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ABSTRACT

The desirable performance goal of an ultrasonic nondestructive
evaluation, NDE, methodology is to reliably and rapidly obtain
information regarding flaws in the material being tested. Decisiors
concerning acceptance/rejection of material for further usage can then
be made on the basis of the nature and severity of flaws within it.
Flaw size estimates are currently made on the basis of an idealized
physical model, describing the flaw, which uses the computed impulse
response as an input.

The research reported in this study seeks to define the limits
and sensitivities of currently available deconvolution algorithms. In
particular, the interrelationship among parameters of deconvolution
procedures, noise, transducer bandwidth and instrumentation related
errors were studied. Simulation experiments dealing with the impulse
train recovery from material samples are illustrated in an algorithmic

manner with the aid of a laboratory minicomputer system.
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INTRODUCTION

Ultrasound has been effectively used to characterize the internal
structure of objects that are opaque to visible light. Historically
the information contained in the ultrasonic signals, after passage
through a test medium, was used to detect the presence of defects.
Current research in ultrasonic testing towards a nondestructive
evaluation capability requires extraction of information concerning
size and shape of flaws from experimental data. This requires
parametrization of the defect impulse response in terms of physical
scattering mechanisms. While the impulse response of some
geometrically well defined flaws (e.g. a spherical flaw) can be
theoretically predicted, a theoretical frame work for arbitrary shaped
flaws does not exist. Recent work using eigen-function expansion
(also known as the singularity expansion method) for canonical objects
such as spheres or spheriods suggests that size information can be
extracted from the flaw impulse response in a pattern recognition
approach. This approach is akin to aséuming a transfer function model
and extracting exponential terms from the computed impulse response.
In both of these methods, described in the literature for defect
sizing and classification, computation of impulse response becomes a
necessary first step.

Modern signal processing techniques used in defining flaw impulse
response are principally based on comparative analysis of a reference
signal with the scattered flaw signal. The underlying hypothesis in
these techniques is that, in the noise free case, the scattered flaw

signal is due to the linear convolution of the ultrasonic reference

signal with the flaw impulse response. The ultrasonic reference
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signal is assumed to be a convolution of an electrical pulse with the
instrumentation impulse response. The flaw characterization problem
thus reduces to determining the kernel of the convolution integral
given the input and output time signals. The impulse response
recovery (system identification) has been carried out both in the
frequency domain (Wiener filtering approach) and recently in time
domain at AFWAL/MLLP (spline function approach). One of the authors,
Dr. P. K. Bhagat, of this report has also implemented a nonlinear
processing approach, namely homomorphic processing, at the Materials
Laboratory (AFWAL/MLLP) for impulse recovery. This approach,
utilizing logarithmic properties, is successful in identifying both
the ultrasonic pulse used as well as the sample impulse response from
simulated backscattered signal alone. Comparative analysis of these
three techniques with synthetic data at AFWAL/MLLP reveals that, the
recovered impulse responses are essentially equivalent in defining the

time separation of reflectors, in the noise free case.

vvvvv

One theme that is common to the convolutional model is that the .

test sample is assumed to be a lossless medium, which is not
realistic. Spectra of scattered signals from actual samples indicate
that not only is the amplitude of the received signal decreased, but
also that the center frequency is shifted. The shift in center
frequency cannot be explained on the basis of a linear lumped
parameter lossless model. This complicates the spectral division
processing used to recover the flaw impulse response, since the
dependence of the interrogating pulse on depth in the medium is not
accounted for. Equivalently, in the time domain case, changes in the

reference pulse shape are ignored.
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It has been suggested that the test sample response be divided

'ﬁ into several segments and the impulse response recovered on the basis
o

ﬁg that the interrogating pulse is invariant for the given segment.
- While this model is certainly more realistic, it compounds the impulse
{3 response recovery problem since ultrasonic pulses appearing in the
gw intermediate segments cannot be defined experimentally.

