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2reface

The purpose of this study was to ccmpare several
techniques for the prediction of mass-loaded natural
frequencies and mode shapes. Of special interest in
this study was the recovery of the unloaded mass, stiff-
ness, and damping matrices from measured modal data
using a non-square modal matrix and subsequent solution
for mass-loaded modal data.

This study was somewhat limited in scope in that
only one panel with three discrete mass loadings was
experimentally tested and analysed. It is hoped the
technique using pseudoinverses will be explored further
to determine the general validity of this method. Appen-
dices A, B, and C should be helpful in this endeavour.

I would like to thank my advisor, Capt. H. C. Briggs
of the Air Force Institute of Technology, Mr. R. D. Talmadge
of the Air Force Flight Dynamics Laboratory, and Dr.

P. W. Whaley of the University of Nebraska for their
support and guidance in this effort. Additionally, I
would like to thank my wife, Janice, for her constant en-
couragerment and inspiration., Finally, and most of all,

I would like to thank my Savior, Jesus Christ, :»or that
"Peace which passeth all understanding (Phillipians 4:7)."

In keeping with Proverbs 3, versus 5 and 6,
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» "Trust in the Lord with all thinc¢ heart,
And lean not unto thine own understanding;
In all thy ways acknowledge Him,
And He will direct thy paths”,

I dedicate this thesis to Him,

Frank B. Atkinson
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Abstract

The purpose of this investigation was to compare the
results obtained from three modal prediction techniques.
The first technique was an algorithm developed by Whaley
for lightly damped structures (Method 1). Results using
this algorithm were extracted from a thesis by Glenesk.
The second method was the finite element method using
NASTRAN (Method 2). The final method was the recovery of
unloaded mass and stiffness matrices from the general ma-
trix~-vector differential equation of modal analysis using
modal data obtained from an unloaded test item (Method 3).
Once these matrices had been recovered, a quantity of mass
was added to the mass matrix to simulate a mass-loaded
case. The generalized eigenvalue problem was solved for
mass-loaded frequencies and mode shapes which were con-
pared to experimental results for the same test item.
Both square and rectangular modal matrices were consider-
ed in Method 3. The same test item and three discrete
mass-loaded configurations which Glenesk used were tested.
Percentage frequency deviations from the unloaded test
item to the mass~loaded predictions ranged from -7.2-%
to +7.4-% in Method 1, from -20.3-% to +17.84-% in Method
2, and from -20.6-% to +8,4~% in Method 3. Several dis-
crepancies in each technique prevent a direct comparison

of these results, The most noteworthy discrepancy was

xi
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the fact that the modal measurement rrocadure generated
nonorthogonal modes. The first method assumed the

mode shapes to be unaltered between the unloaded and mass-
loaded cases while the second method generated mutually
orthogonal modes. The unloaded nonorthogonal mode vectors
were used in Method 3 to generated mass-loaded modal guan-
tities. Detailed procedures, results, and conclusions

are obtained in the body and appendices of the report,




A COMPARISON OF VARIOUS TECHENIOU.5 FOR
THE PREDICTION OF MASS-LOADED MODE
SHAPES AND NATURAL FREQUENCIES

I Introduction

Background

The ever-expanding performance envelopes of today's
highly complex fighter aircraft subjects them to increas-
ingly severe vibration environments. Coupled with these
severe vibration environments is a desire to rapidly in-
corporate newly-developed weapons system technologies into
the existing fleet of fighter aircraft. One such example
is the application of laser physics technology to vibration-
sensitive electro~optical equipmert which would subsequent-
1y be installed in high-performance fighter aircraft.

The installation of electro-optical equipment in an
aircraft presents a complex design problem in that it is
necessary to know the post-installation modes of vibration
and natural frequencies of the aircraft prior to the actual
installation of this hardware. Frequently, the only modal
data available to the designer are the pre-installation
modal data. Thus, due to the vibration sensitivity of
the electro-optical hardware, the designer must consider

how to properly utilize the pre~installation vibration




data to correctly predict the post-~in.t llation modes o
vibration, damping, and natural frequencies, Whaley (Ref
12) summarized three analytical techniques to accomplish
this task. Additionally, Glenesk (Ref 3) utilized an
algorithm developed by Whaley for lightly damped struc-
tures (Ref 13) to predict the influence of added lumped
masses on the vibration characteristics of unloaded struc-
tures.

According to the research conducted by Glenesk (Ref
3), as the size of the added mass increased relative to
the mass of the unloaded structure, the accuracy of Whaley's
aléorithm was significantly affected. This degradation
in algorithm performance might be attributad to the assump-
tion that the unloaded mode shapes are uvnaffected by the
addition of the lumped mass. Another possibility involves
the fact that the effect of damping was ignored in this
algorithm. Thus, an added mass might have significantly
contributed to the overall structural characte.istics in
such a way as to modify the mode shapes and natural fre-
quencies.

In addition to the various analytical techniques, a
numerical technique, finite element analysis, has been
widely used to predict mass-loaded natural freguencies,
damping ratios, and mode shapes. This technique requires

the construction of a computer model in which the continuous




structure is idealized as a combinatio- >7 a finite
number of various structural components (i.,e., beams,
rods, plates, etc.). Although accurate rasults can be
obtained using the finite element method, one problem
with this technique is the significant expenditure of
human and computer resources necessary to build, debug,
and run the finite element code,

The rapid development of portable modal analysis
equipment has made it possible to eliminate the con-
struction of a finite element model entirely. With
this equipment one can lay out a suitable grid on the
portion of structure to be modified, conduct standard
modal analysis tests, and reduce the data so obtained
to determine the desired unloaded modal data. The
question then becomes how to properly use this data
to determine the mass-loaded modal quantities for the
modified structure. One approach to this dilemma has
been suggested by Briggs and Whaley (Ref 1) whereby one
uses the general matrix-vector differential equation of
structural analysis, its solution using a generalized

coordinates approach, and the resulting definitions

[ulT(M] [t] = [1] (1)
R
AN 0
[uiTrk] (vl = ; w,%\ (2)
ﬁ\\ O
T 9.
(Ul*[c] [ul = =&y (3)




to analytically determine the mass~1lc . 1 modal datz
when only the experimentally determined unloaded modal
data are known.,

At the present time, the usual sclution to equa-
tions 1 through 3 requires that the modal matrices, [U:
and [U]T, be square matrices. If the mass, damping,
and stiffness matrices, [M], {C], and [K], are n X n
matrices, [U] and [U]T must also be n X n matrices
(where "n" is the number of measurement points). If
one measures fewer than "n" modes in the frequency
range of interest, he must either extend this frequen-
Ccy range to accomodate '"n'" modes, or reduce the grid
size to "n" grid points. As either of these approaches
may be undesirable, a third approach using the method
of pseudoinverses introduced by P=2nrose (Ref 10) may be
used to isolate the mass, stiffness, and damping ma-
trices on the left hand side of equations 1 through 3,
respectively. Appendix A contains a sample problem
for the reader who is unfamiliar with this technique.
The resulting solution will be an approximate solution
to the mass, damping, and stiffness matrices for the
unloaded structure. Then, to find the corresponding
matrices for the miis-loaded structure one would add
appropriate mass, damping, and stiffness quantities at

the proper locations in their respective matrices to

e me e o Btk




simulate the structural modification, ....d resolve equa-
tions 1 through 3 for the mass-loaded modal information.
If damping is not a factor one wishes to consider in
this analysis, one need only consider the solution to

the standard eigenvalue problem

2
[K] - w™ [M] = [O] (4)
to determine the mass-loaded natural frequencies and mode

shapes.

Purpose

The purpose of this investigation is to obtain data,
and compare the moda} data obtained, using several modal
prediction techniques. The techniques chosen for this
comparison are those discussed previously, namely: (1)
Glenesk's use of Whaley's algorithm (Ref 3;; (2) the
finite element method; and (3) the method suggested by
Briggs and Whaley (Ref 1). Since a basis for comparison
is needed, the results obtained from modal prediction
software developed by Brown (Ref 2) will be used as a
datum in error precentage calculations for methods 2
and 3 presented later in this report. However, it is
felt by the author that to recalculate error values for
Method 1 which would be based on a different datum would
be unfair to both Glenesk and Whaley's algorithm. Thus,

all values presented in reference to the use of Whaley's




algorithm will be directly extracted from Reference 3.

The same complex, rib-stiffened panel and several of

the discrete mass-loading configurations investigated by

Glenesk (Ref 3) will be used in this comparison.

Objectives

The objectives of this investigation are:

(1) Experimentally measure the natural fre-
quencies and mode shapes of a complex test panel in
the frequency range from 0-500 hz.

(2) Construct finite element models of this
panel and conduct a modal analysis on both unloaded and
mass-loaded configurations.

(3) Use equations 1, 2, and 4 along with
unloaded experimental data to obtain mass-loaded nat-

ural frequencies and mode shapes for the test panel.

(4) Present a comparison of the results of

Objectives 1 through 3.




IT Modal Analvsis and Test Proc -1 -es

Test Item

The test item was a panel fabricated using draw-
ings of an upper fuselage panel of a C-140 aircraft
(Figure 1). The curved panel consisted of the follow-
ing components:

1. An outer skin

2. Five longerons of two different cross sections

3. Two curved main frame ring segments

4. Four edge doublers, and

5. Various attachment hardware and bonding to

maintain structural integrity.

Mass-Loading Confiqurations

Based on the worst case errors presented by Glenesk
(Ref 3) for the mass-loaded panel, four test configur-
ations were chosen for comparison of the three methods.
These were the unloaded panel and Glenesk's mass-
loaded configurations2, 6, and 7 (Table 1 and Figure 2).
The unloaded panel was included as a means of compar-
ing the change in mode shape with natural frequency
which occurred between the unloaded case and each
mass-loaded configuration, Plots of unloaded versus

mass-loaded mode shapes allowed visualization of this
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Table 1. Mass=loading con? o b 0 4 4Tt .
Refi
Configuration P Mass (1b) X, (£t) 4} v, Lft)
2 0.2420 1.168 1.168
© 0.41158 1.667 1,749
7 0.1144 0.199 0,915 J

Figqure 2. Mass-loading locations (after Glenesk, Ref 2)

e
I (—— 0.279
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R F--~-BAY 1----qm-eoe- -
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0.184 7
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R i BAY 3--~-4--~-- =
0
S boeipay a4 - O -
|
Notes:
1. Dimensions in feet,
2. (5 specifies configuration 7 mass-loading loca-
tion.
3. BAY 1 specifiecs internal unsupported bay.




change in mode shape (Figure 3).

Structural Models

Three grid sets were chosen to model this panel.
The first grid set was utilized in an effort to verify
Glenesk's results by using Glenesk's grid set and
modal analysis procedure. Glenesk's model did not
consider the discrete components as separate members.
Instead, it accounted for the total panel mass and
smeared this mass over the grid which was inset some-~
what from the panel edges. The result was a homogene-
ous, constant thickness flat plate with 25 grid points,
This model will be referred to as the Smeared Stiffener
Uniform Model (Figure 4).

The second grid was chosen to coincide with a
finite element model which accurately modelled the
discrete structural components by allowing for panel
curvature, discrete member cross-sectional geometry,
and offsets of component neutral axes, This model also
consisted of 25 grid points., It will be referred %o
as the Discrete Stiffener Model (Figure 5),

The final model was chosen to investigate the
modes of vibration of ecach of the internal bays (Figure

2 ). This grid was necessary because the previous

two models basically ignored the motion of the unsupported

10
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Figure 4. Smearcd Stiffener Uniform Model.
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Figure 5. Discrete Stiffener
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internal bays. This model, which cons.;:ed of 65

grid points, will be referred to as the Bay Modes

Model (Figure 6). This model contained :the previ-

ous two models as subsets.

Modal Analysis Test Procedures

The Smeared Stiffener Uniform Model was tested
first. The Modal Assurance Criterion (MAC) developed
by Brown (Ref 3) along with discrete Transfer Function
data were used as the basis for identifying candidate
freguency ranges from which the natural frequencies
for each configuration were determined. The MAC

function is defined as (Ref 3)

_ ,gyr(w)lz

Spr(@)s

MAC

yy(w)

where Syr the stable average of the cross power
spectrum between two response measure-

ment points

§rr = the stable average of the auto power
spectrum of the stationary accelero-
meter response

Syy

n

the stable average of the auto power
spectrum of the moveable accelero-

meter response.

Note that the MAC Function differs from the more commonly
used Coherence Function in that the two measurements

in question in the former are two responses to an im-

pulse excitation whereas like quantities for the latter

14
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would be an impulse excitation innut .4 ihe forced re-
sponse. In both cases, the existence of a mode is indi-
cated by a region of closely spaced frequencies where the
MAC or Coherence Function is essentially equal to one.

Since the MAC and Transfer Function data were essen-
tially identical with Glenesk's results, these data were
not reduced to obtain natural frequencies and mode shapes.
Instead, Glenesk's results (Ref 3) will be used in the
techniques comparison. Table 2 contains a summary of the
pertinent data. Sample MAC and Transfer Function plots
and data are contained in Figures 7, 8, 9, and 10.

The Bay Modes Model was tested next using modal
analysis software developed by Brown (Ref 2). This soft-
ware allowed the user to select any subset of the model
being tested and consider only the data relative to that
subset. Thus, it was not necessary to repeat this test
for either the Smeared Stiffener Uniform Model or the
Discrete Stiffener Model. Representative mode shape
data obtained for these models are contained in Figure

11,

Modal Analysis Data Reduction

To determine the natural frequencies of a given
model and configuration, one grid point was selected
which was believed to contain all of the modes in the

frequency range from 0-500 hz. That is, it was belirved

16
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that the point did not lic oo oor e 0 o node line Tor

any mode. Examination of the real and imaginary parts
of the Transfer Function for that arid point revealed
the natural freguencies for that particular model and
configuration. Detailed modal analysis and test pro-
cedures are contained in Appendix B. Data acguisi-
tion programs for use in the Hoewlett~Packard HP-51218
Fourier Analyser are presented in Appendix C.

Once the natural frequencies for a particular nodel/
configuration had been identiiied, the Transier Function
data from each point on the grid in gquestion were reducred
to vield mode shape vectors for each mode. For purposes
of comparison with the finite element method the discreto
mode shape vectors were converted to a format identi-
cal to NASTRAN ou*put. NASTRAN data were processed using
a standard graphics package, GCSNAST (Ref h), which was

used to display plots of the undeformed versus deformed

mode shapes in both unloaded and mass-loaded configurations.

Results

Modal Assurance Criteria Function test results are
presented in Table 2. Corresponding results from the
Modal Analysis testing are shown in Table 3. Comparison
of the data in these two tables roveals numerous areas
of disagreement in the natural frequencies of each con-

figuration. This apparent discrepancy can be explained

23
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when one considers the test teochnigue 7~ -om which ecch
set of data were obtained. The MAC testing used response
data from a fixed reference acceleromcter and a moveable
accelerometer, and 15 impulse excitations which were
randomly spaced over the entire panel. The spatieal
randomness of the excitations enhanced the probability
that every mode in the structure would be excited in

that not every excitation would lie on a node line. 1In
contrast, the Modal Analysis testing used a fixed ex-
citation point in coniunction with a moveable accelero-
meter to measure the structural forced response. Inherent
in the latter technique i3 the assumption that the chosen
excitation point never lies on or aear to a node line

and thus the mcde shapes obtained from this technique
represent a unique set of modal data. Therefcre, if

the chosen excitation point lies on or near to a node
line, some modes may be "missed”" during examination of
Transfer Function data because these modes were never
excited to begin with. In this respect it would appear
that the MAC function data may b2 the more accurate data.
Since a comparison of modal predicticn techniques is the
thrust of this report this comparison will be carried out
only on those data for which corresponding results in

the MAC Function data are available. This comparison
method will be used throughout the remainder of this

report. .
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II1 The Whalev Algoritim Mer g

Overview

The algorithm developed by Whaley (Ref 13) and sub-
sequently used by Glenesk (Ref 3) substitutes suitable
expressions for the kinetic and potential energy of a
flat plate into Lagrange's equations of motion. Then,
taking the first variation of the expression for the
virtual work of the applied inertial loads with respect
to the generalized coordinate, the expression for the
generalized force, Q;» 1is obtained. The final Zorm of

this expression is

2
6P “ oy d7q;
me——— = =N —
Qi g 1Io i(xo’ Yo)j§1 Qj(xo’ Yo)dtz
2301 ®3d d%q
-M R/ (x ) T —(x )
0 x3yx o’ Yo ja1 3x o’ Yo at2
2
. : dcqg 3
2381 2 Nd] 1] -
-M R (x , vy ) I (x s v.) . (3)
O Y3y o} e} j=1 dy o o dt2

Equation 5 contains the effects of the inertial forces
due to the added lumped mass (Mg, Rx» Rys Xoy and yg)

which are proportional to the second derivative of the
dzq'
dt?
turn, become additions to the mass matrix when the

generalized coordinate, or éj. These effects, in

eilgenvalue problem is solved for natural frequencies

and mode shapes.
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Results

The results from Whaley's algorilhm are summarized
from Glenesk (Ref 3) in Tables 4, 5, and 6. The data
generated using the MAC Function were merged with Whaleyv's
algorithm (Ref 13) to yvield the Whaley Algorithm results.
Glenesk (Ref 3) noted that a comparison of unloaded versus
mass-loaded mode shapes was the means of determining the
unloaded/predicted mass—1loaded frequency palrings.

Examination of the data in Tables 4, 5, and 6 reveals
the largest percentage error between actual and predicted
values occurred on Configuration 7 (Table 6, Mode 1) where-
as the smallest percentage error value occurred on Con-
figuration 2 (Table 4, Mode 9). With the exception of
Mode 1, Configuration 7, all predicted frequency values
were within + 7.5% of the experimentally measured values,

Table 7 presents a comparison of the absolute per-
centage in frequency shift from the unloaded panel to
each of the three mass-loaded configurations. The largest
percentage frequency shifts occur when the largest mass
was located on an unsupported portion of the panel skin,
With the exception of modes 8 and 9 for Configuration 6,
all frequency shifts were within + 3% of the unloaded Tre-

quency.

27




Table 4. Data Results -~ Configuration . (Zxtracted from Fof

3).
Te$tinq,TeChnigpns Percent
Mode Modal Assurance Criteria wWhalev Algorithm Crror
1 ( ) 167.79 ( )
2 174.08 180.15 3.49
3 187.62 191.13 1.87
4 204,00 206,43 1.19
5 225.31 237.37 5.35
6 243.32 251.86 3.51
7 263,80 279.61 5,99
8 282.45 291,95 3.36
9 363,08 362.76 -0.09
Table 5. gfta Results -~ Configuration 6 (Extracted from Ref
Tegting Techniques Percent
‘Mode Modal Assurance Criteria Whaloy Algorithm Qrrcyr
1 169,71 166.22 -2.0¢€
2 180.72 175,34 -2.,98
3 199.30 191,23 -4,05
4 208,27 205,63 ~1.27
5 238,22 235.20 -1.27
6 252,20 251,18 -0.40
7 279.95 278.44 -0.54
8 292,20 271.14 -7.21
9 360,20 338.70 -6.11
28




Table 6. g§ta Results - Configuration 7 (Zxtracted from #of
Te§ﬁing Techniques . Percent

gode Modal Assurance Criterila Whaleov Algorithm error
1 143.10 167.77 17.24
2 175.09 180,20 2.91
3 184,83 191,16 3.44
4 204,30 206,98 1.31
5 238,22 237,33 -0.37
6 257.50 250,45 -2.73
7 279.88 278.70 -0.42
8 292,76 292,48 -0,09
9 361.71 364.39 0.74
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IV The Finite Element oo~ i

overview

Several excellent finite element codes for struc-
tural analysis are presently in existence. One such
widely used program, NASTRAN (NAsa STRuctural ANalysis,
Ref 9,11), was selected for use in the finite element
modelling and modal analysis of the structure. This
code includes the general 20 degree-of-freedom quadri-
lateral elements (CQUAD2) and 12 degree-of-freedom bar
elements (CBAR) of which the test structure was con-
structed. NASTRAN also contains provisions to allow for
the offset of the neutral axes of the bar elements from
the grid points which were defined at the midsurface of
the panel skin. Thus, the cross-sectional and spatial
properties of each component stiffener could be included
in the analysis. Onlv the out-of-plane component of the
vibration (i.e., - radial component for curved models

and z-component for the flat model) was investigated.

