each surroundedelement and
then the results are summed to generate the node equations. The approach
has two advantages:

� Within an element the quantities � and r � can be approximated by
simple functions that depend explicitly on the potentials ofconnected
nodes.

� The values ofk and Q are �xed in an element.

The integration procedure using elemental volumes is simple in concept, but
involves considerable detail. It is essential to adopt a consistent notation. As
before we takei as the global index of the node in the full mesh consisting of
a set of I nodes. Each node is surrounded byM elements. The numberM
depends on the topography of the mesh. As an example,M = 6 in Fig. 27.
We shall use the local indexn to label the surrounding elements. Here the
term local denotes a temporary number that we use when dealing with node
i . Another local index, j , identi�es the nodes of a particular element. We
shall use the convention that the indexj = 0 corresponds to the node about
which the integrals are performed. If the element connects to J nodes, the
index has the range 0� j � J � 1. Using the notation, Eq. 32 for the integral
around nodei becomes:

NX

n=1

Z Z Z

Vn

dV Nn
0 [kn r � r � � Qn ] = 0: (34)

The individual element integrals extend over volumes wherekn and Qn are
uniform. The notation N n

0 indicates that we will use individual expressions
for the weight function in each element. In elementn, the function N n

0 equals
1.0 at nodej = 0 and equals 0.0 at the other nodes of the element. Figure 28
shows the weight functions for a triangular elements.

To perform the integral of Eq. 34 in an element, we need interpolation
functions to approximate the variation of � and r � . The foundation of the
�nite-element approach is to apply a function that expresses� in terms of
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Figure 28:

its values at the nodes multiplied byshape functionsthat give the relative
contributions at intermediate positions (x,y,z). The interpolation function
in elementn has the form:

� (x; y; z) = N n
0 (x; y; z)� 0 + N n

1 (x; y; z)� 1 + ::: + N n
J � 1(x; y; z)� J � 1: (35)

In order that � = � 0 at node 0, the functionN n
0 must equal 1.0 at the node

and equal 0.0 at all other nodes. Similarly,N n
1 equals 1.0 at the position of

node 1. Figure 29 shows the behavior of the shape functions for atriangular
element. Comparing Figs. 28 and 29, it is clear that the element shape
function N n

0 has precisely the characteristics that we seek for the weighting
function of Eq. 34. We shall adopt this choice (theGalerkin method) for the
development in the following section.

13.3 Weighted-minimum-residual method

This section reviews the basic equations to apply the weightedminimum-
residual method for generation of node equations. The process involves in-
tegrals over elements surrounding the node. It is useful to express Eq. 32
in an alternate form by applying Green's �rst scalar theorem. The theorem
follows from two fundamental relationships of vector calculus. The �rst is
divergence theorem:

Z Z

V

Z
r � A dV =

Z Z

S
A � undS: (36)

In the equationA is a vector �eld quantity, V is a volume andS is the closed
surface of the volume. The quantityun is a unit-normal vector on the surface
that points out of the volume. The second relationship is the vector identity:
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Figure 29:

r � � A = � r � A + A � r �; (37)

where A is a vector function of space and� is a scalar �eld. Making the
substitution A = N i r � in Eq. 37 and expanding the divergence expression
with Eq. 36 gives:

Z Z

V

Z
[N i r � r � + r N i r � ] dV =

Z

S

Z
N i r � � undS: (38)

Equation 38 is Green's �rst scalar theorem. By comparison, can rewrite
Eq. 34 as

NX

n=1

�

kn

Z Z Z

Vn

dVr N n
0 � r � + Qn

Z Z Z

Vn

dV Nn
0

�

=

NX

n=1

kn

Z Z

S
N n

0 r � � un: (39)

Note that the quantities kn and Qn have been removed from the integrals
because they have uniform values over element volumes.

In many applications the surface integral terms on the right-hand side of
Eq. 39 sum to zero. For example, consider an electrostatic solution wherek
is associated with the relative dielectric constant. The surface integrals are
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Figure 30: Facet types for surface integrals around an internal node (left)
and a boundary node (right).

performed over the facets of elements. Figure 30 shows a calculation for an
internal node (left) and boundary node (right). There are nocontributions
on facets markeda becauseN0 = 0:0 by de�nition. Facets marked b divide
elements with the same value of� . On these facets, the element shape func-
tions are continuous between adjoining elements:N n