h‘ A deconvolution procedure that can be applied to recovery of
i; either of the two "short-time" convolved components when neither is
,§§ known is homomorphic transformation. The assumption required under

this approach is that the complex cepstra for impulse response and
. ultrasonic pulse do not overlap in the cepstral domain. The
\
ultrasonic pulses used in NDE applications have a smooth spectrum and

tend to occupy cepstral space around the origin whereas the flaw

lf: ' impulse response function appears as an impulse train. The spacing of
}§ the first impulse from cepstral origin, known as first arrival,
é' determines whether the cepstra can be separated or not. If the first
’é& arrival and complex cepstrum of the ultrasonic pulse do not overlap
iﬂ then simple gating in the cepstral space can be used to recover both
ﬁ' the impulse response and the ultrasonic pulse propagating through the
:; medium.

A .

?: The actual signals generated as a result of measurements in NDE
* applications are never noise free. A more realistic model would
s

.;E provide for convolutional component of noise due to coherent clutter
.;E and grain scattering plus an additive component due to electronic
3 noise and random experimental errors. Since the time/frequency/
}E cepstral domain techniques are based on a linear convolutional
%ﬁ relationship between the ultrasonic pulse and sample impulse response
0

%)

;g. 3
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stréightforward application of these to system identification will
lead to errors in estimating the actual impulse response. This
problem is equivalently known as ill-posedness of the integral
equation in the time domain case or ill-conditioning of spectral
division in the frequency domain. In the cepstral domain the
presence of convolutional and additive noise tends to blur the
boundary between the pulse and impulse response cepstra leading to
operator dependent recovery. Thus, in all the deconvolution
procedures used, the impulse response recovery tends to be nonunique
as the results tend to depend on the data processing requirements of
data smoothing and filtering.

While there has been a major thrust in ultrasonic NDE research
towards the development of inversion techniques, very little published
literature exists on the dependence of the impulse response recovery
on the signal processing procedures used. For example, the
theoretical impulse response of a weakly scattering ellipsoidal object
is well described in the literature. It is a function having a
constant positive amplitude over the region corresponding to the
interior of the object and two negative going peaks of short duration
at each edge. This response has not been realized even for test
samples containing spherical flaws and consequently the sizing
algorithm, "inverse Born approach®, has led to erroneous flaw size
estimates. In addition, actual flaws may have rough surfaces which
will tend to broaden the peaks in the recovered impulse response. The
deconvolution procedure used, depending on the choice of algorithm
parameters, will introduce additional broadening effects which will be
data-dependent. Ever present noise in experimental data will further

degrade the impulse response recovery process depending on the
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particular algorithm used.

It is apparent from the forégoings that there is a need for
development of a practical deconvolution procedure which provides
impulse response recovery and identification based on a realistic
model accounting for losses in the medium as well as the effects of
noise. This study should be aimed at defining the limits and
character of convolutional and additive noise components as well as
segmentation of flaw signal for optimum impulse response recovery.

In an attempt to define the range of applicability and practical
implementation of the current deconvolution procedures for NDE
applications a simulation study was carried out as reported here. An
integral feature of this study was the close collaboration between the
principal investigator and the group led by Dr. T. J. Moran at
AFWAL/MLLP in the development and implementation of signal processing
techniques for impulse response recovery at their respective
laboratories. The‘originally proposed three year study was, however,
concluded after the first year when the principal investigator (P. K.
Bhagat) accepted a new assignment outside the University.

The overall goal of the research study detailed herein was to
establish both theoretically and in a practical setting the strengths
and limitations of deconvolution procedures used in ultrasonic NDE
with respect to noise characteristics and instrumentation employed.
An integral feature of this study was the fact that the procedures are
to be assessed using samples containing known flaws and samples where
the flaw characteristics are unknown. We hope that the approach

outlined here will lead to the development of a practical

deconvolution procedure for routine field inspections.