Finite Element Models

Three finite models were constructed to coincide
with the test grids described in Section II. The Smear-
ed Stiffener Uniform Model considered the panel to be
a flat plate (Ref 3). This model did not extend to the

panel extremities but was inset somewhat from the panel
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edges (Figure 2) to coincide with the g:id used by
Glenesk (Ref 3). The mass of the entire panel includ-
ing stiffeners was smeared over this grid to provide
a uniform thickness model with homogeneous material
properties. Although the mass of this model was identi-
cal to the overall structure mass, this model was more
dense than had it been extended to the geometric test
panel boundaries, It consisted of 25 grid points from
which data were obtained and 16 quadrilateral elements.
The Discrete Stiffener Model (Figure 4) was con-
structed to allow for panel curvature, discrete stiff-
ener geometries (i.e. - different cross-sections), and
the offset of the stiffener neutral axes from the panel
surface., This model was designhed to faithfully repre-
sent the panel frcm a structural standpoint while main-
taining the 25 grid points of the Smeared Stiffener
Uniform Model. Forty-four bar elements, 25 grid points,
and 16 quadrilateral elements were used in this model.
The Bay Modes Model (Figure 5) was included to in-
vestigate the motion of each of the four internal bays.
This model was an extension of the Discrete Stiffener
Model in that two extra sets of five grid points per
bay were added to that model to derive this model. This
model was constructed of 65 grid points, 48 quadrilateral
elements, and 76 bar elements,

Appendix C contains a sample of the Bulk Data Decks
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which were used to generate nod:l o for these modelr

Results

Only the Bay Modes Model resulis (Tables § throuah
11) will be discussed since this model vielded the best
representation of the overall panel motion. Ag in the
use of the Whaleyv Algorithm, a pairing of unloaded versus
mass—-loaded mode shapes (Figure 12) was used to track the
change in natural freguency between the unloaded panel
and each mass-loaded configuration. Upon observation of
Figure 12 it is seen that this process 1s somewhat subjec-
tive in nature in that the mode shapes do not remain com-
pletely unaltered. It is left to the discretion of the
engineer to properly select the mode pairings, and herein
lies a potential source of error, 1In an attempt to have
this mode pairing as uubiased as possible, the author con-
sulted another engineer to independently aid him in this
process. Mode pairings which were not in agreement betweeon
the author and the other engineer were discussaod and a
consensus of opinion arrived at. The results from this
mode shape pairing exercise are presented in Table 12.
Here absolute changes in natural frequency from the un-
loaded to mass=-loaded panel range from essentially zero--,
(Mode 20, Configuration 2) to -2N.3-% (Mode 16, Configura-
tion 6). Out of 57 such pairings, the frequeoncy shift
from the unlocaded to the mass-~loaded panel in was within
+ 7.5-% of the unloaded panel in 79 percent of the pairinas
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Vo The Use of DPsoundoinverios in the © sovery of

the Discrete Mass, Stitfness, and oalaping
Matrices and Solution of {ho
Mass~Loaded Problem

overview

The method suggested by Briggs and Whaley (Ref 1)
solves the general matrix-vector differential equation
using generalized coordinates to obtain the definitions
of equations 1 through 3. Then, using modal data ob-
tained from standard vibration test methods, and suit-
able matrix manipulations (See Appendix A), equations
1 through 3 are solved for the mass, stiffness, and
damping matrices. The usual method of solution re-
guires a square modal matrix which is inverted in the
solution for these matrices. However, in general,
this matiix may be rectangular with more rows (grid
points) *han columns (mode vectors). Thus, one would
like to have a means to solve equations 1 through 3
when the modal matrix is non-square. The pseudoinverse
(Ref 8) presents such a method for inverting rectangu-
lar matrices and thus potentially for a more general

solution to these equations.

Data Reduction
A computer program was developed to take the ox-

perimentally detormined unloaded modal data, compute
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the unloaded modal matrix and requir-d :nverses, and

solve for the unloaded mass, stiffness, and damping
matrices. Since only the natural frequencies and their
resulting mode shapes were of interest in this study,

the standard eigenvalue problem posed by equation 4 was
solved with suitable additions of mass in the mass matrix
for the mass-loaded natural frequencies and mode shapes.
Appendix B contains a more detailed explanation of the
data reduction process; Appendix C contains a copy of

the program used for data reduction,

Results
An extremely simpl’ fied experimental set up consist-
ing of nine grid points was used for each mass-loaded con-
figuration (Figure 13) to demonstrate the validity of the
computer program before extension to the more general
pseudoinverse case was attempted. The structure was test-
ed in both unloaded and three discrete mass-loaded con-
figurations from which nine frequency/mode shape pairs
were identified for each unloaded/mass-loaded configura-
tion (Figure 14), The nine modal vectors were used to
form a square 9 X 9 modal matrix; the nine natural fre-
quencies were used to form the matrix cn the right side
of equation 2. Then, using the technique described in
Appendix B, the unloaded mass and stif fness matrices woero
recovered, and a quantity of mass equal to the added mass
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Figure 13. Nine point coarse qgrid (unloaded) for AL)
Confiquration 6, B,) Con‘iquration 2, and .)
Configuration 7 with D.) Cvlindrical Coordinate
System,
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Figure 14,

Nine point coarse grid modo shapoes, Cond fonr -
tion 7, Mode 1, for A.) Unloaded Panel (169, 137
Hz), B.) lLoaded Panel (139,977 Hz), o) PreIRIFR R
Modal Matrix Prediction (168,817 ) and D)
Pseudoinyroo Prodiction (169,137 1), (DT orm=-
ed patcl denoted by dotted lines)
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was added to the 5,5 torm (i.e., the  ss loading poir:,

See Figqure 13) of the mass matrix. Finally, equation 4
was solved using a generalized eigenvalue routine, EICZE
(Ref 5 ), for the mass-loaded hatural freguencies and mode
shapes., These predicted mode shapes were then compared
to the actual mcasured mode shapes to verify that the
program had successfully predicted both the correct natu-
ral frequency and its corresponding mode shape. From
this mode shape comparison (Tables 13, 14, and 15) it

was determined that the program using a square modal ma-
trix had correctly predicted the frequency within + 5-%
error 24 out of 27 times, and with + 10% error 26 out

of 27 times. These data arc presented in Tables 13, 14,
and 15,

Next, the last column of the modal matrix and the
last row and column of the matrix of natural frequencies
squared were deleted to simulate a case where fewer than
"n" modes were measured where "n" is the number of grid
points (or rows in the modal matrix). The modified 9 X
8 modal matrix was then inverted, and 9 X 9 mass and
stiffness matrices were generated, The mass matrix was
perturbed by addition of a quantity of mass equal to the
mass loading confi-uration at the 5,5 location, and the
general eigenvalue problem was again solved using EiGzE,
Upon examination of the actual unloaded and predicted
mass-1loaded pseudoinverse freguency data, it was found
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Table 13. Freguency Prediction = 3. re and Rectangul ar
Modal Matrix, Conficqurati-.. 2,
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EXPerIMENTAL ] masS-LOAdCY | madS-Ldbéin g thonin ML =LuAd G LR GK

! DATA Uy NG txrPeRiM NTal Preulyle Uy [NG PReDILTEL
i SUUARE MUUAL LaTa VewsyoY PScyuiilnvi vy VeSS US
! malu|x Ao fuay Lrnind33CUL5) ALTUAL
137.27% 132,200 ). 149.a/2 dest L3laety LN
207.085 20%.117 202494918 “l.c ¢ul.uoY —2.¢21
239,182 b 2sr.evy | o3¢ ¢3v.lue -. 32

| 280,553 277,785 280,993 ~leb0
3 294,844 & SRS -2 DU 94,848 l.41
3er.831 J21.649 3¢7.881 ~le4s
31444224 394,041 344,224 [
sls8.lbs 414,102 Si4.lb4 408
453,684 49 3.049 .0013 fuu. 00

Table 14. Frequency Prediction - Sguare and Rectangular
Modal Matrix, Conficquration 6,

UNLUADED Pt oI sLlust Piwmtowl racuitleuy Pt bNT
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Table 15, Frequency Prediction - Square and Rectangular
Modal Matrix, Confliquiration 7,
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txPERIMENTAL MASS =L DAL ) MAL S =L JALE D t N masy-tUavtu Exw i)
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that these Qata are identical to six d-cimal places.,

Of even more concern is the fact that the predicted

mode shapes were quite different from tre measured mode
shapes., Thus, from this preliminary investigation, it
did not appear that the method employing pseudoinverses
would yield valid results and further attempts at its use

were abandoned,

However, it was demonstrated that the method using q
square modal matrices will yield valid results. One draw- i
back in the use of square modal matrices in this method
is that when one increases the dimension of the modal
matrix (i.e. - the number of grid points or rows), a
corresponding number of mode shape vectors and natural
frequencies must be generated. At the outset of this re-
port it was poinced out that for larger numbers of grid
points this may be both undesirable and that it may not
be possible to obtaln a large number of natural freguen-
cies, Thus, there is a need to limit the number of grid
points when one models the structure in guestion. Un-
fortunately, there 1is at present no general method to
predict the number of natural froguencics/modes within
a given frequency range., The solution to this problem
may be to initially begin with a simplified nine point
grid, test the unloaded structure and reduce the Trans-
fer Function data to obtain the number of natural fro-

quencies/modes in the specific frequency range of interest,

17




This number of natural frequencies/rm w5 will give an
indication of the maximum number of grid points avail-~
able if one wishes to refine this grid and use the square
modal matrices. Since the Transfer Function data theoret-
ically contain the same information for any grid point
unless the response accelerometer for a particular grid
point was situated on a node line, it 1s not required

to initially increase the number of grid points above
nine. During data reduction to determine the maximum
number of natural freaquencies (or grid points), it will
thus be advantageous to reduce the data from more than
one grid point to insure that no modes were "missed" duo
to a given accelerometer being inadvertentiy placed on

a discrete node line.
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VI Discussion of the Metho!

Genecral

As with any endeavour of this type, a learning curve
is associated with one's ability to use unfamiliar equip-
ment, software, and testing/modelling techniques. This
was especially true for the author who had no previous
experience in modal analysis testing, with the associated
data reduction techniques, nor with finite element model-
ling preccedures. Thus, the author was in a unigue posi-
tion to be able to ovaluate the three modal analysis techni-
ques which are the subject of this report. Admittedly
this assessment of the three methods will be only one
person’s viewpoint and, as such, is somewhat subjective
in nature. Howerer, it represents the viewpoint of one
who was previously uninitiated in this areca of expertise,
The evaluation of cach method will be presented separato-
1y in the successive paragraphs of this section.

At the outsct of this investigation it was cited
that the Modal Analysis Software developed by Brown (Ref
2) would be used as a datum for comparing the method:,
However, because the mode shapes {»om Brown®s software
and NASTRAN wore quite different, such a comparison
between oxporimental data and NASTRAN data was not possi-
ble, Furthermore, since the method using pseudoinve s e

was abandonad in favor of square, invertible 9 X 9 modal
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matrices, and extension ta oither 2,- or 6%5- arid polints
was not possible due to a lack of a sufficient number of
natural frequencies in the specific range from 0-500 Iz,

a comparison of this method to Brown's software was like-
wise not possible, Neither was it possible to tie Glenesk's
modal data to corresponding modal data generated by Brown's
software due to lack of sufficient modal data in Glenesk'®s
report (Ref 2). Thus, each method will be discussed as

fully as possible while keeping these limitations in mind.

The Whalev Algorithm

The results obtained from use of the Whaley Algorithm
were extracted directly from Reference 3 and are presented
in Tables 4 through 6. Because the author did not direct-
ly use this algorithm, the author is unable to present
an evaluation of the difficulties encountered in obtain-
ing results from this method. However, when one considers
the modes which were predicted by the algorithm when modal
testing did not reveal such a mode, one can envision sori-
ous limitations to its use. As previously noted, Glenosxk
reported a degradation in algorithm porformance s Lhe
size of the added lumprd mass increa=od relative to the
overall structure ~a+<s, Thus, an as yet undetermined
upper bound exists, bevond which the predicted mode stigpos
and natural frequ ncies will cease to have an accept o ble

degree of accuracy,




The use of this algorithm requ': = one to obt.ain

modal data on the unloaded structure kefore the mass-
loaded modal gquantities can be predicted. This requires
modal testing facilities, test hardware, and the neccazary
software for conducting the required Fourier analvsis

on the Transfer Function data. This can mean o signi-
ficant commitment in terms of resources (manpower, mMoney,
testing facilitv, etc). However, with the advent of
portable modal analyvsis equipment, this investment in
resources 1s expected to decline rapidly,., One factor
not as easily evaluated 1s the level of expertlse re-
guired to successiully conduct the required modal test-
ing and subsequent data reduction in order to obtain
valid results. It was the authcr's experience that one
must rely heavily upon "expertst in this field to avoid
the pitfalls of guestionable test procedurcs or of an
invalid data analysis., The knowledge required to suc-
cessfully conduct the testing ard data analysis 1s one

of those intangible factors upon which it is extremely
difficult to place an evaluation,

The one serious limitation inherent in the use of
this algorithm i that it will not prodict mass-loaded
mode shapes, In<t-ad, it considers thoe mode shapes Lo
be unaltered by tio addition of mass to the structure,

Althoudgh unaltered mnde shapes were observed, they were
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randomnly sciatiered throusnhout Lhe . sriment .l datoa,

It is the opinion of the author upon review of the ex-
perimental data that even with a freguency shift the

mode shapes were altered far more often than not. This

is not believed to be a function of experimental methodo-
logy or questionable data, but rather an actual occurronce

in nature.

The Finite Element Method

Again, as 1in the case of the modal analysis testing,
a learning curve was assoclated with the use of the
finite element method as presented in NASTRAN, Unlike
modal analyvsis testing where the methodology used to
obtain and reduce the data is all important, the author
found the structural modelling technique, especially:
modelling of the boundary conditions, to be critical in
obtaining good results. Since the structure was support-
ed by bungy cords, the support conditions £0ll somewhore
between the "free-free" case and the “"clamped-clamped"
case at the panel boundaries. Thus, 1t was nol possibkle
to clamp the finite clement model at the edacs, nor was
it possible to allow the pancl to ke totally unrestroined.
Several methods of medelling the boundary conditions
were used to determine the model which most closely op-
proximated the aciu:l boundary oooditions,  Aamong the

methods tried were the restraint of rigid body modes by




G

modalling the bungy cords oo Tong 1o Lr rods with or
stiffness, the use of the SUPORT card or SPC1 cards to
restrain sutitable dogrees—of=Trecedor ot three non-=coliner

grid points on the panel edges, and the use of the SUPORT

card to restrain all six degrece-of-freedom at one select-

ed grid point. In the latter case a CONM2 card was used

with small mass and inertia values at the selected grid :
point to alleviate the singularity in the mass matrix im-

posed by restraining six degrees-of=-freedom at the sarme

grid point. The technique using SPCl cards was chosen as
the best method to model the supports.

In general, ecach finite element model generated a
greater number of natural frequencies (Tables 8 through ‘
12) than the MAC function test results (Tables 2, 4, 5,

and 6) indicated were present in the frequency range from

o

0-500 Hz. However, when the finite clement resulis (Table
12) were compared to Modal Analysis test results (Table

7), approximately the same number of natural freguencies
were obtained using these two methods. Although the guani-
ty of frequencies obtained using the finite element method
was approximately the same as those obtained from Modal
Analysis results and the freguencies were numerically
similar, it became apparont upon compatison of the modo
shapes from numerically similar frequencies that mere
numerical similarity of the natural freguencies was in-

adeguate by itself as a criterion for comparing the
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Modal Analysis test results with sinil - results from
NASTRAN, As the desired means of comparison of these two
sets of data was a “pairing® of "like" mode shapes, it
was unfortunate that this was not possible due to the
large discrepancy in mode shape versus natural fregquency
when the two sets of data were compared. Thus, a better
means of comparing analytical to experimental data is
needed and should be the subject of further research.

This failure in abilityv to compare experimental to
analvtical data presents a perplexing problem for tho de-
signer who wishes to minimize the vibrational effoects on
the hardware to be installed by placing the associated
attachment hardware at points of minimum vibration. Which
mode shapes does the designer believe? Even more distres-
sing are the "add’tional" modes which were computed by
NASTRAN. Do these modes really exist? Are they heavily
damped modes which exist not far from the noise floor?

Were these modes missed in the experimental testing due

to an inadequate sampling bandwidth? Or are these "addition-

al" modes puroly "synthetic" modes generated by the solution
software in NASTRAN but not actually existing in nature?
These questions remain unanswered and are seen as a seve.e
limitation of the "state-of-the-art" in vibration analysis.
Although a pairing of experimental versus analytical
(finite element, NASTRAN~generated) mode shapes was not suc-
cessful, no such lack of success was oncountered when

54

' |




pairing either NASTRAN-generated unlco .od data to NASTRU -
generated mass-loaded data (Table 12 and Figure 12) or
when corresponding Modal Analvsis Software data (Table 3
were compared. Thus, both methods appear to be internally
consistent when data generated by a particular method are
compared.

Since the thrust of this investigation has been the
comparison of techniques for predicting mass-loaded natu-
ral frequencies and mode shapes, and not to argue the vali-
dity of the experimental baseline data versus NASTRAN data,
one would be inclined to agree that NASTRAN presents the
easiest technique for the experienced designer to predict
mass—-loaded modal data. The basis for this is that if
all the NASTRAN-predicted modal quantities really do exist,
the designer has at his disposal all such data without the
need for testing which might lead to incomplete results.,

One area which has not been explored is the fact that
the Modal Analysis Software uses a least-squares algorithm
to fit the Transfer Functions for residues and phase angles
in a given frequency range. In the generation of the Modal
Analysis Software mode shapes, any phase angles gencrated
due to a frequency shift bketween Transfor Functions woere
ignored. This, by itself, will result in non-orthogonal

modal vectors, Since NASTRAN generates a set of mutually

orthogonal modal vectors, it mav bx possible to compare
the Modal Analysis data to the NASTRAN data 1f the offoct
55




of phase angle (i.e. - frequency shifo wilth grid point
within a given mode) is included in the display of the

Modal Analysis mode shapes. This capability is not pre-

sently available on the HP3451B Fourlier Analvser used in
the experimental phase of this effort. Should thils capa-
bility be added in the future, the apparent discrepancy
between the Modal Analysis and NASTRAN results mayv be
eliminated.

The percentage in absolute fregaency shift from the

unloaded pahel to the mass-loaded data are presented in
Table 12. Unlike Whaley's Algorithm wherc all but two
cases were within #+ 3% of the unloaded panecl results,
17 out of 58 (29.3%) were greater than this *+ 3% frequency
shift, Even more disturbing is the wide range of frequen-
cy shift indicated by mass-loading for some configurations
(refer to Table 12, Modes 12, 16, and 22). Thus, it would
appear that at least part of the NASTRAN data may be ques-
tionable.

A considerable expenditure of the author's time and
computer resources was made in obtalning these results.
For comparison purposes, the author kept records of the
computer resources used to obitain the modal data for each
of the three finite eclement models as well as for designing,
debugging, and running the pscudcinverse program. These
data are presented in Table 16. 1t should be emphasized

that the author was totally inexperienced in the use of
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NASTRAN at the outset of this efforv; rus, the expend. iure
of resources for the finite element data using NASTRAN

can be expected to be reduced by up to 75% by an enginecr
who 1s more experienced in the use of NASTRAN,

In view of the fact that the finite element method
results did not compare favorably with the experimental re-
sults, one must answer the question whether the time and
effort invested in obtaining these data was commensurate
with comparable investments from the other two methods
vis-a-vis their respective results. The answer lies in
the accuracy required by the structural modification, and
by the vibration sensitivity of the hardware to be install-
ed. In the case of electro-opticul devices which are
known to be inherently vibration sensitive, it would ap-
pear that, time permitting, this investment of resources
would be justified. However, one must weigh the desired/
required results with the method used in each individual
case. Thus, one of the other two methods (Whalev Algorithim
or Matrix Recovery) may, with other less vibration sensi-

tive installations, be optimal when all factors are con-

sidered.
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Table 16, Computer Resources Used bt . :btaln Nodal esalc

Finite Elrimnt Pseudoinverse
Parameter Models Matrix
Recovuryz

Total Average Total Average

Poer Run Per Run
Central Pro-
cessor Unit

Time (sec) 37590 178.16 3660 19,26
Input/Output

Time (sec) 75155 356.18 4640 21.56

Computer Cost | $4461.46 | $21.14 $280.,92 $ 1.49

1These data include post-processcor time using GCSNAST fon
models up to 158 grid points.,

2The data are for primarily nine grid point models and
include post-processor time using DISSPLA.

The Use of Pseudoinverses In _the Recoverv of the Discrete

Mass, Stiffness, and Damping Matrices, and Solutlion of

the Eigenvalue Problem

The recovery of the mass and stiffness matrices and
solution of the eigenvalue problem was considered by
Whaley (Ref 17) for a two degree-cf-freedom system and the
case of a sqguare modal matrix. When one extends this pro-
cedure to the case of a non-square modal matrix, Lhe pro-
blem becomes more - :mplicated because the mass matrix

will in general be “ully populated and thus the problem

becomes a general ized oigenvalue problem (Ref  #), A
simple example faor a1 three dergree-of-{reedom systom i
He




presented in Appendix A, There it 1s  hown that, when
only two mode shapes and corresponding natural freguenciesg
are considered, the resulting mass-loaded natural fre=-
quency and mode shape do not closely approximate the

analytical solution. Thus, it docs not presently appear

PO Y

that this method will yield accurate results for the case
of a non-square modal matrix. Further research into this
area is needed as an algorithm (technique) for predicting
mass~loaded natural frequencies and shapes for the general

(non-square modal matrix) case would be extremely useful.

Summary

The time invested in each method (including the use
of Brown's software, Ref 2) was approximately equal,
Although the author does not have such data on Whaleyv's
method, it is assumed since Glenesk completed an independ-
ent study effort leading to a Master's dearee that tho
effort expended in the use of Whaley's Algorithm would be
comparable to the other methods. Fach method has both
drawbacks and good points, and the use of any one method
over another will have to be seasoned with a great amount

of engineering judagment.
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VII Recommendations

In retrospect, it appears that the test ltem selected
was much too ambitious for the comparison of the three
modal analysis techniques. One suggested test item would
be a uniform thickness flat plate. Many experiments have
been performed on such an item and analvsis of the uni-
form flat plate is included in many elementary vibrations
textbooks (Ref 5). Once the methods have been tied to-
gether using this simplified model, modifications to the
structure could be added onc at a time and the process
would be repeated. Thus one would gain faith in the three

methods and, at the same time, gain valuable experience

concerning the interactions between the various struc-
tural ccmponents. i

Along the same line of the gradual increase in struc-
tural complexity is the incremental increase in the added

point masses, It 1s envisioned that this small incre-

mental change in added mass would significantly aild in
tracking frequency shifts during the method comparison
phase by allowing better visual comparison of the various
unloaded and mass-1naded mode shapes.,

The fact that phise angles different from zero were
present in the experimental data gives rise to the ques-
tion "Were these real modes?"  Specifically, this question
is precipitated because a mode shape which can be visually
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observed is inherently real-valued w.':1 no phase angle
between the peaks in the Transfer Functions at a given
frequency. If, in fact, a complex mode did exist, a com-
plex display would be necessary to properly observe the
behaviour of the structure. Further research on the sub-
ject of caomplex-valued mode shapes is beyond the scope

of this report but should be pursued in the future.