0 = N n+1
0 . Regarding

facets between elements with di�erent dielectric constants(marked c), we
note that the normal component of the displacement vectorD is continuous
across the boundary:� n r � n � un = � n+1 r � n+1 � un+1 n . Therefore the surface
integrals in adjoining elements have equal magnitudes but opposite signs, so
the contribution to the total node integral equals zero. Finally, we We must
address how to treat the surface integral when the node is on theboundary
of the solution volume (facets markedd). One choice is to set the surface
integral contributions equal to them zero. This condition implies that:

�r � � un = E � un = 0: (40)

Equation 40 speci�es that the derivative of the primary quantity has a �xed
value along a boundary. This type of constraint is called aNeumann bound-
ary condition. The equation implies that the electric �eld is parallel to the
boundary, a useful property for electrostatic solutions. For example, Neu-
mann boundaries can represent symmetry planes or surfaces of ideal insu-
lators in conductive solutions. To reiterate, setting the surface integrals in
Eq. 39 equal to zero sets the special Neumann condition of Eq. 40 as the
natural boundary for the �nite-element solution. In this casethe condition
E? = 0 applies at all nodes where the� is not set to a �xed value.

Using Eq. 35, we write the gradient of potential inside elementn as
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r � =
J � 1X

j =0

� n
j r N n

j (x; y; z): (41)

Note that local element indices have been used to label the nodes in Eq. 41.
Substituting in Eq. 39 and setting the surface-integral term equal to zero,
the integral of the Poisson equation around a node assumes the form:

NX

n=1

kn

J � 1X

j =0

� n
j

Z Z Z

Vn

dVr N n
0 � r N n

j = �
NX

n=1

Qn

Z Z Z

Vn

dV Nn:
0 (42)

The material propertieskn and Qn as well as the node potentials� jn appear
outside the integrals. Equation 42 has the important propertythat the vol-
ume integrals depend only on the shape of the elements. We can write the
node equation as:

NX

n=1

kn

J � 1X

j =0

� n
j K n

0;j = �
NX

n=1

QnGn:
0 (43)

where:

K n
j;j 0 =

Z Z Z

Vn

dVr N n
j � r N n

j 0; (44)

Gn
j =

Z Z Z

Vn

dV Nn
j : (45)

Equation 42 is a linear equation that relates� at the target node to values
at nodes connected to surrounding elements. The coe�cients onthe left-
hand side of the equation depend on the element geometries andassociated
values ofkn . The source term on the right-hand side depends on the element
geometries and the quantitiesQn . Equation 43 can be expressed in the form
of Eqs. 31 by converting the local indices to global node indices.

To summarize, a �nite-element solution of Eq. 30 using the weighted
minimum-residual method involves the following steps:

1. Generate a mesh by de�ning nodes in the solution volume and connect-
ing the nodes with facets to de�ne elements. The following information
is required at each node: a) the surrounding elements and their ma-
terial identity and b) the neighboring nodes that are connected to the
elements.

2. Identify shape functionsN n
j appropriate to each surrounding element.

The functions must be of a form such thatN n
j and r N n

j can be eval-
uated throughout the element volume.
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3. Compute and storeK j;j 0 and Gn
j for all elements of the mesh.

4. Use the element quantities to create an equation of the form of Eq. 43
for each node.

The activity of the fourth step is called assembly of the node equations.
Speci�c algorithms process depend on the nature of the mesh. Wecan write
the process in symbolic form. Generation of the source termsSi is relatively
easy:

Si =
NX

n=1

Gn:
0 (46)

The superscript in Gn
0 j implies that quantity is the contribution from the

element with local indexn relative to the target node i . The subscript 0
implies that the integral of Eq. 45 is taken over the shape function relative
to the position of the target node in the element. The calculation of the
coe�cients ai;i 0 is more challenging. The quantity is given by

ai;i 0 =
X

n
K n

0;j (47)

The subscript on the left-hand side refers to the coe�cient for target nodei
and a nodei 0 connected to one or more surrounding elements. The sum is
taken over all elements that contain both nodesi and i 0. The subscript j on
the right-hand side corresponds to the local indices of nodesi and i 0 within
elementn.
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Figure 31: Trapezoidal rule to estimate the integralf (x) over the range
a � x � b. The interval is divided into two equal segments.

14 Mathematical operations on conformal
hexahedron elements

14.1 Numerical integration

Integrals over volumes and surfaces are an essential componentof the �nite-
element method. The required integrals can be performed analytically for
triangle and tetrahedron elements, yielding closed-form expressions for ele-
ment sti�ness matrices and source vectors. In contrast, it is not possible to
�nd closed-form expressions for hexahedron elements. It is therefore neces-
sary to employ numerical interpolation to evaluate integrals.