BACKGROUND

The earliest approach to flaw characterization dates back to 1930
where the amplitude (intensity) of ultrasound was measured after its
propagation through the material under test. Reduction in amplitude
of received signal compared to a reference was interpreted as being
caused by the flaw. Firestone (1,2) is credited as being the first to
recognize the importance of the pulse echo method for application to
nondestructive evaluation, NDE. The location of a flaw was defined
through analysis of the received echo pattern; transit time
measurement defines flaw location, amplitude of the echo is a function
of flaw size, position and form of the flaw with respect to the
transducer and the characteristics of the instrumentation used.

In general, flaw analysis approaches can be described as either
parametric or nonparametric methods. By parametric methods, we mean
those techniques which involve measurements of deterministric physical
parameters resulting from the material-sound interaction equations.
Velocity of sound propagation and attenuation are examples of these
variables. Nonparametric methods involve essentially statistical
measurement of variables which generally do not have well defined
relationships in terms of physical phenomena. Feature extraction,
using a pattern recognition approach, is an example of this
methodology which has been used in the author's laboratory for
characterization of tissue pathology (3).

Quantitative ultrasonic NDE techniques are based primarily on
evaluation of impulse response (parametric approach) for definition of
flaw location, shape and size. As has been described earlier the

scattered flaw signal sg(t), is primarily a convolution of the
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T interrogating pulse, sr(t), with the flaw impulse response, mg (t)
‘8
P
::\3
e
.r::: sg(t) = s (t) * mg(t) (1)
¢ .
A8 where * denotes convolution
»
‘-\ . . 3
> Impulse response recovery from equation 1, known as deconvolution, has
P '-“
' been addressed to by many authors and appears in several disciplines
:\l“ .
N (for example see references 4-13). 1In the frequency domain the flaw
SN
‘;5 transfer function, Mf(jw), may be written as
Me(jw) = Sg(jw) __1
= S (3w) (2)
Qé: where S¢(jw) and Sr(jw) are Fourier transforms of
.r,"‘
o sg(t) and s (t) respectively and w is the angular
A
NN frequency.
A0 As mentioned earlier, deconvolution has been carried out in the time/
Qﬁf frequency/cepstral domain using interactive minicomputers. In the
; time domain, the impulse response recovery reduces to determining the
=
'{% kernel of an integral equation of the first kind. Phillips (5) has
-.f-“
yﬁ%: pointed out the ill-posed nature of this problem. Since the integral
-’,:'
. operator does not have a bounded inverse, a slight change in measured
‘%k data will cause finite changes in the computed kernel values. Thus,
B \*.
a:i in presence of noise, deconvolution using equation 1 will not provide
ol
<2 a unique solution. Several authors (5,6) have developed computer
;f3 based matrix algorithms which perform a given degree of smoothing on
-f's
hY
:2: the data to minimize the effects of noise. Strand and Westwater (14)
¥y
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’ﬁ; have developed a general least square process of estimating the

:ﬁ solution which also provides a measure of error in final results.

?, Hunt (15) has developed a constrained deconvolution procedure using

3: discrete Fourier transformation, which is equivalent to the works of

;\; Phillips (5) and Twomey (6). Recently Lee (16) has proposed a two

ﬁfi stage solution procedure to the impulse recovery problem. In the

’Qi first step the reference signal is fitted in the least square sense

oy using spline functions. This fitted function is then used to provide

%3 a solution to the deconvolution problem. Thus the user can
?2 interactively define the degree of smoothing needed for his data

56 analysis problem. The developed algorithm, due to the choice of

;55 spline function, is quite efficient in matrix manipulations and has

,ig been implemented on the AFWAL/MLLP computer (35).

-5i‘ In the frequency domain the problem of flaw transfer function

E}E recovery reduces to the design of an inverse filter. Presence of

;:j measurement noise ill-conditions the spectral division process as

Ay shown below:

:§§t |

Sa Me(w) = __ L1 [Sg(3w) + Na(jw)l (3)

e S, (jw)

.:ji where N, (jw) is the noise spectra.