One area using the square/rectangulav modal matrix
which has not as yet been investigated is the addition of
a structure such as a tripod which connects three or more
grid points, Hence, off-~diagonal terms are gencrated in
the mass and stiffness matrices which further complicate
the issue because the subject of finite element modelling
of the tripod structure (or any other added structure)
enters the picture., It is the avthor's opinion that this
would be an interesting problem for one who 1is interested

in furthering the rescarch in this area.
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APPENDIT X

I

Mathematical Considerations and Exampio Droblerm
In the Talculation and U-o of the Pscudoinverso

Mathematical Consideratlions

In the paper by Penrose (Ref 8) 1t is shown that
. | . . +
for any matrix A there 1s one and only one matrix A

satisfying the “our conditions:

(1) aa*a = a (A-1a)
(2) ATaat* = at (a-1b)
(3) (AA*) = aat (A-1c)
(4) (a*a)" = ava (A-1d)

The matrix A%, called the pseudoinverse of A, is the
matrix such that for the inconsistent set of equations
A X = b, the solution X = AT b represents the optimal
solution to the least squares problem A X = b,
Nov, consider the problem (posed by Noble, Rel 7
A X = b where A = BC, and A, B, C are, respcctively,
mxn, x K, and X x n, and all three matrices are of
rank k, then the solution of A X = b which minimires

a) the sum of the zquares of the residuals T

where ¥ = b - A X, and
. . - | - - i N 1- ..\'.',T_.
b) the sum 7 the squares of the unknowns x X,
t . . - N N
is given by X = & 2, whore
+ — T _l e
At = T oee™ L (83Tp)7 BT (A-2)

When one accomplishes o decomposition of the matrix A
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in +he form A = LU where N s anom o x ¢ oratrix, Io1s
an m x m matrix, and U is an m x n matrix, B, F%rI, C,

and ¢T in cquation A-2 can be replaced ky L, LY, U, and

T

U' respectively, Eguation A-2 then becomes (Ref 10)

at = vt e Wty T

Example Problem 1. Calculation of i~eudoinverso

Armed with equation A-3, let us consider an ex-
ample problem. Let tho matrix A be represeonted by

. .

=

i
W BN =
[oNele
[@N = N®]
OO

Following the procedure orf Strang (Ref 10), the follow-
ing procedure is used to decompose A into L and U factcors.
Using an elementary matrix, E, to accomplish multipli-
cation/addition of rows in matrix A, and a permutation
matrix, P, to interchange rows to achieve non-=ero pivot

elements in U as needed,

PEA = U, and (a-1)
A= (pE) Y U= LU, (A-5)
The "7 decompos ‘tion of the gilven matrix will now

be calculi . «d.

1.0 0.0 [ 1 o olli.0 0.5 1.0 0.5
A=l2.0 1.0——1l-2 1 uflo.0 1.0]= caslo.0 0.0
3.0 0.0 tfe 0 1{{3.0 0.0 0.0 -1.5

Notirg that the second row of BEA containg a nen-zoro

pivot element, a row exchange with the third row of




I ‘

EA is accomplished using a permutatin, matrix as
i
1 0 0]]1.0 0.5 1.0 0.5
0 0 1110.0 0.0f(= P (EA) ={|0.0 -1.5|= U, \
0 1 0f]0.0 -1.5 0.0 0.0 :
L

To get L, augment the m X m PE matrix with an m x m
identity matrix on the right side and perform ele-
mentary row operations until an identity matrix is ob-
tained in place of the original position of PE. The
matrix now occupying the previous location of the

original identity matrix is the inverse, (pEN"L,

1 0 0'1 0 O 1 0 0,1 0 O
[pE{I] =|-3 0 1:0 1 O/——|0 O 1,3 1 O
-2 1 0.0 0 1 0 1 012 0 1
1 0 0;1 0 O
— (01 012 0 1} .
0 0 1 :3 1 0
Thus, A = LU becomes
5
1 0 0}11.0 0.5, 1.0 0.5
A =1LU=(2 0 1{|0.0 _l‘5i: 2.0 1.0y .,
3 1 0}]0.0 O'Oj 3.0 0.0
According to Reference 10, if the matrix U con-
tains rows consisting of all zerc¢ elements, one can
delete those rows in U and the corresponding columns
of L to obtain new factors L and U such that
A= 10U (A-6)
Thus,
L 1 0 {].O 0.5 1.0 0.5
A=LU={2 06fl0.0 -1.5]=12.0 1.0
3 1 3.0 0.0
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The psoudoinverse of A bocones

- —_—T - -Tem - -—
l at = gt @Ht (i)t o, (A=7)
Continuing to obtain A+,
:1 -1
. o (-0 o0.5][1t.0 0.0 12 3[1 o\_.
A = U 0.0 -1.5]10.5 =1.5 0O 0 {12 O}])L
, - 3 1)
! -1 -1

i
[@N
(G N e]
|
= O
(U‘IO
|
Q=
~J N
i
!
oo
NSRS
L_&lxl)
—
=
Wl
O
[@N 8}
[ Y]
| S

I

. + .
Once the matrix A has been calculated, one must veri-

1]
BN
UJH
—
[
@ O
[OV]
Y O
!
W =
S a
L_ "
2 s el Bl - -

. . + .
fy that equations A-la and A-1lb hold. Since A and A contaln
only real numbers, conditions A-lc and A-1d need not be
checked. 1In general, all four of conditions A~-la through

A-1d must be checked. Checking,

+ 1.0 0.5 110 0 15| [1.0 0.5 1,0 0.5
AA'A =12.0 1.0l%=1{18 36 =30 2,0 1.6|=[2.0 1.,0{- A.
3.0 0.0 3,0 0.0 3.0 0.6
Simularly,
v 4 ; [0 0 15 [1.0 0.5), [0 O 15
ATAAT = = 118 36 =30 2.0 1.00== 18 36 =30
2ot - 3.0 0.0] -
[0 0O 15
=L l18 36 -30| = A",
45 [ J

. + .
Thus, the matrix A represents the psoudoinverse of {he
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original matrix A,

+ .
If we take B = AT and compute B , we find

0 i8
gt = L {o 35} = (ahHT.
15 =30
If we let A = U, B = UT, equation 3-a becomes

ut™MU = BMA = I. (A-8)

Premultiplication of equation A-8 by B+ and postmultipli-

cation by a¥ yvields

+ + +
B BMAA = B IA = B A . (A-9)
The solution to equation A-9 is

M = B 1AT (A-10)

provided the consistency condition
+__+
BB TA A = I (A-11)
holds. The reader can verify eguation A-11 is valid.

Thus, the mass matrix becomes

;[ 324 648 - 540
= 42| 648 1296 -1080
-540 -1080 1125
0.16 0.32 -0.267
={ 0.32 0.6 ~0.533| . (A-12)
~0.267 -0.533 0.556

Before one can be sure eoquation A-12 represents the least

squares solution to the mass matrix, one {inal check must
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be made;
? )
BMA=TI, (A=13)
The reader can verify that equation A-13 holds. A similar
procedure is followed to calculate the unloaded stiffness and

j damping matrices using equations 2 and 3, respectivelv.

Example Problem 2. Calculation of Mass-i.caded Mass and

Stiffness Matrices

Following the procedure cf Example Problem A-1, consider
the three degree-of-freedom system of Figure A-1. Let My =
Mp = M3 =1 and K1 = Kp = K3 = 100. Neglectirg damping and

the forcing functions, the equations of motion become:

1 0 0)(%; 200 =100 0 le 0|
0 1 0f{¥X3 +[-100 200 -100|k5) = {oi . (a-14)
0 0 1f(x5 0 -100 10dli<;) (o]

These equations are the three degree-ocf-freedom elgenvalue
problem for this system. Upon solving equation A-14 for its
eigenvallies (natural frequencies) and eigenvectors (mode

shapes), the resuits in column two of Table A-1 are obtained.

Table A-1, Analytical Data From Three Degree-of-Freedom
Spring-Mass-Damper-System
Parameter Mp=My=M3=1 Mp=Ma=1, Mp=2

K1=K5=K3=100

K1=K,=K3=100

Unnormalized
Modal Matrix

1. -.802
A5 1.
802 -.415

.45
0802
1!

1. -.675
=152 -.103

311 1,

161
L8355
1.

Natural
Frequencies

m1=4.45
m2=12.47
m3=18.019

.'J§l:3.813
w,=11.,819
(,)3=l5.648
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Equations of Motion:
Mass Matrix Damping Matrix
M 0 0 gl' (C1vCp ~Cp 0 %
KXo F =Cy (Cy+C3 -C3ik
X

Stiffness Matrix Forcing Function
"'Kz (K2+K3) "K3 s*( = f:_)(\“)‘
0 “K3 K (x3§ £5(t)

Figure A~1, Three Degree of Freedom System

Next, let a mass nf magnitude one be added to mass M, sucl
that My 1s now egual to two. This will simulate a mass-
loaded configuration, Data for this configuration are listed
in column three of Table A-1, Note that the mass additiomn
lowered the natural frequencies and modified the mode shapes,
Now, consider the first two natural frequencies and cor-
responding mode shapes (Table A-1, column 2) ‘o be the meas-
ured modal data in the frequency range of interest. Using
the procedure of Example Problem A-]1 to recover the mass and

-

stiffness matrices, the "generalized invers." equations of

motion become:




185 =.105 - 131 {Xg) F 0309 - 12 12, 729] [y
-.105 ,353 =-.237} % +'j34.212 47,009 =22.523] lxo =
-.131 ~.237 .249] X (x'

X3 11.719 -22,223 12.871
0
of (A-17)

After adding a unit of mass to the My, term, and resolving

the eigenvalue problem, the following results were obtain-

Lo asie.mmms . X

ed:
W, = 0.02 E
W, = 4,45
w5 = 12.46

Comparison of these results with column two of Table A-1 3

reveals that, with the exception of ml, the values are
nearly icdentical with the unioaded results. and that the
magnitude of the frequency shift was nowhere near that

which was encountered in column three of Table A-1,
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APPENDIX B

Detailed Modal Analysis and Test Procedures

Modal Assurance Criteria (MAC) Function Testing

The test panel was suspended from a ceiling-mount-
ed conduit in the Structural Vibrations Branch (Bldg 24C)
of the Air Force Wright Aeronautical Laboratories (FBG/
AFWAL) by bungy cords which were approximately four feet
in length. These bungy cords were attached to the panel
through holes in the skin located necar each of the four
edges. The test grid used by Glecnesk (Ref 3) was marked
on the upper surface, and a reference accelerometer was
mounted on the skin (see "x" on Fig 2) using double-backed
tape. The reference accelerometer and moveable accel-
erometer responses were individually amplified and filt-
ered through a pair of matched filters before thelr signals
were input to the HP-5451B Fourier Analyser (Ref 1),
The reference accelerometer was used to provide the trig-
ger signal for data sampling,

With the panel configurced as described, the move-
able acceleromcter was mounted at grid point number one.,
The panel was then excited (Lapped) 15 times at randomly
selected locations. Following each tap, and prior Lo
computations using thesoe data in the Fourieor Analys=er,

each data sample was viowed separatelyv on a refresh=trace

- Gotuiacnidettenkanniiiii ",




oscilloscope to insure the tapping i© d rot overloadod

the internal electronics, cor that multiple excitations
had not occurred during the data sample. Assuming an
acceptable data sample had been obtainced, these data

were stored in the Fourier Analvser, FEach time a good
data sample was processed, the response data Zor that
sample was averaged with the previous sample(z) such that
after 15 iterations the stable average for each channel
was computed. Using these average response data with

the reference accelerometer as the input and the move-

able accelerometer as the system forced response, the

Fourier Analyser calculated both the MAC and Transfer
Functions for that grid point and displayed the Transfer €
Function on the oscilloscope. At this point the user 4
had the option to either accept the data, or reject the
data and reaccomplish this process for that grid point,.
If accepted, hard copies, including plots and digitial
intormation, were made of Transfeor Function and MAC
Function data. The Transfer Function data were stored
for later use.

The next step was to successively mount Lhe movo-
able accelerometer at each of the remaining grid points
and repeat this procedure. Once the entire grid had
been surveyed, the MAC Punction data were exanined Vo

determine candidate Trequencies for which a curve Ot

73




of the TransZer Function data would ke e, Prior to
curve-fitting the Transfer Function data, ecach discrete
Transfer Function was examined at the given froguency
range to determine the data with the "cleanest" spike.
This spike was fit first using a least-squares algorithm
i to determine the natural frequency and damping ratio to

i be used in each of remaining Transfer Functions to deter-
‘ mine the mode shape at that frequency. This process was

repcated for each candidate freguency ranqge identified by

by the MAC Function data in the range of 2-500 iz,

i Modal Analvsis Test Procedure

Several grid sets were used in this testing: the
25 grid point scheme of Glenesk (Ref 3, Figure 2), a 25 grid
point scheme (Figure 5) to coincide with the addition of

structural components, and a 65 grid point model with fine

meshes superimposed on cach of the {our internal bavs (Figure

6) to investigate the modes of vibration of each of these

bays. Since the test proceodure is identical Zor each grid

set, it will only he discussoed for the 295 grid poini s—heme,
This testing used a moveable accoloromator Lo survey

the grid., However, unlike the MAC Tunction testing, o

second stationary accelerometer wis not used,  Instead,

one grid point was selected (number one for this qgraid)

at which the structure would be excited by an impact

hammer configqured with a load cell to measure the gmplitude
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of the impact. The output fron tle 1o ~ell was used -
the trigger source with the moveable accelerometer meas-
uring the forced system response, Again, unlike the MAC
function testing, the structure wa:. excited only five times
at each grid point. The number five was chosen for two
reasons: first, it was noticed during the MAC function
testing that more than five data samples had no signifi- .
cant impact on increasing the accuracy of the average I'SD;
and second, due to the large numker of grid points used in
the larger models, including more than five iterations per

grid point would cause excessivelv long testing while pro-

PRSI S

viding little, if any, improvement in the quality of the

data. f
The process began by mounting the accclerometer at

grid point number one and exciting the structure using

the impact hammer five times at the selected exgitation

point. As in the MAC function testing, the data were

examined following each discrete sample to determine

if an overload of the internal electronics or a multiple

excitation had occurred, As-suming acceplable dala weroe

obtained, the discrete force input was multiplied 2o

force window (Figurce B-1) to artificially force it to

die out rapidly as would br the case for an impulse ox-

citation., Similariy, tho structural foroed response

was multiplied by an oxponontlially decaying window (Figuro

B-2) to simulate the offoct of dambinag on the structural
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HP5451 Usor Program
1L 0
a4 M5 11
1.0 7 M5 31 99 1
1 12 M5 1 1
16 MS 31 -100 1
21 - 1 512
25 CL 1 0 511
30 CL 0 512 1024
35 A+ 1
38 D
40 J 0
43,
0 4

Time

Figure B=1. Force Window.

HP5451 User Program

1
4
8
1.0 4 11
14
18

25

L 0
MS 31
L 1
MS 1
M 11
Y 88
# 1

o

1 0 630

Time

Figure B-2, Yxponrntial Decay W
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response. The average ol cach = aiple o th proceeding
samples was computed alfter cach of the “Tive discrete dato.

~

samples was accepted. As before, o iTransfier Funchtion was

computed for each point. Upon completion of the fifth

iteration, the average Transfeor Function and a Coherence
Function were computed and individually displaved., 2
decision whether to accept the data was based on a Coher-
ence Function with many of its values at or near one in
the 0-500 iz range., This preccess was repeated until the
entire grid had been surveyved.

Once the survey was complele, a grid point was seleci-
ed which was believed to contain all the modes ©f the
structure, Several methods for examining the Transfer
Function data at that grid point were available In the
software. Among *hese methods were a Kennedyv-Plancu Cilrcls
fit, a least-sguares algorithm, and an option which merely
corputed the magnitude of the TransZor “unction at ~elected

frec¢ oncies where the real and Imaginary parts of the Trans-
< T YOk

fer Fanc!ion were 90 degrees out of phaze with oach otteer,
Initially the author selected the magnitude opticn a: i4

ighores damping. However, the leoast-sguares alagoriiiem wos

eventually used to analyse the data,

Mathematical=-~xporiment 41 Procoe-yro

This procedure uses the experinent ally delormined
modal data for the unloaded panel ot hored o the Modad
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Analysis Section presented earlier in this Appendix. The
mathematical portion of this procedure begins with the
general matrix-vector differential equation used in modal
analysis,

[M] X + [C] x + [K] x = £(t), (B~1)
where [M] is the mass matrix, [C] is the damping matrix,
and [K] is the stiffness matrix, all of which are square
and symmetric matrices. A generalized coordinates solu-
tion to this equation results in "n" uncoupled equations.
Assuming the solution to egquation 1 can be written in the
form

x(t) = [U] g(t) , (B-2)
where [U] is a square matrix consisting of mode shape
vectors as its columns (l1.e.-the modal matrix), then it
follows thrat g(t) is the generalized coordinate. Following
the derivation of Meirovich (Ref 5) after substitution of
equation B-2 into equation B-1 and premultiplication of

equation B-1 by [U]T, the following definitions are made:

[vlTiM] [ul = [1] (B-3a)
o

[v1T[x] [V] = , 9n- (B-3b)
< 0

[ul®lc] ful = . 2wy | - (B-3c)
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With these definitions equation B-1 bccomes

gr + 25r®rQr*‘®§Qr'=fr s Y=1, 2, 3, ... (B-4)

where f (t) = [U]T f(t) is the generalized force.

Equation B-4 can be solved for at most "n" natural
frequencies. However, there are often less than "n"

natural frequencies in the frequency range of interest

such that the modal matrix contains fewer columns than it

contains rows, It is proposed to premultiply each of the

equations B-3 k&r¢LﬂT>—l and postmultiply each of these ‘
equations by [U]'1 in such a way as to isolate the mass,
damping, and stiffness matrices on the left side of equa-
tions B-3 which involve these respective matrices. 1In
general, [U]T and [U] will be non-square (rectangular)
matrices necessitating the use of the pseudoinverse devel-
oped by Penrose (Ref 8) to find their inverses. Using

a superscript "+" to indicate a pseudoinverse and after
the previously mentioned pre- and post-multiplications,

equations B-3 become

+
([U]T> [l [vl* (B-5a)

+ /N 0]
([U]T> ( T2 > [ul* (B-5b)
0 s,

+ [~ 0
([U]T> (Ozﬁnwn\> [ul* (B-5c).

+
([uJT) (vl® [M] [ul [ul”

+
([UJT> it x1 [vl vt

([U]T>+ (ul® [c] (vl [ul®
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Equations B-5 can be further reduced using standard linear
algebra matrix manipulations (Noble, Ref 7) to yield the

mass, stiffness, and damping matrices respectively as

+ N
[(M] = ([U]T) [rl] (vl? (B-6a) '
YR 0
K] = ([U]T> <O‘w;21\ ) [ul* (B-6b)
+ /< 0
[c] = ([U]T) (o\ an‘”n )[U3+ (B~-6C).

Reference 8 (Penrose) contains the basic theory of the
pseudoinverse.

With these definitions for the mass, damping, and stiff-
ness matrices, and the experimentally determined modal data
for the unloaded panel gathered in the Modal Analysis Section
presented earlier in this report, one can calculate the
mass, damping, and stiffness matrices. Appendix A contains
a simple example of the technique.

Since the thrust of this procedure is to accurately
predict the mass-loaded natural frequencies and mode shapes
of a complex structure when only the unloaded modal data
are known, the procedure must be continued to recover mass-
loaded modal data (wn,? ns» Un). For example, consider the E
mass matiix. When the designer has made his decision re-
garding the placement of the additional mass (hardware) in

the structure in question, he nced only add an appropriate
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mass in the mass matrix at the proper grid location to
obtain the modified mass matrix. A similar procedure is
followed to obtain the modified stiffness and damping ma=-
trices. Assuming one is only interested in mode shapes

and natural frequencies, the modified mass and stiffness
matrices are substituted into equation 4., Equation 4 is
then solved for the mass-loaded natural frequencies and mode

shapes.

Finite Element Modelling Procedure

Finite Element Models. The three finite element models

used in this analysis were described in Section II. Because
the development of a finite element model is described in
Reference 11, the main guestion became how to add a quanti-
ty of mass to the mass matrix which would be used to solve
for the modified natural frequencies and mode shapes.
NASTRAN provides this capability in the form of a CONM2

card which adds a finite-valued point mass, including its
inertia properties and neutral axes offset, to a particular
location in the mass matrix. Another card, the ASET1 card,
was used to discard all but the out-of-plane translation
from the analysis set in the solution for mode shapes and
natural frequencies. Appendix C contains listings of a sam-
ple NASTRAN deck used in the modal analysis of each con-
figuration,

Analytical Procedures. NASTRAN (Ref 11) uses several
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rigid formats to provide flexibility to the user in the

analysis at hand. Rigid Format 3 was chosen for the modal

analysis of the test panel. This format neglects damping

and solves equation B-1 with the forcing function and damp-

ing matrices set equal to zero, The output from this For-

mat is a table of the "n" natural frequencies and tables of

the "n" eigenvectors (mode shapes). These data were then

post~processed using GCSNAST to be displayed on a standard !

computer terminal. ]

S
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Ce UT ¢ AX ¢ U = 0ONEGA

Ce

Ce WHFRE U =« THE 900AL MATRIYX

Ce ur = THE TRANSPOSE (OF THE a0DAL “ATRIX

Ce AN = THE %ASS ®=ATR{IX .

ce At = THE IDENTITY MATRIX

Ce AC o THE OAXPING MATRIX

Ce ax = THE STYIFENESS MATRIX

Ce ZEYS = & DIAGONAL “ATRIX WITH THF PRNDUCT OF THE
(]

g: EACH ®ODE ORQERED

Ce O%EGA = A DIAGANAL MATRIX WITW THE SOUARE 0OF THt
Ce NATURAL FREQUENCY FOQ EACH “O0F ALONG THFE
Ce *AIN DIAGONAL ORDERED IN INCRFASING MQODt
Ce NUNBER AND JEROES ELSFWHERE,

ce

CP000000 0000000000000 0000PetottltRttIntotetortteritetttotitatetortnesttsstocinese
Ce

COSOLYING THFSE FOUATIONS USING STANDAPD MATRIX “ANIPULATINNS YIELDS:
Cce

Ce AM &« UGITN ¢ Al ¢ UGIN

Ce AC = UGTIN ¢ T4 ¢ uynlin

Ce AN = UGITN ¢ OMEGA ¢ UGEN

Cce

ce WHERE UGIN o THF GFNEQALTZED

Ce MONAL MATRIX

C* UGITN o THE TRANSPOSE NF UGIN

Ce

CONOTE 7O TME USER: [F J IS THF NUSAER OF GRTD POINTS aND ( TS THE
Ce NUMBER NF ®ONES IN THE FOEOQUENCY RANGE OF

ce THE MATRICFS DEFINED ARQOYE SHNULD BF DIMENSINNED
Ce AS FOLLOWS:®

ce AMoAC o AK AT o ZETA, AND OMEGA:

Ce UGIlN H

Ce UGITN H

Ce v .