Simple numerical integration methods like the trapezoidalrule (Fig. 31)
are familiar from introductory calculus. In the example illustrated, we can
estimate the quantity

Z b

a
f (x)dx (48)

by dividing the range into two equal intervals and evaluating the function
f (x) at three points: x0 = a, x1 = ( a+ b)=2 andx2 = b. The integral is given
approximately as:

Z b

a
f (x)dx �=

b� a
2

 
f (xo)

2
+ f (x1) +

f (x2)
2

!

: (49)

85



Figure 32: Linear two-point estimates of the integral off (x) over the range
a � x � b. a) Points located at the ends of the interval.b) Improved choice
of points.

The shaded area in Fig. 31 shows the estimated integral. Clearly, the results
are not particularly accurate for the illustrated function which has second-
order variations. For a simple problem we might obtain an estimate of suf-
�cient accuracy by increasing the intervals in the range. This approach is
not viable for the �nite-element application which requires a huge number of
integrals in three dimensions. An improved method would o�er substantial
rewards in terms of reduced run time. The goal can be stated as follows: for
a given number of function evaluations, how can we obtain the most accurate
estimate of the integral?

This section reviews the method of Gauss-Legendre quadrature4. The
technique is easy to implement in a computer code and providesgood accu-
racy with minimal e�ort. Figure 32 illustrates the approach. Again, we seek
the integral of a function f (x) over the interval a � x � b. We approximate
f (x) by an interpolation function, a polynomial of degreen:

f (x) = Aox0 + A1x1 + A2x2 + ::: + Anxn: (50)

For a smooth function, we expect that the magnitudes of the terms jA i x i j
decrease at larger values ofi and that the accuracy of the �t improves with
increasingn. The function shown in Fig. 32 contains terms withi = 0; 1
and 2. Suppose that we estimate the integral by evaluatingf (x) at two

4The term quadrature refers to the division of an area into boxes to estimate an integral.
It has become a synonym for any type of numerical integration.
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points. To apply the trapezoid rule we use the start and end points of interval
(Fig. 32a). Inspection of the �gure shows that the error is proportionalto A2

(the coe�cient of the x2 term). Therefore the estimate has only�rst order
accuracy. Figure 32b shows an alternate choice of locations for the function
evaluation. Picking two points symmetric about midpoint but not at the
ends of the interval leads to an improved estimate of the integral. We expect
that there is a particular choice of evaluation points such that the area under
the linear curve equals the area under the second-order curve. To complete
the development, we must 1) �nd the optimum locations to evaluate the
function, 2) �nd an expression analogous to Eq. 49 for the integral and 3)
extend the method to three or more points.

For a generalized theory it is useful to apply a transformationto express
integrals over a standard range of the independent variable:-1 to +1. This
choice is consistent with the use of the normal coordinates discussed in the
next section. We de�ne a variableu such that

u =
2x � (b+ a)

b� a
; (51)

x =
(b� a)u + ( b+ a)

2
: (52)

The variable has the valueu = � 1 at x = a and u = +1 at x = b. We can
rewrite the integral over x in terms of an integral of a transformed function
over the normalized range:

Z b

a
f (x)dx =

(b� a)
2

Z +1

� 1
� (u)du; (53)

where

� (u) = f

"
(b� a)u + ( b+ a)

2

#

: (54)

The function � can be expressed in terms of a polynomial expansion inu:

� (u) = aou0 + a1u1 + a2u2 + ::: + anun: (55)

The portion of the function represented by the terma2u2 has the integral

Z +1

� 1
a2u2du =

2a2

3
: (56)

Figure 33 illustrates the condition to �nd the optimum points: u1 = � u0

and u2 = u + 0. The linear approximation for the integral determined by
evaluating the second-order part of� (u) at the optimum points (dashed line)
should equal the value of Eq. 56:
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Figure 33: Normalized integral of the second-order part of thefunction � (u).
Choice of the optimum locations for a two-point linear estimate.

2a2u2
o =

2a2

3
: (57)

Solving for u0 in Eq. 57 yields the locations

u1 = �
1

p
3

; u2 = +
1

p
3

: (58)

Given � (u1) and � (u2), the integral of the full function equals the average of
the function values multiplied by the interval width, or:

Z +1

� 1
� (u)du �= 2

"
� (u1) + � (u2)

2

#

= � (u1) + � (u2): (59)

In summary, the two-point Gauss-Legendre integration formulais:

Z b

a
f (x)dx �=

(b� a)
2

[W1� (u1) + W2� (u2)]; (60)

whereW 1 = 1.0, W 2 = 1.0 and

� (u1) = f

 
b+ a

2
�

b� a

2
p

3

!