;gl‘ The ratio Nz(jw)/sr(jw) can completely dominate the Mg(jw) computation

j:. in frequency bands of low SNR. In order to account for noise in the

f§§ scattered signal Wiener filtering and constrained deconvolution have

'§17 been used for the impulse recovery problem (16,26). Wiener filtering
?3 is based on the minimum integral mean square error whereas the
ég constrained deconvolution uses a smoothness constraint function. Both
§‘ approaches approximate equation 2 by:

:Ez

e
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. Mg (Gw) = S " (3w) Sg(3w) ”

e

:Tﬂ S, (jw) 2 + c?

?ﬁi where C2 is a user defined parameter and Sr*(jw)

gﬁ% is complex conjugate of S, (jw)

Y

. Since neither the properties of noise signals nor their energy

:Eé content are known apriori, practical implementation in NDE application

iiﬁ chooses C2 so as to eliminate spectral division in low SNR regions.
o_} This approach has been used extensively in quantitative NDE work (27).
iz Furgason et. al (26) have also reported on the deconvolution
Efﬁ processing for flaw signatures and provide a constrained
i2  deconvolution filter which is based on earlier work of Hunt (15).
Sg These authors suggest that the deconvolution process can be made
;E adaptive if the target response can be separated into known and

it& unknown components. They provide impulse response computed from

1%& synthetic reflector series in support of their hypothesis.

3;5 Goebbels et. al (28) have considered the problem of grain

§g~ scattering present in actual backscattered signals. They formulate

$?A grain scattering as a superposition of convolution outputs from each
ﬁm scatterer excited at the grain boundaries inside the sound beam and

@” integrated over the path length. Their measurement model for

;ﬁ: scattered signal, x(t), can be described by:

(2

o x(t) = s (t) * [mg(t) + nj(t)] (5)

gg; where nj;(t) is the coherent noise component

Qﬁ; due to grains in the material sample.
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‘, These authors (28) minimize the grain scattering contributions
:C through spatial averaging of the backscattered signal. This approach
: is based on the plausible hypothesis that small variations in the
:u., probe position cause significant changes in the grain scattered
‘t__‘ component but leave the component due to flaw essentially unaffected.
‘; Obviously this hypothesis implies that grain size is much smaller than
. reflector dimensions and ultrasonic wavelength used, and that the
33 grains are randomly distributed in sample space.

', In the cepstral domain, the defining equation corresponding to
o equation 2 is

N

*".: Pllog Sg(jw)1=F"1ilog Mg (jw) 1+F L (1log S (3w)]  (6)

10

 ‘_ where F71[*] is the inverse Fourier transform.

N

& Under the assumption that the cepstra of the flaw impulse
R response and the interrogating pulse occupy disjoint spaces in the
%E:% cepstral domain algorithms have been developed for deconvolution in
::':" speech processing, image processing, wultrasonic tissue
» characterization and seismic analysis. Recently the author has
:? implemented a deconvolution procedure based on equation 6 on the
‘E AFWAL/MLLP computer (36). Simulation results obtained to date
?Q indicate that cepstral deconvolution procedure yields comparable
fé results to the well established Wiener filter and time deconvolution
: ::5 procedure.

L While limited literature exists on the topic of homomorphic
:E processing applied to backscattered data analysis, there is a wealth
-‘;; of papers describing its application in other areas. Published
pr:

'.‘ 10
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applications include removal of image blurs (17,18,19), speech
processing (11,20), seisomology (7,21), and ECG signal analysis (22).
There have been several studies relating to the effects of
additive noise on cepstral processing in the literature. Studies
dealing with real cepstrum are due to Cole (17), Cannon (18), and
Stockham (19). These authors were mainly interested in arriving at a
power spectrum estimation of one of the convolved components such that
a suitable gating filter could be implemented for deconvolution.
Their methodology involved averaging the real cepstra of many segments
of the convolved data contaminated with noise. They did not consider
affects of noise on a single segment of data. Kemerait and Childers
(23) have also studied the degradation caused by noise on the real
cepstrum. They showed that real cepstral peaks, corresponding to
reflector locations, are decreased in the presence of noise. The
effect of additive noise on the complex cepstrum was less pronounced
at SNR of 20 db. The work of Hassab et al (24) indicates that
successful echo detection is dependent on the bandwidths of signal and
noise. A study was recently carried out in the author's laboratory to
investigate the effects of additive noise on recovery of convolutional
components. An ultrasonic reference pulse was convolved with an
arbitrary impulse train to produce a synthetic backscattered signal.
Scaled Gaussian noise was added to the backscattered signal to produce
the desired SNR in data. The complex cepstrum was computed using
exponentially weighted data to remove the undesirable effects of
spectral zeroes in unwrapping the phase. The results obtained, using
symmetrical gating in the cepstral domain, indicate excellent recovery
of the impulse train for SNR as low as 18 db (25). This author is