Ce TETASNRFGAS , AL H

Cce

(6000000000000 000000000086000000000000000000000000000000000000000000000000¢000¢

DAMPING,

NATURAL FREOUENCY AND THE DAMPING RATIO FOR
IN INCRFASING

INVERSE OF THF NOR®ALLIZED

NIMENS 10N
DIMENSION
DIMENS TON
DIMENSION
DIMENSION

INTEREST,

Foaw ™

15 ONLY INTERESTED

“ONE NUMRER
ALNNG THE MAIN NDIAGONAL AND JERQDES ELSEWHERE

X
X
X
X

F & o

.
]
.
.
]
.
.
L]
]
.
[}
[ ]
L ]
(]
L]
[ ]
.
(4
.
LJ
*
*
L]
]
.
]
¢
.
*
*
L]
*
*»
*
L
*
.
*
L]
]
*
L]
L 4
*
»
.
*
L]
]
[}
[}
.
[ ]
*
L ]
[
L ]
.
*
*»
.
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CONRD = NUNERICAL ROM DIMENSINN .
conNe ® NUMRFQ 0OF QQuS L4
CONC o NUYAER COF COLUMNS .
COINITTALIZE THE MATRICES: .
COOOO..OOO.‘.O000‘0000000.0“.0..0..'00..0.000.0‘.0‘0..00000000.00..0.000.‘.‘..'

DIZENSTON UULQ,914DIF19),DIFFIQ),DIFLII},DI1F21(9)

DINENSTON XACIN (YACITZATE oXUT1 oY (TN o ZOCII S XXI3D,YYL3D,2203?

CIMENSION XXX(Q},YYY(Q)2I2(9)

DIENSION AALP(9)

DIRENSIAN USIQ49)2U19,904,U7(9,9),UR(9,9)

DIMENSINN WARNATG) JWALPIOY JUATQ,9),ERROR(D)

DINENSTION AAT(9,9),F 19,91 4GUT3F) sHIF T JONECAITT)4ULR,90,UT(9,9)

DIMENSION AC19,9) sAT(, 90 ZETACT 4N 4FF 19,91,C19,9) yHHIG,9) sHAL9,9

LIeFFE(G,91,4GCG1949)4C19¢90,019,9) 960991, ZETASII) 4OMECASII),ALL1I)

PIMENSION ERPORLI9}

DIMENSINN WAMBDA(9),UCTTNIO,9)

OINENSION SUMLD) 4SURLI9),SU2(91,SUNI(I}

DISFNSION SUM&L(9)

REAL A%MI9,91,U3P (B¢ sSINIMKI(I6IUIIT RIBRETA2I9),MKGT1162)

REAL ALF 9 1oUCINIQ O e TNLsSTO) (WNE262F¢ANT9¢3) 4 AKI9,9) ,BETALIY,U2(

19,90 e WK2U162) 4 AAM{9,9 )4 AAKTD,49) 4BETALION ¢WK1116204ULIT49) W EGALI)

COMPLEX ALFAT9Y 719,90 4ALFATII V471U 94,0NECAQ(THoRLANBDALD)

COMPLEYX BLFA2(91,731(9,90,ALPI9)

DINENSION OMEGLCB48) ¢NMEGALLBY oAL18,8) 4CCII,8) 4UITPI9,8)44"A19,9),

100¢9,81

NR =9

NC=9

ND=R

CALL CO%PRS

NCASES=3

DO A KK=u] NCASES
COOE D0 000000080000 0008 0080000000 R¢ROItROTEOUPGIISOIBNIINCIIOIICEEttRetsttRetecitee

ce .
Cé READ STRUCTURAL GRID POINTS .
Ce ]

COOPOGO0000CRCERINIRINIININNIBIBINONEEIR000000RNINS00E00000000000000000000 0000
DO 202 T=14NR
READO,XTT),Y(13,2011)
TFCFOFISLINPUTI.NELO) STCO
202 PRINTe,x(Tbh,vUI},20(1)
COOGIEIOIGI0C0A000000000Ett000BItaPRIRTRIRICORENeErttiotiiotittaieetteeeststtsste

Ce .
Ce INITIALIZE THE MATRICES L]
Ceo .

C......O‘0‘...0.000....000.0.0‘.‘...‘0.0.....Q...00“‘.‘".0...“.“0.0‘0..00.‘.
D0 111 T=]1,.NR
00 111 J=14NC
Al1y))=0.0
Utl,431=0.0
U2tlsJ1=0.0
UAlT,)0=0.0
UT(3,11=0.0
UGINC ), 1)=0,0
UGTTN(T,3)=0.0
ZETASU1=0.0
ALES)=1,0

111 OMEGAS(J1=0.0
00 2 Te=1l,4NC
00 2 J=1NC
AT(1¢4))=C.0
OMEGALT4 10,0

? ZETA(L,4J9=0.0
00 333 T=1,NR
00 333 J=14NR
AM(Is))=0,0
AK(14)1-0,0

333 aCtl,y41=0.0
00 70 1=1,ND
00 70 J=1,ND
ALUT40)=0,0

70 0'FG1IT4)1=0.0
PRINT® ,"THE (NITIALIZED “ATRICES ARE:"
PRINTe, = THE MODAL “ATRIX:®
00 61 I=1,N®

(3] PRINTO (UL )¢ 1.NC)

Figure C-1., Program Matrix Listing (Continued).
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PRINTS » THE MODAL MAYRIY TRANSPOSE:®
no &2 J=1NC
62 PRINTO L IUT LS TNyl NRY
PRINT®, " THE GENERALIZED TNVERSE:™
CO 63 1=14NC
63 PRINTOLLUGINT J41 Ty T=14NRY
PREINTS » THE GENERALIZED INVFRSE TRANSPNSE: ™
00 64 [=1,NR
64 PRINTS ,(UGITN( T, St ¢I=1oNCH
PRINTO,™ THME ZETA ™MATRIX:®
0N &S T=1,NC
65 PRINTS,(ZETAC T )Yy JuloNC)
PRINTS,™ THE OMEGA ™ATRIX:®
00 66 1=14NC
66 PRINTO (OMEGATT2) 451 eNC)
PRINTS ™ THE *DUMSY® ®ATRICES:™
PRINTS THE AL “ATRIX:"™
01 131 T=14NC
131 PRINTe AL}
PRINTS,~ THE MASS MATRIX:®
00 132 T=1.NR
132 PRINT®,(AM{], 3}, 3=]1,NR)
PRINTS ™ THE DAMPING MATO[X:®™
00 1313 1=1,NR
133 PRINVO(ACIT 3)sJm1aNR)
PRINT® ,~ THE SYIFFENESS maTR[Y:"™
00 134 T=1.NR
134 PRINTO,(AKIToZ)eImlNRY
PRINTS,* THE IDFNTITY watRiw:®
00 135 1=1.NC
135 PREINTS (AT, 30e3=1NC)
CP00000000 0000882000008 030800000800380000 038008000040 00003800000000848000000000000
ce
Ce
C® RFAD Z€Ta AND O%ECGA VALUES FOR UNLOADED PANEL
Ce
ce
COPRGIPP 0GP EER 000000000080 0000000000003¢00 8000000 0¢0000040080000030060000000 ¢
COOG 000 0000000033000 800¢000030000 8083000000000 ¢000280000¢0800005000000000000000%0
Ce
C® OPYIONS: LLL=13 THIS OPTION MILL ALLOW THE PREDICTED “ODF SHAFES FRO% THE

e e 00 -

.
Ce SQUARSE «0DAt ®ATRIX TO AE PLOTTEN, .
ce LLL=2: THIS OPTINN RFQUIREFS THAT THE USER NRNER THg ACTUAL ®ASS- .
Ce LOADED FREQUENCIES AND MIDF SHAPES WITH THEIR CORRESPON- o
ce DING UNLNADED NAYA TO PLOT THE ACTUAL NATYA, .
Ce LLL=3; THIS DPYINN ALLOWS PLOTS F02 THE PSEUDCOINVERSE “0DE SHAPES. ¢
Ce .
COPC0P0E0000000000000000000000000000000000000000000000000000000300800000006000000

tie=1

TFILLL.E0.,2Y GO TO 258
00 1016 T=1,NC
1016 READIS,1CI7) OMEGASITYILZETASLIY
1017 FORMAT(27X FA,Y,FR. 20
D" 80 1=1,ND
00 CM GAL(T =D EGAS I}/ 100,
PRINTO,"THESE ARL THE VALUFS 0OF CMEGAL:"™
PRINTO L (ONEGALIT )y I=1,NM)
CO0000000000000000000000080400000000000040000053000000C8000)00030400000048000000

*
Ce .
C® READ MUDE SHAPE YECTORS AND NOR™ALIZE .
ce .
ce .
COP 0000000000000 000000000000000000000800000000600000000000000806000000480800000000

D0 1018 J=14NC
00 1019 T=1,NR
1018 FEANIS,1017) Atle N2
1019 FNO“ATELIX,FL0.2)
NN 41L T=1l4Nn
0N 411 J)=1.NR
A1 AT 1¥eatl,11/100,
00 2tR jJ=1,NC
SUN{3)=0.0
D0 219 T=lN?
219 SUME I eSUME SN oAlT, )00
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PRINTO SU“t 59
SURL J)=SORTISURC I
0N 217 I=1.NR
218 AUT s 30=Aatly 9V/7SUNL YD
00 221 1I=1,NR
221 PRINY®,(AtT4)V o gl oNC)
00 22N 1=1.NR
00 220 Jel,.NC
UtTe V=AY
220 UTtI.1Vertle )
COOGIR0BC00300000000030 808000306000 000¢0000000000000028000308000000800000000000000

ce .
Ce DELETE THF LASY COLUMN FRN® THF MODAL MATRIX U TN FOKe THE QECTANGUL AR .
Ce wmaATRIX U3, .
ce .

c......"..‘"‘.‘0..0“.“0.'..‘.'.C‘Q0...“‘00‘.‘.0“.000000“‘00...00000.‘..0.
DO 81 I=1eNR
0N 81 J=1.ND

[} UliTeJV=AlT4))
PRINT®,™THIS IS THE U %“ATRiX:%
NO 91t T=14NR

911 PRINT®,,tULLJDei=1NRD
PRINT® ,®THIS S THE A MATRIYX:"™
00 91 I=1,.NR

91 PRINT®,(ATT 500 duloNR)
PRINT®,“THIS IS THE UT “ATRIX:™
00 92 T=1.NR

92 PRINTO{UTtI )V e d=1oNR)
PRINTO,™THIS IS THE U] WATRIX:"
D0 B2 Te=1,NR

82 PRINTO,{UIT S l=1,NDY
00 71 t=1,NF

Ti ALP{I)=0.0
00 83 [=1,ND
OMEGLET 1 1=ONEGALLI VO

83 A1(1,1)=1,0
PRINT®,"THIS IS THE OMEGL “ATRIX:"
0 84 [=1.,ND

8s PRINTO,(OREGL(T o3V o lel NDY
PRINT®,®THIS IS THE Al MATRIX:*™
00 85 T=1.ND

L3 PRINTE, 1AL J=loND)

COOROOIEICIIINROPCRGC 0000000000008 000CC00RRI00RIININREERCICIUICIOIINI0RTROIIOIOITERTIOIOOYS

Ce .
Ce .
C*CONPUTE THE GENERALIZED INVFRSE (OF THE MODAL WATRIX AND ITS TRANSPOSE .
Ce .
Ce °
COOGOOPICPIPEIORE00C000000I0000000000000000000000008000000000000000¢000000000000

NRN1 =9

NRDe9

NC=9

NRe9Q

TOL=0.0

20 CALL LCINFUASNRDWNRGNE ZTNLLUGTINNRDLS o WKLTERYD
PRINT®,"THIS IS THE ™MATRIX UGIN:™
DO 77 t=1,NC

17 PRINT® (UGINIT4J)yI=1,NRY?
D0 1235 ([=1.NP
N0 1235 JeloNC

1239 UGITNITL, I=UGIN( o1
PRINT® ,"THIS IS THE %ATRIY UGITN:"®
00 414 [=1,NR

41e PRINTOCUGTITINIT U)ol oNCH
PRINT®,"THF YALUES NF ZETA AND DYEGA ARFy RESPECTIVELYI™
00 15 fe]l,NC
ORECAS(T =0t CASETY/100,

15 PRINTOZFTASTIN (Y4t LASTLTY

COOB0S00000000000000003 000000000000 00 0088000830800 020030000009458004000008040¢00000¢

Ce .

Ce COMPUTE THF GENFRALIZFD INVFRSE OF Thf “ATRIY U3, THIS IS THE MATRIX UYP, .

Ce .

ClOOGP0000000000000 0000000008000 0000000008000080000000000000008000000000¢000000000¢
NRN1=Q
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NRY=9
NCIag
TOL=0.0
NRDe=8
CALL LGINFIUIJNRDOINRIGNCIZTNL,UIPSNDDA,L,S I, WK, 1ER D)
PRINT®,"THIS S THE “ATRIX U3P:™
DO 10 t=1,ND
30 PRINTO,LU3P(T458,5e1,NC?
COPPOPOP000000000BRERCIIItINIRERItI 0000060000000 000N000I0E0IOlotetestnesInine

Ce .
Ce TRANSPOSF y3 TO FORM UIT, ALST TRANSPOSE UIP TO FNRM u3TP, .
Ce .

0000000006000 0000000000ee0tstractatttatortsstetosetsstorttnstoctssotototosetetens
00 31 T=1,NR
00 1 Jel NO
1 UITPIL . JY=UIP L S, 1)
PRINT®,"THIS IS THE =aTelY ylive:=
DD 32 1e=1,NR
32 PRINT®,{UITPIT )1, ]=1,ND}
COOO s PP I8EP00000000000000000000800000000000¢0etelotttertetsttetettettretetseeesso
ce .
Ce .
COeFORM THF JETA, OMEGA, AND Al MATRICES: *
Cce .
Cce .
P00 000000 000000000000 000000000000000000000000000000000000000000000000000000000¢
PRINY® ,*THE ACTUAL MATQICES ARE:"™
DO 5 1=1NC
CETRCL 1029 2ETASEIYON"FCASETY
MEGA(ToT)eOUEGAS(T}ee?
Af(I,(¥=1,0
S CONY "RUE
PRINT® ™ THE JETA ®ATRIX:™
DC 25 1e1,4NC
25 PRINTO ,(ZETACTLII) 1Tl NCH
PRINT® = THE O%EGA wATRIX:"
D0 26 I=1.NC
26 PRINT®,IONECATIT +11Yef1a),NCY
PRINTS," THE TDENTITY =aYR{X:"™
00 27 f=14NC
2?7 PRINTO (AT T2,y 3ol eNCYH
NO &1 T=1.NR
DO &1 1Te=1,NC
Ctt.,1t1=0,0
DO &1 X=]1,NC
ClT T =CUlalltoUGTINCTaNISATIK,11)
42 CONTINDE
00 42 Tel,NR
00 42 [I=1.NR
AMtT,110«0.0
D0 42 Xe]lyNC
AMET T T wAMET TEYeCHT  KIGUGINIK, T
AAMIT,Tl)ea™(I,I1)
42 CONTINUF
00 43 Te],.,NT
DD 473 11=].NC
ott,l1)e,0
00 43 Ke] NC
DOTIIYon Ul ITVeUGITNIY XY ®7FTALK,IT)
43 CONT INUE
D0 44 1=1,NR
00 44 [le14NR
ACt1,411V=0.0
D0 44 Xs=1,NC
ACET o111 =ACHT o1 i eDUT XISUCINIK, LY
(L) CONT INUE
00 45 T1=1,NR
DO 4% 11=1.NC
E(lo(11=0.0
DO 45 X=14NC
ECL T IYSECT o T IoUCTTINCE K ISOREGRAINK, [T ?
45 CONTINUE
00 46 1=1,NR
DN 46 T1elNR
AX(T+113=0.0
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46

48

49

990

992

993

9993

994

95

996

997

998

9994

999

1003

1001

999%

00 46 Ml oNC
AKll‘lll-AK(l‘lIIOE(I.KQ'UCIN(K'Il)
CONT INUE

00 1 I=1.NR

00 1 JelNC

TFLABS(ANIT 4 J) ). . LEL1O0.E~BY 4%(1,19=0.0
[FIABSIAKIT I3 . LELLO.F-R) AK( o 41=0.0
1€ (ABSTACCI IV, LELLO.E=B) AC(1,)9=0.0
PRINT®, ™ THE DAMPING “ATRIX:I®

D0 48 I=1.NR

PRINTOLLACIT oD g J=1aNRY

PRINT®," THE STIFFNESS MATRIX:®™

00 49 1=1,NR

PRINT®, tAKI T, 30, =1l N

P::N:'::Cchﬁ CONSISTENCY CONDITION FOR THE LOENYITY MATRIX:®
D0 990 [=1eNR

00 990 J=1«NR

Fll,1)=0.0

00 990 X=1,NC

FLlydVeFtled) o UGITNIT K ISUGINIK,S)
00 992 1=14KR

00 992 J=14NC

HETl,1¥=0.0

00 992 X=14NR

MUTo I aHETad) & FULXIOULIK, )

00 997 1=1+NC

00 993 J=14NC

AAT(142Y=0.0

DO 993 X=1,NR

AAT UL s 00 maATLTo0) o UTEIKY*H{K )

DO 9993 1=1.NC

DO 9993 se=loNC

IFCARSEARTITIT ¢33 LELLO.E-B) AAI(T,J))=0,0
00 994 1=1sNC

PRINT® (AATI T Jholel NDD

PRINT®,"CHECK CONSISTENCY CONDIYION FOR THE 2ETA MATRIX:"™
06 995 [=1.KC

DO 995 1=1.NC

FFile)1=0.0

DO 995 K=]14NR

CF TolV=FFLI i o UTET oKISUGTTNLIK o J1
DO 996 I=1+NC

00 996 J=1NC

GGt1,0)120.0

Dr 996 Xe]4NC

CClladV=CGlT i} o FFUT KIOZETALIK )
DO 997 [e](NC

0C 997 JelNC

HHUl. J1=0,0

00 997 Ke]¢NR

HHET o JY=HHEL 4 J) ¢ UGIN(T KYOULK, S}

DO 998 Is]14NC

00 998 )=l 4NC

HA(L,4301=0,0

00 998 K=1,NC

HALT ¢ JhabalTy 3) ¢ GGUT K OHHIK, I

00 999¢ 1=1,.NC

DD 9994 J=1NC
IFIABSIHAIT + )Y LELIO0.F~8) HAll,J¥=0,0
DD 999 I=14NC

PRINTO®, (HALT sl 2oL oNCH

PRINT® ,"CHECK CONSISTENCY CONOIYION FNR THE OMECA MATRIX:™
00 1003 Tel4NC

00 1003 J=1.NC

FFFI{ly20=0.0

00 1007 xeluNC

FFFETa JI=FFFCTod1 ¢ FFOIGKIOONEGAIK WSS
00 1001 T=14NC

00 1001 J=l,%¢

GGG(T419)e0.0

00 1001 ¥el NC

CGCUToJ1oGGGTL4 )Y ¢ FEFQI K IOHHIK,J)
00 9999 f=1,NC

00 9995 J=1.NC
IFCARSTIGCCUT 4 JNYLLEL10.E-R) CCCUI4020,0

Figure C-1,
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DY 1007 Je1,.NT
1002 PRINT®,ICGCUT 9y dm]l¢NCH
PRINY®,®THE MaASS MATRIX:®
00 5004 Lol NR
1004 PRINTO LARML],J),)m]1,,NCH
COE0C0CICIEC00C03000000 000000000000 00000000000800¢0000000000008000056000000560000
Ce .
Cce .
Ce .
C® SINCE THE %ASS WAS ADCED TD CRID PDINY NUMBEKR FIVE ON THE ACTUAL PANEL, THE e
C® MASS MATRIXY wiLL BE PERTURAED IN THE 5,5 POSITION BY ADDING & QUANTITY OF L]
C® MASS FOUAL TO THF mASS LOADING ON THE ACTUAL PANEL, THIS wILL SIMULATE THE @
Co “REAL WORLD® CASE. NOTE THAY THE ®ASS WAS PLACED ON ONLY ONE GRIO POINT, IF ¢
C® THE MASS WAS A STRUCTURE SUCH AS A TRIPOD wHICH CONNECTED TO THREE GRID .
Ce POINYS, THE ADDED SYRUCTURE WOULD MAVE TO BE€ mODFLLED IN THAT [T wOULD ADD @
Ce BOTH MASS AND STUFFNESS TO THE PANFL. THIS ADNED ®ASS AND STIFFNESS wOULD ]
C® GENERATE ADCIVIONS YO0 OFF DIAGONAL TERMS 0OF LIKE NUMPRER TO THE TwO CONNECT- ¢
C% EDO GRID POINTS, AS PREVIOUSLY NOTED, THIS PROGRAM SOLVES THE GENERALIZED .
C® EIGENYALUE PROBLEM, THUS. THERE IS NO NEELD TO CREATE & SIMOLAR myDE( FOR .
C® ANY ADDITIOMNAL DAMPING INCURRED BY THE ADDIVIONAL STRUCTURE . 4
Cce .
Ce .
CPe000000000000060000000000000000000000000000000600080000000000800000008000000000¢
PRINT®,FNTER THE LOCP TN PERTUNE THE MASS MATR[X:™
TFIRK EQalT AMTS4512R8%(5,519G, 1144
TFARKL EQL2) ARMIS,S)1eAAT5,5040,2420
TFIKKEQ. 3 AM{S5e50aaM({5,50¢0.4158
PRINTe,™ THE MASS wATRIX:™
D0 50 1wl NR
50 PRINTO,1AAM{T,38)4Je)oNCY
PRINTO . “THE MODIFIED ®MASS MATR[IX:®
DO 47 I=1,NR
47 PRINTO, (AME], 30,y )°14NRY
PRINT® (“THE STIFENESS ™ATRIX:®
DO S8 l=1,NR
58 PRINT® (AK{T4)bslmbeNCH
CO000000000000000000000000800000000000000003806000000800000090800800800000¢0¢0000¢