; � (u2) = f

 
b+ a

2
+

b� a

2
p

3

!

: (61)

From the previous discussion we know that the approximation is accurate
to at least order x2. In fact, it is accurate to order x3. Terms proportional
to x3 in Eq. 53 have odd symmetry aboutu = 0:0 and therefore make no
contribution to the integral..

The method can be extended ton = 3 or more points in the interval
by expressing� (u) in terms of Legendre polynomials. Here we simply quote
the results { References 1 and 2 give a complete discussion. The normalized
integral can be expressed as the summation:
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Table 9: Gauss-Legendre quadrature, optimal positions and weighting

n Positions, ui Weights, Wi

1 0.000000 1.000000
2 -0.577350 1.000000

0.577350 1.000000
3 -0.774597 0.555556

0.000000 0.888889
0.774597 0.555556

4 -0.861136 0.347855
-0.339981 0.652145
0.339981 0.652145
0.861136 0.347855

5 -0.906180 0.236927
-0.538469 0.478629
0.000000 0.568889
0.538469 0.478629
0.906180 0.236927

Z +!

� 1
� (u)du �=

nX

i =1

Wi � (ui ): (62)

With n points, Eq. 62 has accuracy to order (2n� 1). Table tab:gaussquad
lists the optimum positions for evaluation of the functionui and the weights
Wi over the rangen = 1 to 5. This range is su�cient for work with �nite
elements. As an example, the 3-point normalized integral is given by:

Z +1

� 1
� (u)du �= 0:555556� (� 0:774597) +

0:888889� (0:000000) +:0:555556� (0:774597): (63)

Positions and weights for Gauss-Legendre quadrature are tabulated to 20
signi�cant �gures up to n = 96 in Reference 3. Reference 4 gives an algorithm
that generates positions and weights for any value ofn.

An example will illustrate the considerable advantage of Gauss-Legendre
quadrature compare to the trapezoid method. Consider the integral of� (u) =
exp(u) over the range� 1 � u � +1. The analytic result (to 8 signi�cant
�gures) is exp(1) � exp(� 1) = 2:3540239. Table 10 shows the accuracy of
the methods for di�erent values ofn. The Gauss-Legendre method yields a
substantial improvement in accuracy with no extra work.
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Table 10: Benchmark comparison of numerical integration methods

Points in interval Error (trapezoid) Error (gauss)
1 -14.908%
2 31.305% 0.328%
3 8.198% 0.00272%
4 3.676% 0.000018%

References

1. D.M. Young and R.T. Gregory,A Survey of Numerical
Mathematics, Volume 1 (Dover Publications, New York, 1988), Sect.
7.8.
2. F.B. Hildebrand, Introduction to Numerical Analysis (Dover
Publications, New York, 1987), Sect. 8.5.
3. M. Abramowitz and I.A. Stegun, Handbook of Mathematical
Functions (Dover Publications, New York, 1972), Table 25.4, p. 917.
4. W.H. Press, B.P. Flannery, S.A. Teukolsky and W.T. Vetterling,
Numerical Recipes in FORTRAN (Cambridge University Press,
Cambridge, 1992), Sect. 4.5.

14.2 Normal coordinates of a hexahedron

This section addresses the problem of interpolating quantities in three dimen-
sions over arbitrary hexahedrons. Because a hexahedron has eight nodes, it
is not possible to �nd a linear function of the form

� (x; y; z) = a + bx + cy + dz; (64)

that equals the values� n at all nodes. Furthermore, a general second-order
function that includes termsxy, yz zx, x2, y2 and z2 has ten terms. The chal-
lenge of �nding the simplest possible interpolation function for an arbitrary
hexahedron is facilitated through the use of normal coordinates

Figure 34 shows a hexahedron element with local numbering of the nodes.
The scheme shown is convenient for computer applications because the binary
form of a node number denotes the relative location of the node in the element
(Table 11. Consider moving between the element face where nodes have index
(i � 1) to the face with index i . On the average, the displacement is in the
+ x direction. The exact direction depends on the hexahedron shape and the
position of the displacement in the facet. We de�ne a variableu that gives
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Figure 34: Hexahedron element (i; j; k ): global indices and local node num-
bers.

the relative position between facets (i � 1) and i . By convention, u equals
-1 for a point on facet (i � 1) and equals +1 on faceti . Similarly, variable
v designates the position in the element relative to facets (j � 1) and j . ,
while variable w corresponds to the relative position between facets (k � 1)
and k. The quantities u, v and w are called thenormal coordinatesof the
hexahedron.