unaware of any published work which takes into account the effect of

11
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Q coherent noise on convolutional component recovery in cepstral
L processing.

§ A more realistic model of backscattered data from actual samples
}f should contain contributions from both coherent and incoherent noise
il components. Such a model has been defined by Elsley et. al (27) who
3 studied low frequency characteristics of flaws in ceramics. Their
¥ model, defining the received signal, y(t), in the time domain, is
§ given by:

)

¢ y(t) = s (£)* [mg(t) + n3(t)] + ny(t)  (7)

¥ where nj(t) = noise component defining coherent

QA clutter and grain scattering and,

nz(t) = Electronic random noise.

Considering each noise source separately with the scattering

signal sg(t) these authors derive a constrained deconvolution filter.

"l Y ke

-
-
-

The form of filter (equation 4, this proposal) is essentially the same
for either case, differing only in the choice of c2. They conclude

that choice of C2 as a constant based on results obtained by their

. e o

At ac el Al

colleagues is satisfactory for deconvolution purposes. Elsley and

5 - -

Al Nt e

Addison (29) have recently studied the accuracy of one dimensional

Y

Born estimation of flaw radius in the presence of noise. The

oy

synthetic waveforms used in this study were the calculated scattering
from a spherical void to which scaled Gaussian noise was added. This

noise was colored to accentuate Rayleigh or grain scattering

pcry 4.:
S e =

[(frequency)4 dependence]. SNR was defined as the square root of the
ratio of energy in the flaw signal to the mean energy in colored

noise. Impulse response was computed from a constrained deconvolution

S e 3
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filter and integrated in the frequency domain to yield the
characteristic function corresponding to the flaw. Radius of the flaw
was then estimated by the ratio area/peak value of the characteristic
function. For a flaw diameter of 860 "m a plot of estimated radius
versus SNR is given. For zero dB SNR the estimate is shown to be off
by + 20%, however, one must note that this case implies very strongly
scattering data from coherent noise sources. In actual practice
preprocessing will reduce the extent of this noise. The
characteristic function used in Born approximation has also been
defined as an impediographic model [Jones (386)] or as a Raylograph
[Beretsky and co-workers, (31, 32, 33)]. These authors compute the
characteristic function as an integral of the calculated impulse
response and also suggest an iterative procedure for optimization of
amplitude and time location of the recovered impulse response. Their
approach involves choosing a suitable band pass filter and combining
its response with the spectra of the initial impulse response recovery
to obtain a better estimate. While this analysis is shown in their
paper to provide excellent results, this author is uncertain of the
practical utility of this approach for quantitative NDE.

Bollig and Langenberg (34) have approached the ultrasonic defect
classification problem in terms of transfer function modelling. These
authors' attempt to peel off exponentials corresponding to
singularities of the transfer function. These authors state "The
crucial point in the SEM-parametrization of experimentally obtained
time records of scattered ultrasonic signals is still the lack of an
efficient algorithm to extract the singularities out of the transient
data." They cite Prony's algorithm which has been used to extract the

singularities from the transient response but state that the method is

13
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quite sensitive to noise. These authors suggest that the
singularities may be used in a feature extraction scheme from the
system impulse response as a pattern recognition pr_ocedure for flaw
sizing. They give results identifying creeping wave singularities and

scattering cross section of spherical models for synthetic data.
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MATERIAL AND METHODS

The experimental set up for data acquisition related to NDE tests
is schematically shown in Figure 1. All the simulation experiments
were conducted in a pulse echo made using a 5 MHz center frequency
spherically focussed transducer. As shown in Figure 1 a PDP 11/23
minicomputer with 512 Kb memory and 479 Mb disk storage is the major
element in the data acquisition procedure. All functions which
include positioning of the transducer over material samples,
energizing the transducer and capturing the digitized return echoes
were carried out with the aid of the computer.