Ce .
C® SOLYE THE GENERALIZED EIGENVALUE PROBLEM FOR YHE “ASS-LOADED NATURAL FRE- .
C* QUENCTES AND "OOE SHAPES MITH THE SCUARE "MOOAL MATRIX U. .
. .
gooOot.ootooooooo‘oooooo¢ooooooc1cqtc¢ocoooccooocooo:oooaooo.oooooooao-oc.oooooo

TAMe9

{AK=9

NANAK=Q

{29

11082

CALL EIGZFUIAK TAXQAMGTAMGNAMAK 3! JOB,ALFASSETA 29 J2 sWK241ER2Y

N=9

PRINT® ¢"THESE ARE THE VALUES OF RLAMBDA:Z™
00 1234 Ie=1l,4N
RLAMBDASI)=CSORYLALFA(TYIZBETALTY)
PRINT®,RLAMBDACT)
1234 CONTINUE
PRINT®,®THESE ARE THE YALUES OF THE 7 mARIX:™
00 1009 t=1,N
1009 PRINT® (711430 s)=1sN)
PRINT®,#THE PREDICTED ™ODE SHAPES AND NATURAL FREQUENCIES FOR Am(5
195Va"pAn(5,5) 4 ARE:"
00 21 [=14NC
21 WAMBDA(II~CSQRT(RLAMBDA(TI®®2Y
PRINTO o {WAMBOALT ) 121 4NC)
LA=9
CALL VSRTA({WAMADA,LA}
PRINTO {HAMBOALT Iy Tl oNCY
00 22 l=14NC
00 22 f=14NC
TFCABS (MAMRDAIIP=REALIRLAMADA( ) )ID.LELL10.E-8) GO TO 23
IFCABSUMANBDACTI-RFAL(RLANBDAC ) ).CT.10.E-BY GO YO 22
23 D0 24 Ks=s1eNR
U2iKelt=C.0
24 U2 o ThHoU2(K o1 JoREALLEIIN, I
22 CONTINUE
00 152 3=1.NC
SUNAL J1=0.0
00 153 T=1,NR
153 SUBAatIyesuUnat JIsuUZ(1,00002
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SUNA LI I=SORTISURAL )Y
D0 152 t=1,NR
152 U201+ 510201, 11/SURA( Y

10 LOADED PREQICTED MODAL VECTNRS:™

Ce
Ce READ MASS-LOADED MODAL VECTORS
ce

DD 250 )=1,.NC
D0 250 le«l.NR
Uutt, ¥1=0.0
READIS251) UUtlW 1
251 FORMATULCOX.EL19.40
250 PRINTO,uutl, D)
00 252 1=14NR
00 252 1=14NC
252 UUTT, N euutls 21eUULT,42V/100,
00 263 1=14NC
SURL(J1=0.0
00 264 1=14NR
264 SUNMLEJVIeSUMLLIIoUU(T, 100082
SUMLICSI=SORTESUNLC SN
00 263 lel,NR
263 UUll 2=tuliolb/SUNLLY)

D0 253 Je1uNC
DIF(IV1=0,0
00 253 Is=14NR
253 ODIFCII=DIFCIIeTUULT JI=-U2(T42) 0002
D0 259 1=14sNC
DIF1(11=0,0
260 DOIF1CI)=DIFC(T)
299 CONTINUE
00 261 Ts1,NR
261 DIFLUI)=SORY(DIFLOTYY
PRINTO ,"YHESE ARE THE VALUES OF THE MODE
DO 245 l=],NR
245 PRINT®,{U2CTI4 S0 dn1eNCY
00 86 1e=1,NR
00 86 J=1.NKD
CCt1,31-0,0
00 86 Xe«},ND
(19 CCll o S1eCCULoINeUITP LT WKI QALK )
DO 87 leloNR
DO 87 J=1,NC
ANATL,9)e0,0
ARM{[,49)20,0
D0 87 Kel,ND
ARMET o JIoAMRNE ]y 3D eCCET HIOYIPIKGID
87 AMALT s JheamNtT, )
00 88 fe1,NR
00 88 J=1,ND
00(T,430-0.0
0N 88 Kal,4ND
(1] D01+ JV=DD(Ts SVeUITPLI JKICOMEGLIK )
DN 89 l=1,NR
00 89 J=1,KC
AAK(Ty 2V=0,0
00 89 Ke]l,ND
89 AAKCT o IV mARX (] 30 e00tTKISUIPIN, )
00 72 teloNR
00 72 el yNC
TFCARSEA® (L, )Y, LF, 10.5-8) annif,))=D,0
TFTABSTAPACTI ¢ 11V LELLNLE-AY AMALLI+)1=0,0
72 TFIABSTAANIEL i) 1 ELIO.F-R) AAK(T1,0)°0.0

Ce

C® BEEN ADNED TN THE &,5 TERm,

PRINT®,"COMPUTE SuUM OF SOS OF DIFFERENCES BETWEEN LOADED ACTUAL AN

COPP0000000000000000200¢0 0000000000003 0003CESOETtINITTITONIINIEIRIRGINNNIONOIY

COPO006000000000000000000000000000300000000000000000000000080000088000004080000000

COPOOONGOP0 000000000000 C¢ 0000000 S0200000¢03080000080300080¢00000000080088000000¢0000

Ce .
C® COMPUTE THE SUM OF THE SQUARES OF THE DIFFERENCES BETWEEN ACTUAL AND PRE- L]
C* DICYED LOADED MDDAL VECTORS .
Ce .

CO008800000 300030308800 000008000000 0002003000 %00¢0 00000080000 QRRCERSELIOOSISOSSY

SHAPE VECTORS:®

C00000000000800000000CertntnitetItersatttettisoeettetttettoteteettstesdsssssosns

C® THIS IS THE LFAST=SOUANES SOLUTTION TO THE MASS MATRIX BEFQRE THE MASS HAS .

C‘.‘.....OO...Ol000000‘.00000‘.000000...‘000‘O.'.O‘000’0.000..0..0‘.0..‘..0“00‘

90
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PRINTS,THIS S THE MATRIX Awa:®

) 00 73 Is1,NK

¥ T3 PRINTOL(AMNEI, 50,000 oNCH

Ces 00000 8068000602008 00000000000 0000000000000 ¢00000000000002000000000880000¢
PRINTOL®THIS 1S THE MATRIX AAK:®
00 74 Tel,NR

T4 PRINTO,LAAKITs 004301 4NCY

CO008800 0000000000003 000008 0000080000000 000¢0000000 0000000000008 00000000000800660

= ol o

co .
Ce SOLVYE THE GENERALIZED EIGENVALUE PROALEM FOR THE MASS-LOADED NATURAL FRE- L4
C* QUENCIES AND MOGE SHAPES USING THE RECTANGULAR mMDDAL “ATRIX U3, .
Cco .

COOO000000000000000000000000800000000000000000000000060000034000000000066¢00000¢
TF (KK EQoL) ARMIS,5)=a"Al5,90¢0.1144
TFAKKLEQ.2) AMMIS (51l A1S,5000,.242
TF(XK.EQ.IY AMMES 5P =aNA1995)¢0.4158
12=9
1108«
TA=9
18=9
Ne9
PRINT®,“THE WODIFIED ™ASS MATRIX Amm:z®
DO 67 I=14NR
67 PRINTO LANNEIT, 90, )=14NCH
CALL ETGIFUAAK TA ANN G TANGT INA ALFA2,BFTA2,73417,MK4,1ERG)
COPCO0000800000000030000000000000000000000000000000000000800000005000000000000000

e

ce .
Ce THESE ARE THE LEAST-SOUARFS SOLUTIONS FOR THE NATURAL FREQUENCIES WITH THE @
Cé THE ADDED WASS IN THe 5,5 POSITION OF THE MASS MATRIX, .
ce .

CPO0000000000000000000000000000000000000000000000000000000000800000¢0000¢0000000
PRINT® ,“VYHESF ARE THE VALUES OF THE I3 MATRIX:™
D0 246 1=] (NR
2496 PRINTO U723t 143),0=],NC)
PRINTO,"THESE ARE THE VALUES NF ALP:w
00 33 T=1.NR
ALPCII=CSORY(ALFAZITVI/AETA2CTY))
MALP (T YsCSORY(ALP (Vo0
N PRINTO ALPLTI) yWALPLT)
CALL VYSRYAUWALP LAY
PRINT®  "THESE ARE THE VALUES OF wapL?:=
PRINT® ,{MALP LI Vo121 4NC)
DO 265 1=14NC
IFTT.FO.1) AALP(9)awALPLT)
IFEI.GT. 1) GO YO 260
GO YO 26%
266 Ke=f-1
AALPIXK)I=WALPLIY
265 PRINTSAMLP(K)
DO 198 I=1, R
00 198 3=]1,NC
TFUARSTAALPCII-REAL (ALP(IVIILLELL10,E~8) GO TO 197
TFCARSCAALPLT)~REALIALPEIIIIILGCT,L10.E-8) GO TO 198
197 00 196 Ke=1,NR
UAIK,11=0.0
196 UGN, I1oU4{K [IeREALTTIIK, DD
198 PRINT® , U4l 1)
00 150 2=1,KNC
SUn3IisN=Cc.0
00 151 (el nNR
151 SUMICJIeSUNIC SheUL ], 2000
SUNICFI«SORTISUNICINY
00 150 lse].NP
150 USTT, 3heualT o fh/7S1MY( Y
PRINTO ,®CCHPUTE THE SUN 0OF SOS F DIFFEKENCES BETWIEN LOADED ACTUA
1L AND PREDICTYED LOADED “0ODAL YECTORS USING THE GENFRALTZED INVERSE
2:"
00 255 1elyNC
01FFL)Y0.0
00 25% tei,nN®
255 OIFFUIreDItF Lo tunlTly 1V =-Uall, Jh000
D0 254 Tel NC
297 DIF2(LYeCIFFLID
256 CONTINUE
D0 262 Lol NR
262 OIF201V=SCRTIDIF2(LNY
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PRINT® ,"THFf ETGENVECTORS ARt :™
0D 28 1=1,NR
28 PRINT® (U201, 3)sJa1,NCH
PRINT®(®THE GENERALIZED INVERSE EIGENVECTORS ARF:=®
00 79 (e1,NR
79 PRINT®, tUAlLdh o)l yNCH
00 S4 I=1,NC
AALP(TdeaalP(TI}0100.
54 WAMBOALT )} =waAmBOA(L)€100,
00 52 LRelNC
READIS5+53) wuBDAILE)
53 FORMATIZ27X.FB.30
52 PRINTO WHRDA(LAY
DN 55 1=]1,4NC
55 ERRORI IV = (WHMBDACL )-WANTOACT 1Y Z7WMEDAC] 1)010C,
00 231 lalyNC
231 ERRORICI )=~ ((WwMADACTI-AALPIIY I/ WMBDALI))®L00.
COBO 000 RGE0000¢00 0000800008000 000008040080 9000000808 40000000000000000¢0000s0000
Ce
C* COMPUTE THE NNT PRODUCT OF THE ACTUAL MASS—-LOADED VERSUS PREDICTED ™MASS~
C*® LOADEN MONAL VECTORS FOR THE SQUARE MODAL “ATRIX (U?) AND FOR THE RECTAN-
Ce¢ ULAR MODAL ™ATRIX t(u8)
Ce
COS00000000000 400000880000 0000000 0000000008000 0000000000000003000000808000000008
DO 145 T=1,NR
D0 145 J=14NC
UsS(1.J1=0.0
UbtTI, 11=0.0
USET L JV=usS(ysbeu2¢),1)
145 V6T IsuUbTTs VeV I, (Y
00 146 lelyNR
N0 146 f=1.NC
U7ti,J1=0.0
UstleJ1=0,0
DO 1e6 Kal NC
UTEL 30=U70l, IV eUULT KhOUnIK, )}
1646 UB{IJ1=UBIT,J8eUUE], XKISULIK, )
DN 147 T=]1(NR
147 PRINTUAL144R) (UZ1T4 1), 101 4NC)
VU 144 [e]  NF
1449 PRINTIG6,144R1 (URIT, 11431 ¢NCH
1448 FNRMATI2X,9(2XF7,30)
PRINT® ("THE EICENVALUES ARE:™
PRINT®,“THE COMPARISON NF EIGENVALUES:™

PO A.."‘_-Au

*® 60 0

PRINT®,™ UNLNADED PREDICTED ACTUAL PERCENT SQua

1RE PREDICTED PERCFNT SQUARE™

PRINT®,™ EXPERIMENTAL ™ASS-LOADFD MASS~LOADED ERROR ROO

17 MASS-LDADED €ERROR rROOT™

PRINTS ™ DATA US ING EXPERIMENTAL PREDICTED OF
USING PREDICTYFD nE"

PRINTS,™ SQUARE wODAL NatTa VERSUS OTFF

1°S PSEUDDINVERSE YERSUS DIFF*S™

PRINTS,"™ MATRIX ACTUAL se*

10 (9%Nus,8COLS) ACTUAL so'p"

00 29 t=1,NC
OMEGAStTI=DRECASI])®1 00,
29 PRINT(&,51) U'EGAS(I"Vl'ﬂoﬂlllnunﬂolll'tFQ?UQ(I’lDlFl'[',!ALP(I'.
LERRORI(I) (DIFZETY
51 Fgﬂ"‘Yl"v‘?.3v7X'F7-3'7XOF7.3v6X;F6.2|QK¢F5.Z'5X0F7.3-7‘;F6.2v§'v
1F5.2)
TFILLL.FQ,1} GO TO 269
IFILLLLEOL,I) GO TQ 269
0000000000000 0000000000000000000000000008000003888008000000000000000000000000000

Ce .
Ce .
€O IF LLL EQUALS NNEs THIS STEP WILL AE ICNORED AND THF PRNGRAN WILL GO AL 4
Ce STATEMENT 269, HOWEVER, [F LLL FOUALS 2, THE WASS-LNANED WGDAL VECTORS .
g: TACTUALS MILL BE READ 1N AND THEIR WODE SMAPES PLNTTED. .
co .
C 0000000 0000000000000000000000000000000000000060¢0060000000000000600000060070000

258 D0 268 J=1,NC
00 248 1=],NR
READIS4267 U2(T. 30
267 FORMATILIN,E 0.2
268 U211, J1=u281,30/7100,

Figure C~-1. Program Matrix Listing (Continued) .
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181

140
269

204

206

207
201

199
203
20%

209

210
208

D0 140 J=1,NC

SUmM2¢{j¥1=0,0

DO 141 la]l,NR

SUN2TI)=SUM2L JIsU21 T4 00002

SUM21)I=SORTISUM2I 1))

DO 140 f=1,NR

U2tTeJ=U21T,J9/75Uum2 )Y

CONTINUE

00 211 LL=14NR

CALL BONPLID)

CALL TITL3INI=NMODE +CNNFICURATION $%,10048,0+8,0)
CALL AXESININTHETAS T4 100,"713™ 4100 4"RADTALI" 41009194 +15.4154)
CALL YUARSI-20.470,+50,"

CALL GRAFID(-20,410095M09=10410495049=0.5+1006+5041
LKatt

CALL NFWPENT])

00 212 XLe=1,2

IFIKL.FQ,1) GO TO 204

TFIKL,GT.1) GO YO 201

DO 206 1143

Keje(i-11el

CALL CURYIDIXIN) 4 YIKD 2 ZNIKI 43410

00 207 J=1,3

"Iy

XX(LI=X{N)

YY{l1)=¥YiINY

T2tL1Y=204(x?

XX{2)aXtXe)

YY(2)=Y(Xe3)

2282¥=20tK*3)

XX{IVeX{K+b)

YY{3leYiKet)

T213)=101K+5)
PRINTOOXXILIoYYOL ) o270 1N XXE2Y oYY U290 Z212)oXXCIN W YYUINL2203)
CALL CURVINIXXN,YYy2243,410

1FIxL,EQ, 1} GO YO 2C8

0N 203 L=1,NR

XYN(LYy=XIL Y

YYY(LI=YIL}

TF(LLL.E0,1) GO TD 199

IFILLL.EQ.2) GO TO 199

JROLLLLEQL3) ZZZ(LI=Z0CLYeUACLLL IS,

€0 YO 203

122909 =70(L}eU2t oL B OS5,

PRINTS o XXXILYoYYYCLISZZIILY

DD 209 T=1,3

¥a3s{l-1)e1

CALL CURYIDIXXXIKIYYYIKYZZ22(X} 43,10

00 210 Je1,3

K=}

XACL)»XXXIXK)

YA(1)=sYYY(K)

ZACLde 27 2 UK

XAT2)= XXX}

YA(2)wYYY(Ke))

IAT2V=2214K+3)

XA(IV=XXXIKeH)

YAL3IDe¥YY{Ken)

TA(IVeTITINeG)

PRINTOWNATLI o YALLDoZACLD o XAT2D o YAL2)92AT20,XACD) YALD),ZAC))
CatL CURVIDIXA,YA,ZAy2,1}
1FIXL,GT.1) GO TO 216
CALL NNHIDF
CALL NEWPENILY
TFIXLL.FQ,1Y GO TN 217
CALL WNEMPENTL)
CONT INUF

CALL DASH

CONT INUF

CALL FNDPLILDY
CONTINUE

CaLL DONEPL
stne

END

END NF PECNEN

Figure C-1. Frogram Matrix Listing (Continued).
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-19, 24.375 12,.%
~%.5 24,175 12,5
19. 24,375 10.5
-19, 6. 12.5 4
“%5.5 be 12.5
19. 8. 10.5
-19, 0. 12.5
~5,5 0s 12.9%
19. 0. 10.%
t LE 1 169,437 2.158%694 5 1
2 90 2 191,251 2.280781) s 2
1 103 [+] 206,196 « 1570244 4 1
. 103 0 206,642 «7313859 s 4
2 119 0 214,039 +6190009 5 2
) 119 0 238,212 7679094 5 5
4 139 1 279,993 «7539196 5 [
2 225 1 451,669 7763402 5 2
3 242 1 484,487 7087252 ) 3
1 1 168, .000F 00 +000F+00 0.5 .0 -0
1 2 7.69 «000€¢00 <000€+00 72.6 .0 .0
1 3 -2446 +0COE ¢00 <000E+00 94.5 .0 .0
1 4 %3,) «000E ¢00 <000E+00 43,1 .0 .0
1 5 -44,2 +000F +00 +Q00€+00 69,5 <0 .0
1 6 -31.2 +000E+00 «000€E¢00 22.7 .0 .0
1 4 10,5 +000€ ¢+ 00 «000€+00 10R.9 N .0
1 ] 5.30 «00QE ¢ 00 +000€+00  55.1 .0 .0
1 9 -11.3 +000€+00 +000€+00 90.7 .0 .0
2 1 132, +000€ ¢00 «000E+00 121.4 .0 N
2 2 2441 +000€+00 «000E+00 .3 .0 .0 {
2 3 -27.6 «000€ +00 .000F+00 165.7 <0 .0
2 4 127, «000€+00 +DO00E*0O0 105.1 .0 .0 s
2 s -48,9 +000€+00 «000E+00 122.5 .0 .0 1
2 6 -23.5 «000F +00 «Q00F+00 28.1 .0 .0 .
2 ? 5,41 +000F ¢00 +000E*00 172.1 .0 .0
2 (] 8.9 .000f ¢n0 «000E+0C 4.3 .0 .0
H 9 -19.5 «000E+00 «<000E+00 139.2 .0 .0
1 1 80,8 +000F +00 «000E+00 127.3 .0 .0
L 2 ~14.86 «000F ¢00 <000E+CO 122.1 N .9
1 3 153, «000f ¢+ 00 <000E «00 121.5 .0 .0 ‘
1 4 79¢. +000F +00 +«000E+00 141.6 «0 .0
1 H 202, «000F+00 +000E*00 140.4 .0 .0
1 [ ~280. «D00E +00 +000€+00 135.8 .0 .0
1 ? -142. «000F ¢ 00 +000E+00 13249 .0 .0
1 8 ~24,1 +000¢ +00 +000€+00 12043 .0 .0
1 9 143, «000€ ¢00 +000€+00 12046 .0 .0
. 1 48,9 «000E 00 «000E+00 45.2 .0 .0
) 2 -11.0 . 000€ +00 «000E+00 117.5 .0 .0
. 3 165, «000F +00 «000E+00 108.5 .0 «0
) 4 737, «000€+00 «000E+00 134." .0 .0
) s 228. «000F€ +00 <00DE+O0 131e4 «0 .0
. 6 -27%5. »009€ ¢ 00 «000E+00 12647 .0 .0
. ? -121. 000 *00 +«Q00E+00 12246 .0 .0
[} (] -2%.4 «000F ¢00 +000E+00 119.2 .0 .0
) 9 140, »000€ 00 2000E+00 1134 .0 .0
2 1 264, . 000€400 <000E+00 64.5 .0 .0
2 2 ~14.0 +000E ¢ 00 +000E+00 150.2 .0 .0
b 3 162, +000E¢00 +<000E+00 141.9 ] .0
? ) 77.2 +000€ +00 «000E+00 98.5 .0 .0
2 ] ~-131, «000E ¢00 . 000E+00 145.9 .0 .0
2 3 -%02. «000E+00 +000E¢00 140.0 .0 .0
2 ? ~Q6. 4 +Q00E +00 +000E+00 148.7 .0 .0
2 s -3, 8 «000£+00 «000F+00 149.7 .0 .0
2 9 112, «000F+0N «000E400 1426 .0 .0
s 1 Y4k, «000F +00 .000€+00 5h.R .0 .0
L] 2 8.51 «000F+00 «000E+00 29.0 .0 0
s b} L7 +000F ¢ 0N «000E+00 161.5 .0 .0
) ) 1.6 .000F ¢ 00 +00CE+00 9647 ) .0
S 5 -101., +000F o0 +000Fenn 180,k o0 .0
L) ) -437. + 000 +N0 «000F en0 237,k .0 .0
s 14 616 .000f +00 «D0NFe00 11349 .0 .0
5 L] -29%.6 »700F ¢ 000 «00VE 00 19%3.h «0 o0
s 9 81,3 000F+00 «000E+00 18601 .0 .0
4 1 427, «000F +00 «000E000 22410 .0 .0
) ? -13.9 <000F ¢ 00 .000F 600 121.9 .0 .0
3 3 12%, «000F ¢00 «000F oD 174,46 .0 .0
. . LA .00NF 400 L000E¢00 21,1 .0 .0

Figure C=-1. Program Matrix Listing (Continued)-
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PO POCOR WWWWWE DWW W o i s e s D S L PP LPPOINNNNNNNNN w  mpmrops prpa o W Wl WW W WWWNNNNNNNNNSG L,
BNC AL RN OBAP PRI UNMOBAP AL WN IBINP NS, WNE OB NCRIWNS OB NP AL UINMOBINP RS WS IOBRNCRRNL INHIBOr N

-6C.8
232.
82,8

-64,0
107,

-T24.