Figure 35 shows a symbolic mapping of the element space between spatial
coordinates (x; y; z) and normal coordinates (u; v; w). The element is cubic in
normal-coordinate space, and the interpolation function for a cube is simple.
Using the element node numbers of Fig. 34, the interpolation function in
terms of normal coordinates is

Table 11: Index convention for a hexahedron element

Bit Value Position, index
0 0 xdn ; (i � 1)

1 xup; i
1 0 ydn ; (j � 1)

1 yup; j
2 0 zdn ; (k � 1)

1 zup; k
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Figure 35: Mapping of an arbitrary hexahedron element to a cube in normal-
coordinate space.

� (u; v; w) =
7X

i =0

N i � i =

N0(u; v; w)� 0 + N1(u; v; w)� 1 + N2(u; v; w)� 2 + N3(u; v; w)� 3

+ N4(u; v; w)� 4 + N5(u; v; w)� 5 + N6(u; v; w)� 6 + N7(u; v; w)� 7: (65)

The shape functionsN i are given by

N0(u; v; w) = (1 � u)(1 � v)(1 � w)=8;

N1(u; v; w) = (1 + u)(1 � v)(1 � w)=8;

N2(u; v; w) = (1 � u)(1 + v)(1 � w)=8;

N3(u; v; w) = (1 + u)(1 + v)(1 � w)=8;

N4(u; v; w) = (1 � u)(1 � v)(1 + w)=8;

N5(u; v; w) = (1 + u)(1 � v)(1 + w)=8;

N6(u; v; w) = (1 � u)(1 + v)(1 + w)=8;

N7(u; v; w) = (1 + u)(1 + v)(1 + w)=8: (66)

It is straightforward to verify that N0 in Eq. 66 equals 1.0 at node 0 (where
u = v = w = � 1) and equals 0.0 at all other nodes. Similarly,N1 equals
1.0 at node 1 (whereu = +1, v = w = � 1) and 0.0 at the other nodes.
Although the functions of Eq. 66 contain third-order terms oftype uvw, ,
they are calledquasi-linear functions because variations along each of the
normal coordinate directions is linear.
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The same interpolation formula applies to the calculation ofspatial po-
sition from normal-coordinate position given the node spatialcoordinates
(x0; y0; z0; :::x7; y7; z7) :

x(u; v; w) =
7X

i =0

N i x i = N0(u; v; w)x0 + N1(u; v; w)x1 +

::: + N7(u; v; w)x7:

y(u; v; w) =
7X

i =0

N i yi = N0(u; v; w)y0 + N1(u; v; w)y1 +

::: + N7(u; v; w)y7:

z(u; v; w) =
7X

i =0

N i zi = N0(u; v; w)z0 + N1(u; v; w)z1 +

::: + N7(u; v; w)z7: (67)

Equation 67 de�nes the transformation (u,v,w) ) (x,y,z). In subsequent
expressions for volume integrals, we will use partial derivations of spatial
coordinates with respect to normal coordinates. For example,we can �nd
the derivative @x/ @u from Eq. 67 as:

@x
@u

=
7X

i =0

x i
@Ni
@u

: (68)

The quantity gives the shift � x along the spatial coordinatex for a dis-
placement � u along the normal coordinateu. Substituting from Eq. 66 and
expanding terms, we �nd that

@x(u; v; w)
@u

=
1
8

[(x1 � x0)(1 � v)(1 � w) + ( x3 � x2)(1 + v)(1 � w) +

(x5 � x4)(1 � v)(1 + w) + ( x7 � x6)(1 + v)(1 + w)] (69)

The derivative involves di�erences in thex coordinate of nodes at the four
corners of the (i � 1) and i facets.

To summarize, the following procedure yields an interpolated value of �
at position (x; y; z) in a hexahedron element given the node coordinates and
the values (� 0; ::; � 7):

1. Calculate the normal coordinates (u; v; w) corresponding to the position
(x; y; z).

2. Determine the shape functions (N0; :::; N7) at (u; v; w).

3. Substitute the values in Eq. 65 to �nd� .
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The �rst step presents an obstacle. We must �nd the the transformation
(x; y; z) ) (u; v; w), the inverse of Eq. 67. There is also the larger issue of
whether the point (x; y; z) is inside the element to start with. The following
section resolves these problems.