An MP 203 pulser (Metrotek, Inc) and an UTA-3 transducer analyzer
(Aerotech Labs) were used to excite the transducer with an appropriate
electrical pulse, gate and capture the reference and returning echoes
from interfaces. The transducer, sample hold and the reflector were
housed in a plexiglass tank filled with distilled water. In this
study, both aluminum block and plexiglass reflectors were used.

Three dimensional movement of the ultrasonic transducer was
facilitated through development of a positioning system. This system
consists of three independent lead screw slide assemblies driven by
stepper motors. Number of pulses input to the motors is controlled by
user written software commands. Independent shaft encoders were
implemented to verify and accurately position the transducers in a
feedback arrangement. The current system provides for a normal
incidence of the transducer on the sample with some degree of probe
rotation (5 um accuracy).

Signal digitization was carried out using a high speed A/D

convertor (Biomation 81068) under the control of PDP 11/23. This A/D
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convertor features a maximum sampling rate of 106 MHz and an interval

ig memory of 2 K words. Under software control the digitized data was
<,

:3 transferred to the mass storage unit of PDP 11/23, A CRT monitor
:E (Tektronix 406) was provided to be able to view the digitized wave
iﬁ. form as the data was being transferred.

i% Data analysis was performed on an offline basis using the PDP
Lo 11/23 computer. Software developed for the three deconvolution
5: procedures (listed in Appendix) was used in user interactive fashion
;5 to generate simulation results. The programs and subroutines used in

this study were generally adapted from literature to be compatible

rs

with PDP 11/23. 1In the following a brief summary of each procedure

-
»
ety

W usage is given.
A
¥
e Time Domain Deconvolution (Spline fitting)
e
\2 Figure 2 shows a block diagram of the Time Domain Deconvolution
>
* Process. As shown a user needs to specify several parameters prior to
{j computation. These are: the knot ratio (KR), the order of solution
o spline (0S), and the number of basic spline function (#BSP). KR, once
specified, is fixed for both data (the reference, s(t;), and the
gf convolved, y(t;), data), while OS and #BSP can be varied independently
7 by user.
N
For the data used in this experiment, KR values of 3 or 4, and OS
:f values of 3 to 6 provide good fit. Maximum #BSP is 50 due to the
3 limited memory space in the computer.
g The computation of the basic spline functions are carried out in
¢§ the subroutine BSP. The aim in fitting the reference data is to solve
o=
-
-~ the linear equation Ac=b, by choosing ¢ that minimizes the least
.
o
>
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A o
Ei square difference between the original and the smoothed reference
o data. Matrix inversion to compute c¢ =a"lp is done in the subroutine
ii BWS (the program listing is provided in the Appendix). Once the <5
Ei are obtained, these wvalues are then used to smooth the y(ti) data and
'_: extract the impulse response approximate solution, h(t;) from it.
i
Sf Constrained Deconvolution (Wiener filtering)
A
. The Constrained Deconvolution Process is shown in Figure 3.
:x Utilizing the DFT routine, all the analysis is done in the frequency
L domain. The percent cutoff is a user supplied information, and is

. relative to the reference signal. It should be noted that in contrast
ié} to implementation of a statistical Wiener filter a preselected noise
Ei floor is used for deconvolution in this study (This is current
;i practice in NDE).
'Eé By examining how much noise contaminated in the convolved data, a
iﬁ user specifies how much smoothing should be done. This smoothing is
& performed by setting the amplitude spectrum of the reference data,
53 which has the value less than or equal to the relative percent cutoff
i? to zero. Notice that by setting the amplitude spectrum to zero, the
?; noise which usually occupy the low and high frequency will be leveled
[+ off.
e2Y
N