-27.7
201.
33.7
68,0

-50.8

-89,3

-12.0
18.0
979,

-16.9
185,

~81.6
64,5

~68.2
119,

-61,5
1264,
155,
586

-25.0
47.8

-115.

-13.2
22.9
16.6

-14.9
167,

-9.11

~46,0
146,

-20.9

-26,0
7.6

-5.06

-46.0
67,1
Jaal
s,
576,
186,

~23nm,

-140.

-9.84
136,
97.7
12.4
136,
™
215.

=275,

-151.

-0,25
155,
202,

-1.11
116,
1013,
34,8

-449,

-6%.2

-27.6
2.4
296.
R.29
118,
45.e
37.9

-139s,
73.6

-31.3

«000F <00
«0NNEenn
+000F 00
«000€+00
+000F ¢00
«000E+00
+000€+00
«000F «00
«000E+N0
+000€+00
+000E+ GO
+000E« 00
«000E«00
+D00E+00
+000E+00
«000f +00
+000E « 00
+000F 00
+000€+00
«000€+00
«0Q00E+Q0
«000F ¢ 00
«000€E+00
+000E+00
+000F « 00
+000F+00
«000€ 00
+000E+00
«N00E 00
«000E+ 00
+N00E+00
«000F 400
« 000t +00
«000€+00
«000E+00
«000F « 00
+000E+00
«000€+00
«000f ¢ 00
«000f +00
«000€+00
«000E+00
+000€+00
«000F+00
+000€+00
«000E 00
«000E ¢ 00
«000E+00
+ 000K «00
«000€+N0O
«000F 00
PYs Tolod X0 )
«000E+00
«000F ¢00
+000€+00
«000F +00
«0C0E+00
+000E+00
«000€+00
+000€+00
+000t+00
« 000k +00
«000E+00
+000F 00
«000F +20
«000E+00
+000F «00
«000€ +00
+000F+ 00
+000E+ 00
+000F«00
«000E+00
«000F ¢ 00
+000E+00
«000F 00
«000€+00

s LU sy
e QUL 1.
«GUOE eOD
«000F¢00
«000€+00
«000F+00
+000F +00
«000F su0
«000E 00
«000E 00
«000F 00
«000€¢00
«000E«00
+000F +00
+000¢ +00
+000E+00
«000E+00
«000€¢00
«000€E+00
«0C0E+00
«000E«00
«000E+00
«000€+00
+000E+00
«000E«00
«000E+00
«0Q00E+00
+000E£+00
«000E+00
+0Q0E«CO
«000E «00
«000€E+00
«000E +00
+000€¢00
«000€+00
+000E«00
+000€+00
+000E«00
+000E+00
+000£+00
+«000CE «Q0
+000E+00
«000€+¢00
«000€E+00
«+000E+00
«000F+00
+00QE+00
«000E*0D
+Q00E +00
«0QJE*LI
.2J0F 00
«UO0UE*0O
«000E+00
«000E+00
+000€+00
«0D0E*00
«Q00E+00
«000E 0N
+000F ¢ 00
«000QE*+00
«000€+00
+000F+00
«200€+00
«000E+NO
+000F «00
«00CE+00
«000E «00
«000£+00
«000€+00
«000€E«00
«000€E <00
«000E+00
+0N0F +00
«000f+00
«000€ 00
«000F+00

b4.9
169,.8
ti.4
175.8
174,7
177.7
88.0
6.3
116.8
1556

2.9
4,7

6.5
14.6
11.1
57.6
42.8
91.8
53.9
44,9
60.8
“2.7
&7.6
118.6
112.0
118.9
111.8
82.5
125.1
125.7
109.9
12%5.8
99.0
8B.4
92.3
62.7
147.0
122.7
151. 4
32.9
8%.9
L% ]
114,8
93.9
12ha 6
123%.7
1186
119.3
14%.4
122.2
130.0
10441
0.3
116,59
114,22
113.6
103.)
10t.7
112.2
1.6
1.2
14544
105,2
154,
134,0
159.0
152.1
149,0
5%.5
83,7
174,46
85.1
180.0
132.4
13,9
162,9
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6 ) 84.9 «000F +00 00Ut 175, 4 .0 .0
5 1 360, «000F+00 V00t ¢ 44,0 0 +0
s 2 15.1 +000€ +00 000t 400 83.3 .0 .0
5 3 -90,1 +000E +00 <000€¢00 14.1 .0 .0
s . 121. +000€ +00 +000E+00 69,0 .0 .0
s ) =~21.2 <000E +00 <000€¢00 168.6 .0 .0
D) ® 148, +000F+00 +000€400 179.9 .0 .0
s 7 63.3 «000€ +00 «000E+00 %50.4 .0 .0
‘ 5 8 -35.5 «000E 400 «000£400 177.6 .0 .0
i 5 9 -82.1 «000E+00 «000E+00 13.3 .0 .0
2 1 -393, «000E+00 «000E+00 134.0 .0 .0
2 2 ~22.8 «000€+00 .000€¢00 20.8 .0 .0
2 3 -197, «000€+00 «000E+00 130.4 .0 .0
2 4 7.9 +000F+00 +000€£¢00 118.0 .0 .0
2 s -11,.8 «000F +00 +000E¢00 174.9 N .0
2 6 29.7 <000€ +00 «000E*00 177.9 .0 .0
2 7 -f8.1 «000F ¢00 +Q0DE+00 90.6 0 .0
2 s 17.8 «000E+00 «000E+00 152.1 .0 .0
2 9 -~34,.8 «000F +00 «000E+00 165.8 .0 .0
3 1 483, «000E +00 «000€+00 3.4 .0 .0
3 2 ~33.6 «000€+00 «000F+00 106.3 .0 .0
3 3 -2%8. +000E +00 «000E+00 177.2 .0 .0
3 4 ~42.2 +000F +00 .000€¢00 107.6 .0 .0
3 5 29.4 «000€E+00 «000E*00 115.0 .0 .0
3 6 27.8 «000€ +00 «000E+00 41,8 .0 .0
3 ? 20.8 «000€ 400 000E*00 25,7 .0 .0
3 8 ~44.6 +000£400 «000E¢00 129.0 .0 .0
3 9 31.9 «000F ¢ 00 .000€+00 85,2 .0 .0
1 69 i 139,975 2,0175486 5 1
2 89 2 179,832 3.0957055 5 2
. 102 0 204,245 «7355951 5 “
1 102 0 204,655 +6540350 5 1
3 119 ) 238,610 «6101121 5 3
[ 119 1] 23R.6460 «H6STRIA b1 6
S 140 [v] 280,644 « 70692019 5 5
2 226 2 453.668 1.0136774 5 2
3 2 2 456,076  1.1651139 5 3
-19, 24,375 12,5
“1e 26,375 12.5
19. 24.375 10,5 1
-19. 18, 12.5
-1. 14, 12.5 J
19, 14, 10.5
~19. 0. 12.5
1. 0. 12.5
19. 0. 10.5
1 6n 3 137,275 4,7611160 5 1
s 103 0 207,085 «7830667 5 5
3 119 0 239.182 «7887224 s 3
5 140 1 280,553 «9846845 5 5 '
6 147 5 294,848 2.7664447 5 6
3 163 2 327.8R1  1.2368145 s 3
? 197 . 394,224 2.2474298 5 7
4 207 2 4l4.104 1.0396776 5 4
6 226 2 453.688  1.2614689 5 6
1 1 214, «000E +00 +000€+00 97.4 .0 0
1 2 1.49 «000€ +00 «000€+00 22.1 .0 .0
1 3 ~37.9 «000E+00 +000F+00 103.5 .0 .0
1 4 -37.5 «000€¢00 +000€¢00 56.9 .0 .0
1 s ~6.65 «000€ +00 +000£¢00 133.3 .0 .0
1 6 45,1 «000€ +00 +000€+00 132.1 .0 .0 '
1 7 41.5 «000E +00 «000E+00 111.7 .0 .0
1 ] 2.1 «000€+00 «000E+00 78.2 .0 .0
1 9 ~24.5 «000F+00 «000£¢00 110.8 .0 .0
s 1 -61.8 «000F+00 000E+00 9h. A .0 .0
s 2 -17.7 «000€ +00 «000E+00 117.4 .0 .0
1 3 150. «000F 400 <000€+N0 100.8 .0 .0 .
s 4 n10. «000F «00 +«000E+00 Ab,1 .0 .0 i
L) s 276, +000E +00 «000E*D0 120, .0 .0 I
. s 6 -an?, «000F+00 +000F+00 111.0 .0 .0
s ? ~-143, «000¢ +00 +0005¢00 116.0 .0 .0
] s -19,9 «000F +00 +G00E*00 118.) .0 .0
s 9 172. «000E+00 .000£+00 10R8,2 .0 .0
3 t 61.9 «000¢+00 .000€¢00 159.6 .0 .0
3 2 ~24.4 «000% 400 <000t €00 117.3 .0 .0
3 3 139, «000E +00 .000F+00 116.5 .0 .0
Figure C-1. Program Matrix Listing (Continued).
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"2.1
1%3.
-6ll.
-112.
=J1.1
124,
=266,
-11.%
117.
107.
124,
310.
=103,
-42,8
109,
%09,
-41.0
-1r0.
145,
278,
=72.9
321.
268
=163,
320.
=15.5
-4,5)
48,5
-28.7
20.9
32.3
20.0
27.8
432,
-9.72
41.9
28.5
-29.2
-22.1
18,4
-9,62
=24.%
4137.
-12.3
114,
43,1
=17.4
-51.0
15.7
13.0
28.6
=390,
=24.)
87.3
42.0
16.1
350,
-85.,2
33.9
-23%1
15%.
“2.0)
-9,09
-27,.2
18.9
-19,7
5.23
-+578
=6.20
-112.
—a1.6
161.
1010.
163.
-nrn,
—lll',.
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« 000t +00
«100F 200
«000E +00
«000E« 00
«000€+00
« 00000
«000F+ 00
«Q00F+00
«000€+00
+000E+00
«000F+00
+«000€+00
«+000€E+00
«000E+00
+000E+00
«000E«00
«N00F «00
+000F 0D
«Q000E+00
«000€+n0
«000fF s 00
«000F +Q0
+000F ¢ 00
+INOE 00
«000E+00
+000€ +00
2 000£ sN0
+000€+00
«000E+00
+000F+00
«000E+00
«000€£+00
+000€ «00
«000E ¢ 00
+000fF +00
«000E+00
+000E +00
«000£+00
«000€+00
«000E+00
«000E+00
«000E +00
+000€E+00
«000E«00
«000€+00
«000€+00
+000E+00
«000£+00
«000€+00
+JC0E+00
«000€+00
«000F+00
«000E +00
+000E+00
«000F « 00
«000€400
+000E+00
+000E+00
«000€E+00
«000F+00
«000E+00
+000€+ 00
«0NOE« 00
«000F 00
«000F 00
+N00€+00
«000€¢00
+N00€+00
+000E+00
«000€+00
+000€+00
+000€+00
«000E+00
«000E+n0
«000F s00
«N00F ¢ 00

« 000 401
«00U *L

« 000t ¢CQ
«000[+00
«000E+00
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«000F+00
«000€¢00
«000F ¢00
«000E+00
+000E+00
«000E*00
«00JE 00
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«000FE+00
+000F <00
«000E+0Q0
«000E¢0C0
«000€+00
«000CE+00

+D00E+00
«000€ «00
«000E+NO
«000E+00
«000E+C0
«000€+00
«000E+00
«000E+00
«000E+00
+000E+00
+000E*00
+000F+00
«00CE*00
«000E+00
«000€E+00
«000E*00C
«000E+00
+Q00E+00
«000E+00
+000E*QQ
«000E*00
«000E+00
+000E+00
+000€+00
«000E*00
+000E+00
+000E+00
«UO0E+QD
«000€¢00
+000E+QO
«00GE*00
«000€+00
«000E+00
«000€+00
+000F «00
«000E+00
«000€4+00
»000E+0Q0
«000E+00
«000E+00
«00QE*00
«000F*00
+000E*NQ
+000€+00
«000E 00
«000E+00
«000E *00
«000E+00
«000F 00
«000E*00
«000E+00
«000€¢0Q
«000F+00
«000f¢00
<000t s00
«000E+00

91,9
*20.1
88,2
132.9
127,7
118,13
176,7
6246
137,7
3
111,9
148,87
110.0
148,.6
134,00
41.3
166.0
1h.6
162.7
149,8
24,7
2.3
.8
9,7
118,1
50,2
137,2
32.7
94.7
97.9
104.4
29,4
179.4
67,9
8.1
42,7
82.3
2644
50.)
96,2
143,7
147,0
2S5. 4
24,2
63.0
40,2
145.9
68.5
157.5
128,2

160.9
139.2
(33.8
101.8
117.1
125%.5
14,2

Figure C-1, Proqgram
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) 8 -56.1 . 000F en0 SDUT Y 2548 oy .0
4 9 191, »000beND P LIV e “1le 4 o0 «0
% t 282, «N00F +00 « 000! *00 34,5 «0 «0
S 2 1643 +000€+00 «000t*0N0 17545 «0 .0
5 3 169, «000F ¢+ 00 +00CE*NQ 174,2 0 0
S 4 226, .0CNEe Q0 +QOUVE*00 1AK0.2 o0 «0
s s ~Ra,4 +000F+00 +000E*00 144,2 .0 .0
S [} -714, +00NEs0N «J00E+0N 141.3 0 0
5 ? 113, +000fF ¢00 «Q0GE+00 2¢6 o0 .0
5 ] 31.9 .000F+00 +Q00E+00C 149,8 o0 «0
S 9 175. +00CF+00 «000€+00 158.5 «0 «0
1 1 =485, «000F+0Q0 «000F+00 172.8 .0 0
1 2 ~-38.1 «000F « 00 «000F +00 144,46 «0 -0
1 3 2R4A, «000E N0 «000€E+00 176.R8 0 «0
1 . 365, «000€+00 +000E+00 145.% «0 0
1 S 197, «000F+00 «000E*00 152.4 o0 .0
1 6 518, «000€+00 «000€¢00 143.9 «0 .0
1 7 -410, «000F «00 «000E+00 162.9 0 .0
1 8 -99.% «000E+00 +000E+00 159.6 «0 0
1 9 307, +000E*00 «00UE+00 153.0 «0 «0
3 1 294, «000E«00 «000€*00 7047 0 -0
3 2 -12.7 «00NE+00 «000€E+00 165.2 «0 0
3 3 9.5 «000Es00 «+000€+00 159,7 .0 0
3 4 185, «000E+00 +000E+00 4.2 «0 «0
3 5 -7.66 +000E+00 +000E+D0 125.9 .0 «0
3 6 68,2 «00NE+00 +000E+00 14,9 «0 «0
3 7 140, +N00E+00 +0Q0E+00 4.6 .0 «0
3 L] 4,84 »00CGE+ 00 «000E400 145,1 «0 -0
3 9 162, +000F +00 +000E+00 1764,1 -0 0
4 3 305, +000E+00 «000E+00 71.2 «0 «0
L) 2 -2%.1 «000¢ ¢00 «000E+00 68,2 «0 «0
4 3 99.1 «000€+00 +000E+00 14146 «0 .0
4 4 176. +0N0E+00 «0C0E*00 22.7 «0 .0
4 5 -32.3 «000E*00 +000E+00 1K5,1 «0 «0
4 [ -123, «000€+00 «000E«00Q 18.4 «C «0
L) 7 -72.4 +000E+00 +000€400 138,.% 0 .0
4 a 9.92 «N00E+00 «Q00Ee0D 144,4 «0 «0
4 9 107, +000F+00 «0C00E+00 14A,.4 «0 «0
L] 1 560, «000€+00 «Q00E+00 53,7 «0 +0
4 2 -14.9 «0NCE+00 «000E+00 78.% «0 .0
4 3 29.5 «000E+00 «0OD0E+0D 72,3 o0 «0
LY L) S4.b «000E+00 +000E+00 58,1 0 «0
L} 5 8.63 «000E+00 «000E+00 75,7 «0 -0
4 [ 5.37 «000€+00 +000E+00 132.4 «0 -0
L3 7 -27.5 «000£+00 +00DE+Q0 34,1 0 0
4 ] -9.25 «000E*00 «000E*00 144,2 0 0
4 9 18.1 +000E+ 00 «000E*00 52,5 «0 «0
[ 1 563, «JN0F 00 +000E*00 75,5 0 «0
] 2 -11.9 «000F+00 «000F+00 151.7 0 -0
6 3 98.0 «000F 20 «000E+00 31,4 0 0
6 4 5042 +000€+00 «G00E+00 103.1 .0 -0
6 5 4,46 «NO0E*N0 +Q00F+00 92,4 «0 .0
6 L3 -115, «000F +00 +000€+00 S6,« «0 «0
& 7 ~29.0 « 000F ¢ 00 +000E+00 89,8 o0 «0
6 ] -16.1 «000€+00 +000E+00 151.5% «0 .0
& 9 41.9 +0N0E+0 «000E+00 106,19 0 .0
7 1 -305%, «000fF + 00 «000F+00 157,55 .0 «0
7 2 43,7 «000F«00 +Q00E*00 170.9 o0 0
7 3 107, «000€+00 «0C0E 00 7.0 «0 «0
7 LY 6.9 «000F«0 «Q00E+00 101.0 0 «0
7 5 -11.6 «00CE+00 «000€+00 164,13 «0 .0
7 6 110, «000€ 00 +Q00F+00 15,9 v o0
7 4 -50,0 «000F 00 «+Q00F 00 24,2 «0 -0
7 L] 17.1 «000F anQ «ONNE NN K4 A «0 .0
14 9 -11,9 +000Fen0 «000f 00 37,3 0 0
1 74 1 149,822 1.7321%22 5 1
4 1ot [4) 202.59R «6890111 5 4
L 19 1 2319.41% 1.2039473 5 5
1 138 1 274,142 « 7430311 K 1
3 150 0 3IN1.519 «5816044 5 3
L) 161 2 323.245% 1.7030649 5 4
4 200 1 401.578 «99155%7 5 4
[ ] 217 2 434,504 1.0381R137 95 [
7 229 1 56524 5899760 5 14
~-19, 24,37% 12.%
11 24,375 12,5

Figure C-1,
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19,
-19,
11.
19.
-19.

24,
20.
20,
20.
0.
0.
0.