14.3 Real-to-normal coordinate transformation

Transformations from real to normal coordinates of the form (x; y; z) )
(u; v; w) are critical components in dealing with hexahedron elements. The
operation is more challenging than the transformation from normal to real
coordinates (Eq. 67). We can see the di�culty by expanding terms of the
shape functions. For example

N0(u; v; w) = (1 � u)(1 � v)(1 � w) =

1 � u � v � w + uv + uw + wv � uvw: (70)

Equation 70 contains second- and third-order terms. The calculation of
(u; v; w) in an element for a given position (x; y; z) requires the solution of
a non-linear equation set. The inversion of Eq. 67 gives three equations for
the three unknowns:

F1(u; v; w) =
7X

i =0

N i (u; v; w)x i � x = 0;

F2(u; v; w) =
7X

i =0

N i (u; v; w)yi � y = 0;

F3(u; v; w) =
7X

i =0

N i (u; v; w)zi � z = 0: (71)

The solution of Eqs. 71 can be accomplished with iterative techniques. The
Newton-Raphson method is a reliable and e�cient choice for this application.
We shall use the following three-component vector notation for quantities:

u =

2

6
4

u
v
w

3

7
5 ; F(u) =

2

6
4

F1(u; v; w)
F2(u; v; w)
F3(u; v; w)

3

7
5 : (72)

In vector form Eq. 71 becomes

F(u) =

2

6
4

0
0
0

3

7
5 : (73)
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If we make an initial guessu0 = ( u0; v0; w0) for the normal coordinates, the
quantity F(u) generally will not equal the zero vector. We seek an improved
set of valuesu1 = u0 + � u, where � u is a correction vector.

� u =

2

6
4

� u
� v
� w

3

7
5 : (74)

The improved set of normal coordinates should satisfy the equation:

F(u0 + � u) =

2

6
4

0
0
0

3

7
5 : (75)

We can estimate � u by expanding F in a Taylor expansion nearu0 and
neglecting second- and higher-order terms:

F(u0) + � F(u0) � � u �=

2

6
4

0
0
0

3

7
5 : (76)

The derivative matrix in Eq. 76 has the form:

� F(u0) =

2

6
6
6
6
6
6
4

@F1
@u

@F1
@v

@F1
@w

@F2
@u

@F2
@v

@F2
@w

@F3
@u

@F3
@v

@F3
@w

3

7
7
7
7
7
7
5

: (77)

where the partial derivatives are evaluated at (u0; v0; w0). We can express
the derivative matrix in terms of the element shape functionsdiscussed in
the previous section:

� F11(u0) =
7X

i =0

@Ni (v0; u0)
@u

x i ;

� F12(u0) =
7X

i =0

@Ni (u0; w0)
@v

x i ;

:::

� F33(u0) =
7X

i =0

@Ni (u0; v0)
@w

zi: (78)

Equation 78 leads to the following estimate for the normal-coordinate cor-
rection:
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� u �= � � F(u0)� 1 � F(u0) (79)

The following procedure gives an improved estimate of normalcoordinates
(u1; v1; w1) for the point ( x; y; z) given an initial guess (u0; v0; w0):

1. Calculate numerical values for the nine terms of the derivative matrix
� F at (u0; v0; w0) using the expressions of Eqs. 66 and 67.

2. Invert the matrix to �nd � F � 1.

3. Calculate the termsF1; F2; F3 of the function vector F at (u0; v0; w0)
using Eq. 67.

4. Multiply the negative-inverse of the derivative matrix -� F � 1 times the
function vector F to �nd � u.

5. Add the correction to �nd a new valueu1 = u0 + � u.

The process can be repeated for several iterations to improve the accuracy
of the estimate.

The normal coordinate transformation is useful to check whether a point
is inside an arbitrary hexahedron element. The coordinate transformation
is applied for a location (x; y; z) and set of node coordinates (x i ; yi ; zi ) for
the test element. The point is inside the element if: 1) the Newton-Raphson
procedure convergences and 2) the resulting normal coordinates are in the
range:

� 1 � u � +1; � 1 � v � +1; � 1 � w � +1: (80)

14.4 Volume integrals of hexahedron elements

The mathematical methods introduced in the previous sections can be ap-
plied to a practical routine to calculate the volume and surface area of a
hexahedron element. The method can be extended to weighted integrals to
calculate the volume or to calculate physical integrals on the mesh. The
goal is to �nd the volume of an arbitrary hexahedron with speci�ed nodes
(Fig. 34). It is most convenient to carry out to integration in normal co-
ordinates. Therefore, we need to determine the spatial volume� V that
corresponds to a volume element in normal coordinate space, (�u� v� w).
The approach is to �nd the vectors in physical space that correspond to small
displacements parallel to the normal coordinates. For example, a displace-
ment � u at position (u,v,w) corresponds to following vector in real space:
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vu =