- -
WA E NS N DR
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375 19.%
12.%
12.5
10.5
12.5%
12.5
10.5
83 1 167,268 t.3821552 S 1
[0 [ 190,424 « 6090055 5 2
103 0 207.288 «6091039 5 4
114 4 229.543 3.7508655 5 5
119 0 238.530 «5621488 5 L}
139 0 279,684 +«5192603 5 8
149 1 299,232 «b6977379 5 1
151 2 30%.621 1.7963026 S 2
164 0 328,527 «5889673 5 3
12.2 «000E+00 +000E+00 128.9 .0
42.7 «000E+00 «000E*00 147.4 -0
-33.8 «000F+00 «000€E+00 132.5 «0
13.3 +000E+00 «000E+00 116,7 0
34,5 «000€+00 +000£+00 47.1 .0
-8.1¢6 +«000F+00 «000E+00 78.9 .0
7455 «00CF +00 «000E+00 125.5 .0
-10.5 «000€+00 «000E*Q0 99,6 «0
“13.4 «000F+00 +000E*00 139.7 0
24,2 «000€+00 «000F+00 1613,0 «0
62.8 «000€ 00 «000E+Q0 150.9 -0
-30.4 «000€+00 +000E+00 124.9 0
4.6 «000F ¢ 00 +000E+00 B6.6 0
-10.9 «000E+00 +000E+00 149.0 «0
29.0 «000F +00 «000E+00 139.4 0
-19.6 «000E « 00 +000E*00 135.5 .0
-T7.19 «J00€+00 «000E+00 87.8 .0
~14.2 +000£+00 «000E+00 165.5 .0
60.4 « 000t +00 «+000E+00 59.9 .0
60.7 «00CE+00 «000E+00 123.6 .0
-79.1 +000E+Q0 «000E+00 KC.D 0
-102. «000E«+N0 «000E*00 44,9 .0
-54,9 «000€E+00 «000E+Q0 62.8 -0
42.5 «000t¢00 «000E+Q0 49,9 «0
66,0 «000E+00 «0Q0CE+00 bH2.9 0
-24.9 +«000E+00 «000E+00 51.4 -0
-R1.0 «000€+00 «000E*00 139.1 .0
.54 «N00F ¢ NQ +000E+00 92.0 .0
107. «NONECQD «QUOE +00 103.0 .0
-17.7 «000E +00 «000f+00 98.4 .0
-« 769 «000€+00 +000E+00 22.4 .0
R, 47 «NO0E+*00 «000F+00 106.1 «0
-14,0 +NOOF +0Q0 «000Eenn 90,9 .0
2435 +000E+NQ «000E+00 97.7 «0
R, 0% <009 «00 +000E+00 112.4 «0
9.09 «100F+00 +000E+00 120.9 .0
69.5 «0NCEC00 «000E+0D 65.4 .0
-110. « 0001 «00 «000E+00 20.5 .0
~104, «000F +00 +00NE+C0 67.9 -0
27%.1 «000E*0 «00UE+00 63,1t «0
~21.1 «000E+00 «000E¢00 91.9 0
137, «000F +00 «000E+N0  She4 0
€2.7 «000E+00 «000E+00 62.13 0
~-%7.9 «000F +00 «000f¢N0 59,2 .0
-112. «NOOE +nQ «000E 00 49.9 -0
"9, 6 «000F + 00 «000£400 100.7 «0
5%5.8 «000t+00 «000E+00 65.7 «0
-107. «000E+00 «000F+00 101.1 .0
753 «+00 Es00 «000E+00 94,4 .0
-64,5 «00NE 00 «000t+CO RO.LO .0
-144, «000Fs00 +000E«00 RA.S .0
AR, 4 +000Fe00 +000E+C0 106.1 «0
-50.4 «N00F+00 «000(+00 110.2 «0
-62.8 «000f ¢00 «000E+00 1)h.2 «0
218, «N00Ee 00 «000E*CO 157.4 .0
f5.9 «0N00F+00 «N00E+00 13.8 «Q
=290, +D00E2 00 «000€+90 5A.9Q 0
6ho 4 «000E+00 «000F*00 120.9 »0
toc. «N0NE+00 «000E¢00 141.% -0
ALY +000€ 00 «DDQF 00 125.7 -0

Figure C-1.
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1 I4 186, «000F ¢00 NI L L 24 .0 .0
1 8 -79,0 +000f «00 «OCO e B85 0 0
1 9 -100. «000E+00 «QO00Fe) R&,2 .0 «0
2 1 1013, +000E+00 «Q00E+00 24.9 «0 0
2 2 141, «0N0F«00 «000€+00 163.1 0 0
2 3 ~B5.6 +000E «00 «000£+00 119.8 0 0
2 4 109. +«000E+00 «000E+00 38,1 0 0
2 5 AR, 0 «000€+00 «000E+0D 7.3 -0 0
2 6 -24.1 «000EeNQ +000E*N0 63,2 «0 «0
2 7 98.0 «0Q0E+Nn «000F+0D0 42.9 .0 0
2 ] 8.73 «000€+00 +000E+0ND 117.1 »0 «0
2 9 24,1 »000€+00 +UO0E*00 168,11 <0 .0
3 1 33,2 +000f 00 «00QE+Q0 70,9 .0 «0
3 2 26.8 «000€+00 +000E+0N 112.4 oV «0
3 3 -11t. +000F 00 «OUUE*Q0 94,7 .0 0
3 L] 368, «000E +00 «000E*00 #~7,2 .0 -0
3 5 -89.0 «000E+00 «000F ¢00 91.0 «0 0
3 6 155. .000E 00 «000E«00 104.1 .0 0
3 4 -92.7 +«000F + 00 «000E+00 81.5 .0 «0
3 e =27.6 «000€+00 +000¢+00 90.1 0 «0
3 Q -15%, «000f¢00 «000E+00 R4,2 -0 0
3 1 Q8.8 «000E+00 «000F +00 164.2 «0 0
3 2 5.22 «000F +00 «000E+C0 11,1 0 «0
3 3 -24.3 +000€+00 «000E+00 175.7 o0 0
3 “ 12.1 +000F+00 «000€¢00 113A8,7 .0 0
3 S b.4b +00Nt ¢ 00 +000E+00 10644 0 «0
3 & -9,28 «0N0E«0Q0 «000€+00 151.2 0 «0
3 7 13,3 «000E+00 +000E+00 126.0 Ny «0
3 8 9,55 «000€+00 «000F+0C 3h.4 .0 0
3 9 13,9 «NO0F 00 «000E+00 .4 .0 «0
4 1 -151. «000EenD +000€E ¢00 &l1.9 .0 0
- 2 -101. «0COFenO «0C0Fen0 111.2 0 0
L3 1 ~68.6 «0N0F +00 «D00F 0D 44,4 «0 N
4 - 19¢, «ONCEsN0 «00CE+Cy 98,1 «0 «0
. 5 12.9 «000F ¢00 «000E+N0  T74.0 .0 «0
4 6 185, +N00F « 00 «000E400 B8A.0 0 «0
4 7 ~104, «000E+00 «000E+00 59.0 0 «0
4 8 -90.2 »000€+00 +000E+00 90,0 Y «0
4 9 -82.4 «N00E +00 «000F+00 105.7 -0 .0
5 1 =223. «000%+00 «000E+00 139.4 <0 -0
S 2 66,6 «000£+00 «000E+00 131.3 .0 «0
5 3 207. «000F +00 «000E N0 114,2 .0 0
S 4 285, «000€+00 «000£+00 117.3 «0 XY
5 s -35.7 «000E 00 «000E+00 112.9 -0 .0
5 6 -121, «000€+00 «000E«00 120.0 «0 .0
5 7 -121. «000F +090 «000€+00 117,2 0 «0
5 ] 51.0 «000E +0N0 +000E*DQ 128.1 «0 0
5 9 L78. «00CF+00 «0Q0€+00 118.6 U -0
6 1 1e8, «000F 200 +000€400 93.8 «0 .0
[} 2 -15.8 «000E+00 «000E*00 115.7 «0 «0
[} 3 ~45,6 +000F«00 «000€+00 11e4,.1 0 -0
6 4 -19,5 «000€ +00 «000€+00 58,6 .0 -0
[} 5 1.62 «000L+00 «0Q00E+00 16.2 0 .0
1] ] -13.6 «000E+00 «000€400 59,7 .0 .0
[} 7 40.4 «000F + 00 «000F+00 1ll6.6 0 «0
1] 8 =21.6 «000f +00 «000€+00 126.2 .0 .0
3 9 =39.6 «N00E ¢ 00 «000€E+00 117.1 .0 -0 ﬂ
7 t 129. «000F«00 +000E«00 74,2 .0 .0
7 2 31.9 +000€+00 +000E+00 1hK8.7 .0 «0
7 3 63,1 +000E+0N0 +000E+00 136.9 .0 +0
7 4 =-37.5 «000€¢00 »000E*00 156.8 «0 «0
7 k] 7.96 «000E+00 «000F+00 121.4 «0 «0
? & =133, «000E+n0 «O00ELDD 144, 4 «0 0
7 r =21.4 « 000400 «Q00E*00 158.4 -0 «0
? 8 41.5 +000E+00 « 000800 151.0 0 «0
7 9 5% .4 «000€+00 «000£+400 1238.2 «0 <0
b 1 246, «000F2n0 «000E+00 1.8 Y «0
s 2 -64.0 «300F¢00 +O0UESOD 7.6 0 0
5 3 -96.8 « 000800 «000fF «CO 6.7 «0 .0
5 4 -103. «000F + 00 «000E*00 16A.8 .0 «0
5 S =19.4 «000f 200 +000E*CO 1K7.5 -0 «0
5 L] 144, +000€00 «UO0E*00 173.5 .0 0
S 7 -84,5 « 00Nt s 00 +000E+00 174.2 .0 -0
s 8 ~72.) «000F 00 «000F+00 .8 .0 «0
S 9 -96.2 «0NO0E Q0 +QUOE+OC ol .0 «0
1] 1 “r7. +000t ¢ 00 «000Fs00 51.7 -0 « 0
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25|
[
Q
o
=
)
Q
!
[y

100




[} 2 28,1 +0CNE +00 «000te 0 176,.9 .0 «0
6 L] -33.8 «00GE «00 «000F ey 10643 .0 .0
(] 4 ~42.2 «000€+00 «000f+00 109,1 .0 .0
1] 5 Se72 +«000E +00 «000E+00 29.% «0 -0
[} 6 -51.1 «Q00€+00 +000€+00 29.1 .0 .0
] ? -108, «000€+00 «000E+00 178.1 «0 -0 1
[} 8 -25.2 + 000t 200 «000E+00 %2.6 «0 .0 i
6 9 -76.0 «000€+00 «000E+00 72.2 0 -0 )
14 1 432. «0N0E *00 «000E 00 6.6 o0 -0
7 2 =274, «000E+00 +003E+00 28,1 «0 .0
14 ] -564,. «QCOF +00 +000F 00 o7 o «0
7 4 4sn, «000€+00 «000F¢00 15.5 .0 .0
7 5 -15.4 «00 E+00 +000FE+00 15.8 .9 0
? &6 -130. «D00E+CO «UDOFeUD 15,2 «0 -0
7 7 562, +000E 0 «000E+GO  27.3 «0 0
k4 8 -223. «0NNF +00 «U00F e00 1.1 .0 .0
7 9 5204 «000F+00 +000F+00 1A7.3 0 «0 .
3 1 Ina, +»000F ¢+ 00 «000€E+00 112,90 0 0
3 2 Te72 +000F N0 +»000€E+00 18,3 Y -V
3 3 53.8 <000 +00 ~000E£400 9R.3 «0 .0
3 4 -88.1) «000F +00 «000E+00 162.1 0 0
3 5 -3.97 +000E «Q0 «000E+00 39,5 .0 0
3 [} 14.4 «000CE 00 «000€+00 34.9 0 .0
3 7 ~55.0 «000€ s 00 -000€E+00 21,4 0 -0
3 8 20.6 «000E+00 -000€E+00 50.0 .0 Y
3 9 2601 +000€f +00 +000E+Q00 73,2 .0 «0
3 L1 2 168,285 2.8288817 5 3
4 90 0 180,711 « 6866900 5 4
5 104 ] 208,391 « 7893097 5 5
] 110 5 220.972 4,81401 08 S 6
7 119 1 238.822 1.,0497084 5 7
5 139 [} 279,764 «5510013 S 5
[} 144 1 293,175 1.0753503 5 L]
7 150 0 300.294 +5929505 5 7
3 162 4 324.819 2.8444567 5 3
- END OF RECORD
DRAMN=1-ENDS

Figure C-1. Program Matrix Listing (Concluded).
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28C. ¢4t

~e 175363004524
«207131920957+9
~e37639245729%
~el6 701324081 ¢
+09739424924915
Q3701737713741
=e106329R4NNA94
«6241900775474
~e045704R6T74A 159
—«358%A33139561
1.

T+ 818897171138678
«0246R0MR0AALNS
«141491286032
«11211402K6RA>
~a3764AY67 764778
+2970937182087
e 0024CF6824922¢ 6
«0659413013791/7
1.
¢15315R7RR1547
“e2440583425722
“«118240132193
=+00061422306562R7

453,668
“4b6.C?6
=2.619 TN Letnn 1ot 7
a3t ~atle ol P ]
-4.310 .67 XY —. 12?2
2562 -.0ls EELRAY Z2.919
~.79) ol 25 LX) 282
+407 -.141 + 304 -.025
~. 732 - Whd? -.UnH
162 .00y -.u9 -euu?
~eA51 028 « 120 -e 055
$2.1036 2etb5 22.991 4,431
246465 +173 1,405 =300
. 22.903 l.605 12,534 ~2.957
4,431 ~+300 -2.9%7 w202
«909 «09Q 1,108 190
-$.920 ~e2%3 -3.789 -l.081
10.12813 .580Q “.842 ~1.821
-2.448 ~.117 ~l.107 «173
4.2513 + 265 20624 -e227
THE EVYGENVALUFS ARE:
THE COMPARISON OF ELIGENYALUES:
UNLOADED PREDICTED aCTuaL
EXPERIMENTAL MASS-LUADED MASS-LOADEN
DATA USING EXPERIMENT AL
—--- ~ .- —-. SOQOUARE “CDAL_ _ DATA
MATRIX
169.437 199.4%4 139.97%
181,281 176.5%4 179.832
206,396 197.687 2044245
2064643 2064499 204,059
— .238.019 S233,101 . 238,610
238,212 238,144 238,640
279,993 278,872 2BQ.h4s
451,669 450,286 453.4668
484,487 481.779 46b.076
203939263226104

et 3}
a9
a1l

—ein2
PR P4

-ed 1l

-.217

—euDy
cauy
PRIR ]
PR D]

le103
1499
J861)

-« BbS

~+01lv

-.184
«212

LT
~ei97
~.l43

231

PROK)

=l.a497
-3
-+ 1136
—su00l
~6.72G
~e243
-3.2784
=lenMl
—etth
7.531
-.1173
«969
-1l.941

PERCENT S

EKRDR
PREOICTED
_YERSUS 0
ACTLAL
=132

1.82

.21
~a90

2432

«22
63
75

=~3.80

-1

1y

4
-1
<

DUARE
rROoQr

o3 —al®l
v 14
[ ~s4u
o127 Jlue
11y -.038
ella -s1t5
137 -~ 041
ERVA DY 28
Va9 «0U1
CRE-K] -2,448
«23y ~. 117
842 -1.107
2821 e 173
aJd 10 ~ald4
2173 733
097 ~eh56
430 «155
_etil4 ~a210
PREDICTED
MASS-LOADED
USING

nF
1FE'S
sQ'0
39
«RY
-39
4?2
1.87
1.31
«34
8.65
o212

PSEUOUINYERSE

[9k0WS §COLS)
1694437
181.251
2Ub. 396
2J0bet43
238.2139
238.212
27949133
451.669
Ve 00U

=.1ls
2« Gwo
—-sUZ]
—slus
e152
311
«G32
~eU15
. 008
40391
265
24625
- 207
512
~1+9%]
abl4
-e270
«904

PERCENT

EXROR
PREQICTED

YERSUS
ACTuAL
=21l.05%
-.79
~1l.05%
-.97
25
.19
.23
L)
100,00

SQuUARE
xQaT
af
QIFF*S
SQ'D
2459
2.65
losa
l.49
3.80
3. 27
1.26
8.71
1.79

Figure C-2.

Edited Output From Program Matrix.,
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-

“ s s 0 o .

« s o »

¢ s a4 s o

e 4P s 0 v u sy

“ e e moes

Sample output Trom DIS3ULY Graphlos 0 rane:

P R I e N R

FUCTEUR T of TRV AN .

¥INAX]Sa 1S%euts
YINAY]S = 1,00
1IDAX[Ss 1%ent

In AMS, =N LN[TS

LI S

“esc et sttt sssssssesreernsssans

VIEWPNINT .
XVU==-2,.COCE+LL .
YYU= 7,00CF 0] .
Ivus 5,000t +01 .

IN 285, 3-D UNITS .

GRAPH SFY-yP t GRAF3D :

oo DRIGEN .
XIDARIGIN=-2,00Ct*D} .
YINNRICINe-1,00CE ¢+ 00 .
ZIDURIGIN=-5.00UE-01 .

STEP SI128 . . _ . .
XI0STPe 1,0UUE+CL .
YINSTPs 1,000E+C1L .
I3DSTP= 1,0udEeOL .

— “AY[Uyw P e —_
X3INAXe 5,000E¢01 .
YINvAXe $,000€¢01 .
I30%AX= 5,000E+01 .

2048042400 0000000s200s0000000s00s

Gacsetensocscacsacsssosaosnncancacsanssna
« LOCATINN OF CURKENT PHYSICAL DRIGIN
« X= .50 L& lal?2 INCFES

. FRNS® LOWER LFFT CORNFR NF PAGE

saasasssennssnssscsssssarsssssarssasansas

_Figure C-2. Edited Output From Program Matrix
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2Tha142
N1, 519
323,245
401,578
434,504
456,524
2408 ~e151 Wl 1.012 —-—etily 1,474 el 0?9 -.0l3
<137 AR -su71 R L —-.tiih ~e 21 s dh 'R el
l1.409 <058 bl 567 ~e 37 .04} e Hl4 eul -.163}
1.9A8 ~ 01 -36) l1.608 34y e lne TP 2049 —albu
-.00% ~a(dl 055 -elle o 82 sUB2 YRR ~euU32 « 00
1.2113 ~s128 -4151 -2.930 LAY ~2.017 571 ~e217 -.037
o282 Ul te ~s152 0L Y ~e374 =139 Ul .l118 —e216
109 o024 “ef4 029 =115 ~.lb4 «0UY « 004 «001
- -« 832 . =001 - =,369 eb52 &2 « 873 Y el18 -e 320
12.39 ~.R41 =1.04t o493 s 450 -6.,227 242736 -+ 010 1.229
-.843 o132 222 -eQ13 -a0?5 175 ~«C41l « 065 -e098
-1.041 0222 le611 1.6139 —eut7 -.35%8 ~.4l) <073 «9h2
«45) ~s013 1639 2.8862 «u78 =-1.879 ECELY] ~eQ6U L.59¢
-.450 ~sU75 =.ut7 «U7b o294 0943 ~a 40V -el132 «022
- mbed22- 25 mg3%3 =1,879 343 9.3612 *l.835 ~e307 -1e247
2.2 ~e041 473 -s 349 =409 ~1.83% 1.257 «159 —e047
-.0l0 «Cb5 +073 ~el4uU -.132 -+307 159 272 -s048
1.229 “.098 « 962 1,594 «022 -1.247 -.047 ~+ 048 1.214
THE E1GENVALUCS ARF:
THE CNYPARISAN OF FICENYVALUES:
~-UNLOADED . PREDICTIEO ACTUAL PERCENT SQUARE PREDICTED PERCENT SQUARF
EXPERT“FNTAL ®ASS—LOADED “ASS-LOADED ERROR RN0T %ASS~LOADED ERRQR ROOT
DATA USING EXPERIMENTAL PREDICTED aFf USENG PREQICTED aF
SOUARE w0DAL DaATA VERSUS DIFF*S  PSEUDOINVERSE VERSUS DIFF 'S
MATRIX ACTUAL SQtp t3R0ES+8COLS) ACTuaL sQ'D
137.27% 137.08% 149.872 Ba.%3 4h 137.275% B.al «4)
--— 207,085 181,208 . ____ 202.598 — - --10.%6 . . .44 _ __207.08S o =2e21 2457
239.182 227,943 2IR . 415 4.39 3.96 239.182 ~e32 4.28
280.5513 260,788 276192 556 1.85 2804553 =1l.00 3. 04
294,848 286,278 301.519 5,09 l.62 294,848 2.21% 2.5)
327.84) 327.1%0 32342465 wlae2l 17 Jer.881 -l.43 89
394,224 393.434 401.578 2.03 o7 3944224 1.83 «35
o AlALLeA . &13.896 . 434.506 . __ 4,76  ___.l6_-_  4le.lee 4,68 28
453,688 453,491 456.924 «bb “.08 «001 100.00 2.99
«0084%571035%2748
~.1817017949291
-e1973472%042917)
~«046085293272128 . | _ __ R _ - - R
222681980 354%2
«19597421317667
+014485K467102925%
=0119512034692262
«03897282643419
-«09139274291202 - .
«20%7643600871
+5653119430n0243
=e725¢695747728
=e 1291560474511
=«071217166724448
«230377°237647
“a324161584219]
092650441 7194
~e20C521237521
AT P I FR LN
—eh&13767080T7)
Figure C-2., Edited Output From Program Matrix (Continued).




279,764
293,178
00,294
324,819
~eb2N 2Rkt 737 LR lavts sden eluy « 09 1,041
~.500 S IRGL sute -, 209 IS - hhe -a32h «ud1 albhh
~o 749 ~1.P1¢ o122 -1t “ela? EP ALY LT L) ~ev2l «lh1
“o1M Pl « 7 Te12 R A ~.2 1A -.751 o« 32N LY
«0%] PR —.l49 LR AR .U 29 -.107 022 =.054 e (39
lel67? SO0 1 =lans EE AR -ellS 1.4 U7 —a b4 ~l.%20
<3V 1.0 B PR A Yo I -e92% o714 o179 «279
~e 197 -e129 « 151 - 17 0B -eh 9 -ed5S L 007 +1R1
~.b11 £ 182 1.%10 1.142 Y -1.229 -o 422 o747 LoS6s
7.%93 —elM0 =171 —p.as80 SORL -1, 241 AT -, 064 +458
~e13C .202 1.G72 - 829 -.0l1 -.837 e 292 645 182
-1. 7 1,072 2.107 -. 4319 AL} ~1.091 =l.1%9 «979 072
=1.950 ~eb29 a6 24985 -« 0% «J97 «U86 ~e557 1.010
«04] ~.N1 —eUbh -.086 036 £ 004 «V1i7 «00S ERLE
~le241 ~.AR7 -1.073 187 «UU4 PERLE] - 9592 - 121 “14%35
«R77 =292 =1l.159 ROLYY 0017 =592 1.903 -. 184 54
~.064 o545 979 ~e55%2 V05 921 -alB8¢ «821 2581
«A5R 142 072 1.010 ~s U89 ~1.538 956 261 1,849
THE EIGENVELUFS ARE:
THE COWPARISNAN NF FICFNVALUFSS
UNLOADED PREDICTED ACTUAL PERCENT SQuave PREDICTED PERCENT SQUARE
EXPERIMENTAL wASS—-LNANED MASS-LNANFD trReNe enny “ASS-tLUADEN fFRRNR 8907
0ATA USING EXPERIMENTAL PREDICTED nf USING PREDICYED CF
SOUAFE wODAL Nata VERSUS OIFF'S  PSFUDNINVERSE veesus DifF*s
MAYRIX ACTuAL $C*'D (9ROWS +BCOLS) ACTuAL $0°'0D
167.266 105,091 158,788 37.5% 1.47 1674204 o 6] 1.%)
180.424 179,656 190,711 54 2e14 1904424 ele 2.21
207,278 199,339 20R.19) LFELY 1a2h 207.298 »51 2.16
_ . 228,54) 227,743 270,972 =J.086 1.5%1 2284543 -3.4) 1.60
23R.%10 237,462 2IR,R22 «58 1etb4 23R.%530 ol2 217
279,594 262.26% 279,764 belt Lea? 279.684 203 el
299,212 290,583 291,17% 49 2460 299.232 -2407 1.58
303.621 301,309 IN.2946 ~a34 Jeb2 303.621 ~l.l1 2468
328,523 325,301 24,819 =el® l.68 « 002 100.00 1.60

«07756035591113
«56937¢0CAR2H2
~e41941386R521%
3240403302842

1.32§Q§3§8540Hk
al551939140795
~e102428R017242
«03645737474271
«3779360199224
1.
~e 559644577104
0464778417741
=~eD1BS4AGARNT 45
«3461549904N14
~e1072412112741
~al847847A35274
~e2729614359007
~eB56736446094AN2
~eBI109%R07420%%
.
« TR7559900419
«11474307348784
~e18417%9022727>
~a08450CTIR22 8

Figure C-2. Edited Output From Program Matrix (Concluded).
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FRAGTLISONGINISNAC (™LA S00 T T79V e g aTW N 8 hg 6.
FRAZTLISOOGINISCO OOl 00 TP 0 AT 00 R4
REQUEST NFFNRw ,8pF ,

ATTACH NASTPAN yNASTRAN,[NeNASTRAN, SNeAFFNL 4 R,
LI®IT,200",

ATTACH NAST NASL [NeT@AN(SNeASNAN,
ATTACHINAS2 oNAS2, IDsTRAN,SN=ASNAD,
LIBRARY (NASL 4NSS2,

RFL+165000.