"
@x
@u

ux +
@y
@u

uy +
@z
@u

uz

#

� u: (81)

The quantities ux , uy and uz are unit vectors along the spatial directions. We
can �nd values for the partial derivations at (u; v; w) from by relationships
like Eq. 69. Vectors corresponding to displacements �v and � w are given
by

vv =

"
@x
@v

ux +
@y
@v

uy +
@z
@v

uz

#

� v; (82)

vw =

"
@x
@w

ux +
@y
@w

uy +
@z
@w

uz

#

� w: (83)

The volume of a small hexahedron de�ned by the vectorsvu, vv and vw is
given by

� V = ( vu � vv) � vw: (84)

Substituting from Eqs. 81, 82 and 83 and carrying out the cross and dot
products, we �nd that:

� V = ( vu � vv) � vw =

@y
@u

@z
@v

@x
@w

�
@y
@v

@z
@u

@x
@w

+
@z
@u

@x
@v

@y
@w

�

@x
@u

@z
@v

@y
@w

+
@x
@u

@y
@v

@z
@w

�
@x
@v

@y
@u

@z
@w

: (85)

The set of six terms on the right-hand side of Eq. 85 is equal to thedeter-
minant of the following matrix:

J3 =

2

6
6
6
6
6
6
4

@x
@u

@y
@u

@z
@u

@x
@v

@y
@v

@z
@v

@x
@w

@y
@w

@z
@w

3

7
7
7
7
7
7
5

:

The quantity J3 is called the three-dimensionalJacobian matrix. The real
volume element corresponding to a box with normal-coordinate dimensions
� u, � v and � w at position (u; v; w) may be written simply as
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� V = det( J3) � u� v� w (86)

The partial-derivative components ofJ3 are evaluated at (u; v; w).
We now have all components for the volume integral of a hexahedron ele-

ment. The integral is taken over the range of normal coordinates (� 1 � u �
+1; :::) which corresponds to the range of the normalized Gauss-Legendre
integral discussed in Sect. 14.1. As a preliminary, we need to decide the
number of evaluation points along each and set up arrays of thefunction
evaluation positionsGX(I) and weighting GW(I). For a three point integra-
tion, the arrays have the values:

GX(1) = -0.774597, GX(2) = 0.000000, GX(3) = 0.774597\\
GW(1) = 0.555556, GW(2) = 0.888888, GW(3) = 0.555556

To carry out the integral, de�ne the elements node positions (x i ; yi ; zi )
and perform following loop

ElemVolume = 0.0
DO KK=1,NGauss ! Loop over w

DO JJ=1,NGauss ! Loop over v
DO II=1,NGauss ! Loop over u

CheckDet = DetJ3(GX(II),GX(JJ),GX(KK))
dVol = GW(II)*GW(JJ)*GW(KK)*CheckDet
ElemVolume = ElemVolume + dVol

END DO\\
END DO\\

END DO

The subroutine DetJ3 returns the determinant of the Jacobian matrix at
position (u; v; w) based on the coordinates of the element nodes. Uses ex-
pressions of the form of Eq. 68 to evaluate the nine partial derivatives.
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Index
analysis

data �le, 38, 56
in slice, 51
script, 38

batch �le, 71
binary �le number format, 13, 19

calculated quantities
special, 29
standard variables, 28

command line, 70
complex number, 34

amplitude, 35
at reference phase, 35
gradients, 36
in output �le, 34
phase, 35

con�guration command
About, 23, 40
FileSu�x, 23
Manual name, 40
ManualName, 23
NRecord, 23
PlaneDisplay, 23
ProgramName, 21
ScanDisplay, 23
SliceDisplay, 23
SurfaceDisplay, 23
VectorDisplay, 24
WebSiteURL, 23, 40

con�guration �le, 21
calculated quantities, 26
header section, 21
interpolation section, 31
loading, 40
order of quantities, 32
parameter types, 25
region quantities, 24
sections, 21

stored quantities, 24
structure, 21
surface section, 31, 33
vector section, 31
volume section, 31, 33

conformal mesh, 76
coupled linear equations, 74

de�nition
developer, 6
element, 7, 8
facet, 7
node, 7
package, 6
program, 6
user, 6

derivative of scan, 58
developer output �le, 14

binary format, 19
element versus region quantities,

24
length units, 14
region quantities, 18, 24
sections, 15
stored quantities, 18, 24
text format, 15

developer solution program, 6
divergence theorem, 80

element, 8
bounding an element, 11
de�nition, 78
hexahedron, 85, 90
quantity in output �le, 24
volume integrals, 96
weight functions, 79, 92

export plots, 54

FE Builder
organization, 5
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program components, 5
FEVision, 6

batch �le control, 71
con�guration �le, 21
script control, 70

FEVision analysis command
Line scan, 41
LSQ/linear interpolation, 45
Matrix �le, 42
Number of scan points, 45
Point calculation, 41
Real-time parameters, 45
Set scan quantity, 45
Surface integrals, 42
Volume integrals, 42