NASTRANT 3 3 PUNSY ATTACH

RETURNSNASTRAN,

ATTACH NASTPP NASTPP 1D CUSNAST SNeAFFLL 4"R=1,
REMIND PUN,

RFL 4165000,

NASTPP 4PUN,

CATALOGDEFORY,CLEAN,RP=399,

-

10 ATKINSON,UNCEL

APP OISPLACERENT
soL 3

TInE 50

CEND

TITLE = CLEAN
SUBTITLE = SIMPLIFIED PANEL
LABEL = 2 FER 81

METHOD « 1

SPC = 1

ouTPUT

DISPLACEMENTSIPRINT ,PUNCH) = ALL

BEGIN BULK

ASETYL 1 2 THRU 52

ASETY 1 54 THRY 64

¢R1D 1 1 2.5 -18.0  23.5 1
CRID 2 1 62.5 ~14,67 23,5 1
CRID ;) 1 €2.5 -11.33 23,5 1
CR1D . 1 42.5 -8.0 21.% 1
cRID 5 1 42,5 -5.67 23,5 1
CR1D 6 1 2.5 -3.33 23,5 i
cRID 7 1 42,5 -1.0 23.5% 1
cRfD [} 1 “2.5 1.1 23.% 1
GRID 9 1 62,5 3.67 23.5 1
GRID 10 1 «2.5 6.0 23.% 1
GRID 11 1 2.5 10.0 2345 1
cR10 12 1 42.5 14.0 23.% 1
GRID 13 1 42,5 18.0 23.5 1
CR1D 14 1 02.5 ~18.0 17,7 )
(131} 15 1 42.5 -14.67 17,7 ]
cR1D 16 1 42,5 -11.33 17.7 1
cRID 1? 1 2.5 -8.0 17.7 1
GRID 18 1 42.5 ~5.67 17,7 1
GRID 19 1 42.5 ~3.3)  17.7 1
CRID 20 1 42.5 ~1.0 17.7 1
GRID 21 1 42.5 1.33 17.7 1
GRID 22 1 “2.5 1.87 17.7 1
CRID 23 1 42.5 6.0 12.7 L
GRID 24 1 42.5 10.0 17.7 1
GRID 2% 1 42.5 14.0 17.7 1
cRID 26 1 42,5 18.0 17.7 1
CR1D 27 1 42.5 -18,0  12.0 1
GRID 20 1 42.5 ~14.67 12.0 1
GR10 29 1 2.5 -11.33  12.0 1
cRID 30 1 “2.5 -840 12.0 1
GRID n 1 42,5 -5.67 12,0 1
GRID 12 1 “2.5 -3.33  12.0 1
cRiD 11 1 82,5 -1.0 12.0 1
GRID 14 1 “«.5 1.3 12.0 1
cR1D 15 1 “2.5 1.67 12.0 1
cR10 1 1 42.5 A0 12.0 1
GRID 32 i 4.5 10.0 12,0 1
[131] In 1 “Z2.5 14.0 12.0 1
CRID 19 1 2.5 18.0 12.0 1
GRID .0 1 2.5 “18,0  6.25 1
CRID a1 1 “2.5 14,67 6425 1
GRID .2 1 0245 “11.13  6.25 1
cR1D 4 1 0.8 -8.0 6.25 1
cR10 A 1 2.5 -8.67  6.24 !

Figure C-2, Sample NASTRAN Deck,
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GRID L 3] 1 “2.5 -1,3) 6.2% 1

GRI1D 46 1 “2.5% -1.0 629 t

CRID 7 1 42,5 1.33 6425 1

GRID 48 1 42.5 Y.67 6,25 1

GRID 49 1 42.5 6.0 6425 [

GRID 50 1 42,5 10.0 6.2% 1

GRID 51 1 “2.5 14,0 6425 1

GR1D 52 1 «2.5 18.0 6,25 t

GRID 53 1 2.5 -18.0 0.5 1

GR1D 54 1 2.5 -l4a.67 0.5 1

cR10 55 1 42.5 -11.33 0.9 1

CR10 56 1 42.5 -8.0 0.% t

GRLD 57 1 42.5 ~5.67 0.5 1

GR 10O 58 3 42.5 -3.33 0,5 1

GRID 59 1 42,5 -1.0 0.5 1

cR10 60 1 42.5 1433 0.5 L

GRID 61 H 42,5 .67 0.5 1

GR10 62 1 42.% 6.0 0.5 1

GRID 63 1 42,5 10,0 0.5 1

GRID &4 1 42,5 1%.0 0.5 1

GR10D 65 1 4“2.5 18,0 0.5 1

GR1ID 66 1 0.0 0.0 22.175 1} 123454

GRID 67 1 0.0 0,0 2.3 1 123458

GRID 68 1 0.0 0.0 0.0 1 1234506

GRID 69 [+] 0.0 0.0 0.0 123456

GR1D 70 ] 0.0 0.0 23.0 123456

GR1D 71 [\] 30.0 0.0 23.0 123456

GR10 72 1 6.0 g.0 23.5 1 123456

GRID 73 1 0.0 0,0 0.5 1 123456

CBar 1 ] 1 2 [ 2 +CBAR]
CBar 2 1 2 3 66 2 *LBARY
CBAR 3 1 k] 4 66 2 *CBAR)
CBAR 4 1 L} L] 66 2 *+CRARS
CRAR 5 1 5 & 66 2 +CBARS
CBAR [ 1 [3 7 66 2 +CBARG
CBaAR ? 1 ? ] 66 2 ¢CBARY?
CBAR 8 1 8 9 Y3 2 +CBARS
CBAR 9 1 9 10 (Y] 2 +CRARY
caar 10 1 10 11 66 2 +CBARYO
CBaAR 11 1 11 12 66 2 +CBARLL
cBaRr 12 1 12 13 66 2 +CBARL?
CBAR 13 1 53 54 67 2 oBARY)
CBAR 14 1 54 55 67 2 *CBAR]A
CBAR 15 1 55 56 67 2 *CBARLS
CBAR 16 1 56 57 67 2 *CBARLS
CBAR 17 1 S7 58 67 2 sCRARLY
C8aAR 18 1 58 59 67 2 eCBARLS
cear 19 1 59 60 X4 2 +CBAR]9
CRAR 20 1 60 61 67 2 +CAAR20
RAR 21 1 61 62 67 2 eCRAR2]
CRAR 22 3 62 63 67 2 *CRAR)?
CBAR 23 1 63 b4 67 2 *CRAR?2Y
C8AR 24 1 64 65 67 2 ¢CBARZ2A
C8aRr 25 2 1 1e 68 2 «CRAR2S
C8aR 26 2 14 k7 68 2 *CBARZE
CBAR 27 2 27 A0 68 2 *eCREQQ?
CBaAR 28 2 40 53 68 2 *CBAR2A
Coan 29 2 13 26 68 2 *CRAR29
CBAR 30 2 26 39 68 2 +CB4AR3O
CaAR n 2 39 $2 68 2 *CBARYYL
CBAR 32 2 92 45 68 2 «ChAR)Y?2
[4.71] N 3 4 17 68 2 *(BARYY
CRAR 3o 3 17 0 68 2 eCRAR}Y
(471 35 3 30 LR 68 2 *CRAR)S
CBAR 36 3 43 56 68 2 *CBARYY
CBAR 37 3 ? 20 68 2 +CRARY?
C8AR 38 ) 20 311 68 2 *eCBAR A
C8AR 39 3 13 LYY 68 2 sCRARIY
CBAR .0 k) 8 %9 68 2 *CRARGO
CBAR Al 3 19 23 68 2 *sCBARG|
CoaAR 42 3 21 36 b8 2 *CBARS
ChaAR 43 3 36 49 68 2 eCBARAY
ChAR . 3 49 62 60 2 CLBARANY
CoAR 4 [} 1 2 69 2 sCAARSS
ChaR a6 . 2 3 69 2 eCRARANG
CRAR 47 4 3 L) 69 2 eChARANY

Figure C-2., Sample NASTRAN Deck (Continued).
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QAR LY. ] LY [} L) +9 2 eCRAWSH
Esne 49 [y L) 'y 9 2 s(HARGY
caar 30 s o ! 72 : PPN

7 f 72 2 .
f::: 2; N ) 9 72 2 sCRARN?
CBAR L) \ 9 te 72 2 eCRARSY
csar L » 10 1 72 2 *CRAKSS
caaR L1Y 4 1 12 72 2 $CHARSS
cBaR %6 . 12 13 72 2 sCBARSS
crar 57 L3 LS 5 13 2 eCRARST
CRAR LY ] 5 5e 5% 5] 2 sCBARSY
caAR 59 Y 55 LTS 73 2 og:::»z

BAR 60 5 CYY 57 74 2 B IS
Eg.. 61 5 57 58 73 2 *CRARL]L
CBAR 62 5 »8 59 1 2 *CBARD?
CRAR 83 5 59 60 13} 2 «CRARDY
CpaR ba LS 60 b1 13) 2 *CRARGA
CBaR 6% ) sl 62 73 2 +LRARGS
CRaR b6 5 62 63 73 2 eCBARLS
CRAR 87 s 63 64 73 2 eCBAaRG?
(4711 89 3 i 14 68 2 +CBARGS
CaaR 10 6 1a 27 68 2 +CBARTD
CRAR " [ 27 «0 68 R «CRAR Y
ChAR 7] s «q 53 68 2 CRARTZ
cean 71 4 13 28 68 2 *CBARTY
ChaR 74 6 26 39 &8 2 sCRARTS
ceaR k2] [ 19 52 68 2 +CRARTS
coaR 16 Iy 52 6% 68 2 *CBARTG
“CBARE -1.25 1.0 ~1.325 ~1.25 d.¢ ~1.32%

CBAR? “1.25% 0.0 =1e32% ~1,2% O.u ~1.32%
+CBARY -1.25 0,0 “1.329 =1.,2% 0.0 -1.32%
sCBARS -1.2% 0.0 ~14329 =1.2% 0.3 -1.32%

“CBARS ~1.2% 0.0 -31.325 =1.2% 0.0 -1.32%

LT ~1.25 0.0 ~1.325 =1.2% 0.0 ~1.32%
vC8aRY ~1.25 0.0 ~1.32% ~1.,25 0.4 ~1.32%
sCBARS “1.25% 0.0 ~1.32% =~1.25 0.0 ~1.325
«CBARY -1.25 0.0 ~1.32% ~1.2% 0.0 14325
*CBARLO -1.25 0.0 ~1.325 ~1.,2% 0.0 “1.32%

*CBARLY -1.29% 0.0 ~1.32% =1.25 0.0 -1432%
oCBARLZ -1.25 0.0 ~1432% -1,2% -1.0 -1.32%
eCBARL) “1.25% 1.0 1.8 -1.2% 0.0 1.8
sCRARLY -1.2% 0.0 1.8 ~1.2% 0.0 1.8
SCRARLS -1.2% 0.0 1.8 “1.2% 0.0 1.8
*CRARLE “1.25 0.0 1.8 -1.25 0.0 1.8
*CHARST ~1.2% 0.0 1.8 ~1s25 0.0 1.8
*CAARLS -1.2% 0.0 1.8 ~1.2% 0.0 1.8
*TRARLY -1.2% 0.0 1.8 -1.2% 0.0 1.8
*CBARZO -1.2% 0.0 1.8 “1.2% 0.0 1.8
*CBARZYL ~1.2% 0.0 1.8 -1.25 0.0 i.8
SCBARZ2 ~1.¢% 0.0 1.8 -1.2% 0.0 1.8
*CRAR2Y ~1.2% 0.0 1.8 ~1.2% 0.0 1.8
sCHARZA ~1.25% 0.0 1.8 -1,25 ~=1.0 1.8
*CBAR2S ~0.2%6 3.0 -0481% =-0,2% 1,0 6.0
+CBAR2G ~0.24¢6 1.0 0.0 -0.246 3,0 0.0
SCBARZY ~0.246 3.0 Q.0 -0.246% 3.0 0.0
sCBARZSE ~0.246 3.0 6.0 ~u,246 3.0 0.9
*CBAR29 ~0.246 ~3,0 ~0.81% =-0,2¢n6 -1,0 0.0
*CBARID ~0,246 ~3.0 0.0 —~0.,2%6 -3,0 0.0
*CBARD] ~0.246 -3, 0.0 ~0,2% -3,D 0.0
*CRARYZ -0.248 =3, 0.0 -0.246 =-1.0 0.0
*CBARYY -0.2% 0.0 “0.B1% =0,2% 0.0 0.0
*+C8AR DS -0.25 0.0 0.Q ~0.25 0.0 0.0
*CBARYS -0.2% 0.0 0.0 ~0.25 Q.0 0.0
eCHARZS -0.2% 0.0 0.0 ~0.2% Q.0 0.5
sCBARDT -0.2% 0.0 -0.81% -0.25 0.0 0.0
eCBARYS -0.25 0.0 0.0 ~0,25 0.0 0.0
+CBAR1Q ~0.2% 0.9 0.0 -0.29 0.0 0.0
+CBANSO ~0.2% 0.0 0.0 ~0,2% 0.0 0.5

. eCBARGL ~0.{S 0.0 ~0.81% ~0.2% 0.0 0.0
*CBARA? ~0.2% 0.0 0.0 ~0.2% 0.0 0.0
sCBARAY -0.25 0,0 6.0 ~0.2% 0.0 0.0
sCBanaq -3.25 0.0 0.0 ~0,29 0.0 044
SCBARAS -0.02 0.0 a.0 ~6.0¢ 0.0 2.0
L TLIYS 0,32 0.0 0.0 ~0.02 0.0 0.0
oCBARAT -0,02 0.0 0.0 ~0.02 0.0 0.0
LY -0.0Z 0.0 0.0 ~0,02 0.0 0.0

Figure C~2. Sample NASTRAN Leck (Continued).
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f * *sCRARAS -0.,02 0.0 0.0 -0.,02 0,0 0.0
i «CHARSO -0.02 0.0 0.0 ~0.L2 0.0 0.0
N +CBARSY -0.,02 0.0 0.0 -0.02 0.0 0.0
. *CBARS2 -0.02 0.0 0.0 -0,02 0.0 0.0
B *+CBARS) «0.02 0.0 0.0 -0,02 0.0 0.0
: *CBARSA -0,02 0.0 0.0 -0.,02 0.0 0.0
*CBARSS -0.02 0.0 0.0 -0.02 0.0 0.0
*CRARSS -0,02 0.0 0.0 -0,02 0.0 0.0
¢CBARS? -0.02 0.0 0.0 -0.02 0.0 0.0
+CBARSS -0,02 0.0 0.0 -0.02 0.0 0.0
*CBARSY -0.02 0.0 0.0 -0.02 0.0 0.0
*CBARGO -0.02 0.0 0.0 -0.02 0.0 0.0
oCBARSY -0,02 0.0 0.0 -0.02 0.0 0.0
*CBARB2 -0.02 0.0 0.0 -0.02 0.0 0.0
¢CBARSD 0,02 0.0 0.0 -0.02 0.0 0.0
¢CBARGA -0.02 0.0 0.0 -0.,02 0,0 0.0
+CBARGS -0.02 0.0 0.0 -0.02 0.0 0.0
*CRARBS -0.02 0,0 0.0 -0.0¢ 0.0 0.0
eCAARG? -0,02 0.0 0.0 -0.02 0.0 0.0
*CBARGSA -0.02 0.0 0.0 =0.02 0.0 0.0
*+CBARBS -0.02 0.0 0.0 ~0.02 0.0 0.0
+CBARTQ -0.02 0.0 0.0 -0.02 0.0 0.0
*CBARTL -0,02 0.0 0.0 -0.02 0.0 0.0
*CBART2 -0.02 0.0 0.0 -0.02 0.0 0.0
*CBARTY -0.02 0.0 0.0 -0.02 0.0 0.0
*CBARTA -0.02 0.0 0.0 -0.02 0.0 0.0
sCBARTS -0.02 0.0 0.0 -0.02 0.0 0.0
¢CBARTS ~0.02 0.0 0.0 -0.02 0.0 0.0
c8AR 68 5 63 64 73 2 *¢CBARGLS
coRDIC 1 69 70 71
couap2 1 1 1 14 15 2
couap2 2 1 2 15 16 3
couanz 3 1 3 16 17 4
COUAD2 1 4 17 18 5
couap2 S 1 5 18 19 6
couapz ¢ 1 [ 19 20 ?
couap2 7 1 ? 20 21 8
couap2 8 1 ] 21 22 9
couap2 9 1 9 22 23 10
couapz 10 1 10 23 24 11 ‘
cauap2 11t 1 11 24 25 12
COUAD2 12 1 12 25 26 13
couat2 13 1 14 27 28 15
CoUADZ 14 1 15 28 29 16
couap2 15 1 16 29 30 1?7
couaDz 16 1 17 30 31 18
couan? 17 1 18 11 32 19
couap2 18 1 19 32 33 20
cauan? 19 1 20 13 34 21
couap2 20 1 21 3a 35 22
couap2 21 1 22 3% kD) 23
: cauap2 22 1 23 38 37 24
: couan2 23 1 24 17 38 25
3 CauaD2 24 1 25 38 39 26
covap2 2% 1 27 ) 9! 28
couvan2 26 1 28 sl %2 29
couap2 27 1 29 82 «3 30
i couap2 28 3 30 43 4 31
couap2 29 1 3N ' 1) 32
couap2 o0 1 32 5 Y 13
couap2 31 1 3 Yy 47 34
i covap2 32 1 34 a7 48 35
i couap2 13 1 35 48 49 36
: CQUAD2 34 1 16 9 50 37
couvap2 3% 1 37 50 51 I8
covap2 3s 1 8 51 52 19
couap? 37 1 40 53 54 a1
cauap2 38 1 “l 54 55 €2
cauap2 19 1 “2 5 56 [$)
. Couan2 &0 1 «3 S6 57 o
CouaD2 «1 1 as 57 58 45
CoUAD2 &2 1 .5 LY 59 46
couat2 #) 1 “b 59 60 47
COUAD2 4« 1 47 0 61 48
COUAD2 o5 1 “8 61 62 (Y}
cauap?2 L) 1 “9 &2 6) 50

Figure C-2. Sample NASTRAN Deck (Continued) .
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CouAp? 47 1 50 3 e
COuAD?2 48 1 S5 .1} 65

EIGR 1 Giy 0.0 50040

SEIGRY  MaX

RATL 1 le0? 0.3) 2.588-4
PARAN GROPNT 33

PBAR 1 1 0.375% 0.0835 0,037
PRAR 2 1 0.121 0,00955 0.01576
POAR 3 1 O.le 0.00664 00,0491
PBAR 4 1 0.1352 .00007210.03218
PBAR 5 1 0.08 «00004270.006667
PBAR [ 1 0.08 +00004270.006667
POuAD2 1 1 0.040 0.0

spCl 1 123 1

spCl 1 13 53

sPCl 1 1 65

ENDOAYA ¢

o END OF RECORD

1.-10

0.0019 0.0
«00015760.0
«00007470.0
«00028440.0
«00017070.0
«00017070.0

*EICR)

Figure C-2,.

Sample NASTRAN Deck

(Concluded).
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VITA

Frank Broderick Atkinson was born on 13 November
1947 in Nashville, Tennessee to Robert T. and Ruth B.
Atkinson, After graduation from Irving Seninr High
School in 1965 he attended Arlington State College

(now the University of Texas at Arlington). During

his studies there he participated in the cooperative
education program as a Welght Control Engineer at Bell
Helicopter Company in Hurst, Texas. Following gradua-
tion in 1970 with a Bachelor of Science degree in Aero-
space Engineering, he enlisted in the U, S. Air Force as
a Ground Radio Communications Equipment Repairman. He
subsequently attained the rank of Sergeant whereupon he
was selected to attend Officer's Training School (0OTS)
at Lackland AFB, Texas. Upon graduation from 0TS in
January, 1975, he was assigned to the 3246 Test Wing,
Guns and Fuzes Division, Eglin AFB, Florida as a Wing
Munitions Test Engineer. During his tenure at Zglin
AFB, he was selected three times as his div.sion's
nominee for the Directorate of Test Engineering Test
Engineer of the Quarter Award. He also represented the
Directorate of Test Engineering as the nominee for the
Lt. Robert L. Sullivan Award for the most outstanding
junior officer. Capt. Atkinson was assigned to the
School of Engineering of the Air Force Institute of
Technology in June 1979 in the Craduate Aeronautical Engi-

neering Program.

Permanent address: 90 Mr. and Mrs. R.T. Atkinson
5012 Shannon Drive, Box 81904

Lewisville, Texas 75056