FEVision �le command
About, 40
Close data �le, 38
Create script, 38, 70
Edit data �le, 38
Edit �le, 38
Edit script, 38, 70
Instruction manual, 40
Load con�guration �le, 40
Load solution �le, 37
Open data �le, 38
Run script, 38, 70
Solution �le information, 37
Website, 40

FEVision plane plot command
Plot limits, 62
Plot quantity, 62
Plot style, 61
Resolution, 62
Rotate view, 62
Set plane, 61

FEVision scan plot command
Derivative, 58
Grid intervals, 56
Integral, 58
Symbol display, 56
Toggle grid, 56

Values to clipboard, 57
Vertical limits, 56

FEVision script command
Con�guration, 72
GenScan, 72
Input, 71
Interpolation, 73
Matrix, 73
NScan, 73
Output, 72
Point, 72
Scan, 72
SurfaceInt, 73
VolumeInt, 73

FEVision slice plot command
Copy to clipboard, 54
Default printer, 54
Expand view, 49
Global view, 49
Grid intervals, 51
Line scan, 52
Number of contours, 51
Number of scan points, 52
Pan, 49
Plot �le, 54
Plot limits, 50
Plot quantity, 50
Point calculation, 51
Remove vectors, 53
Reset to default, 50
Scan quantity, 52
Slice normal axis, 48
Slice plane properties, 47
Slice plot style, 49
Snap distance, 51
Toggle grid, 50
Toggle snap, 51
Vector arrows, 53
Vector lines, 53
Vector probe, 52
Vector quantity, 54
Zoom in, 49
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Zoom window, 48
FEVision surface plot command

Center view, 65
Cutplanes, 67
Displayed regions, 67
Plot limits, 66
Plot style, 65
Plotted quantity, 66
Record vector lines, 68
Restored default view, 64
Surface view, 64
Vector lines, 68
Vector quantity, 69

�nite-element method, 74, 83
natural boundary condition, 82

Galerkin method, 80
Gauss-Legendre quadrature, 88
Geometer, 5
gradient operators, 29
grid control, 51

hexahedron, 9, 85, 90
volume integrals, 96

integral of scan, 58
internal editor, 38
interpolation function

element, 90
interpolation function, element, 80
interpolation method, 41, 45

Jacobian matrix, 97

length units, 14
conversion factor, 14
standard, 14

mesh
conformal, 8, 76
foundation, 9
generation, 76
indices, 9
logical, 9

regular, 8, 76
structured, 9
unstructured, 9

mesh de�nition �le, 8
mesh generator, 4
MetaMesh, 6, 8

indices, 9
output �le format, 12

names of quantities, rules, 31, 33
Neumann boundary, 82
Newton-Raphson method, 94
node, 10

bounding an element, 10
de�nition, 74
equations, 83
quantity in output �le, 24

normal coordinates, 87, 90
conversion, 93, 94
in volume integrals, 96

number of recorded quantities, 23
numerical integration, 85

Gauss-Legendre quadrature, 86
trapezoid rule, 85

oscilloscope mode, 57

parameter types, 25
partial di�erential equations

numerical solution, 74
phasor representation, 34
postprocessor, 4, 76
program parameter, 25

quantities
order, 32
vector, 32

real-time parameter, 25, 45
region, 11

quantities, 24
reverse Polish notation, 26
rpn

binary operators, 27
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parsing rules, 27
run parameter, 25

scan plot
de�nition, 59
quantity, 45
rotate plane, 60
running, 55
set plane, 60

script control, 70
slice plane settings, 47
slice plot

de�nition, 46
menu, 46
window organization, 47

slice plot styles, 49
snap mode, 51
solution volume, 9
standard length conversions, 14
structured mesh

characteristics, 9
indices, 9

surface integral, 33
surface plot

de�nition, 64

text data line format, 13, 15

vector tools, 52, 68
view control, 3D, 64
volume integral, 33

weighted-minimum-residual, 77, 80
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