Homomorphic Deconvolution

~§} Figure 4 shows The Homomorphic Deconvolution Process
Ci schematically. Some important points to be considered in this process
;ﬁ are given below.
;3 1. Append zeros
fé? Appending zeros provides two advantages. By increasing
:

o
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1 8 A

L

the number of samples aliasing due to computation logarithm and j

phase unwrapping errors caused by linear phase components are

s

M reduced.

g3

.t Exponential Weighting !

: |

«ﬁ; The method of exponential weighting was first introduced by

- Schafer, discussed in [21], to convert a mixed phase sequence

f?  into a minimum phase sequence. This is accomplished through

é? multiplication of input data sequence by a real number a®, where
O<a<l and n is the data sequence number. Choice of the

ij weighting, a, is data dependent.

&

o Phase Unwrapping

;E Since the arctangent routine in the computer only evaluates

:%? the phase of modulo 2 ¥ , discontinuities occur in the phase

I>ﬁ curve. The computation of the logarithm of the data requires

%é that the phase must be analytic in some annular region of the z-

i 5 plane [21]. Therefore, phase unwrapping is necessary to avoid

i: these discontinuities. By adding the appropriate multiple of 2 «

5 § to the principal values of the phase, unwrapping is achieved.

} .,‘

b Filtering

.§§ Linear filtering is applied in the complex cepstrum to

.gﬁ decompose the convolved sequences. This is done by setting the

' : complex cepstrum due to the contribution of one or the other

R

;ﬁ signal to zero. Two type of filters have been used, they are

:ii low-pass and comb or notch filter. Low-pass filtering is used

3

o

| ::: 22
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W
ii when the first arrival is easily detected, and is done by setting
:ﬁf the complex cepstrum to zero beyond the first arrival. The comb
!'-
ex filtering is used when the complex cepstrum is badly corrupted by

noise that the first arrival cannot be detected.

Y
»
ON The Inverse Process
0‘;‘
[y
Inverse processing performed to transform the complex
B
oy cepstrum into its time domain. Reinsertion of the linear phase
g" }
;§ is done in this process to obtain the original phase from its
).‘Q_-
shifted version caused by the linear phase removal. Exponential
} unweighting is applied to the sequences to restore effect of the
Y
N exponential weighting done in the beginning of the process.
(W
[ ¥
ﬁh Noise and DFT Routines
=
}: In order to make the data more realistic, simulated random
noise is added to the convolved data. The random noise is
;5 generated by the program ADDNOI, by specifying the statistical
50 level of the noise to the data.
;g. Simulation Experiments
s
‘ >
f¢ 1. Noise Free Case ;
; Front surface echo was used as the reference signal. This
e
qj signal was convolved with arbitrary impulse trains to generate
[
. N‘
33 simulated flaw data. The polarity and relative amplitudes of the
- impulses were defined to portray backscattered signals from
tre
o inclusions or voids. The separation between impulses was varied
A .-v
e according to the ultrasonic wavelength used in an effort to
l.r
L
e
\'::
L
1;:. 23
v
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define resolution of the techniques used. @

& The synthesized signa., Sg(t), was deconvolved using
X developed programs for constrained deconvolution, cepstral
q“
5 processing the spline function deconvolution. A figure of merit,
E n, defined as:

r

» A ~

" n = ST [mg(t;) - mg(t;)l2at

o

;i.‘ ~ . .

Q. where mge(t;) is the recovered impulse

0

£ was used to characterize the success/failure of each
" deconvolution technique used. The parameters of the
i deconvolution procedure used were varied to obtain optimum
) :

i results. This implies varying the knot-spacing, order of spline
oy and number of splines in case of time domain deconvolution;
3? transducer cut-off frequency, smoothing operator and size of FFT
{: in case of constrained deconvolution (also called Wiener filter
i‘ in ultrasonic NDE) and exponential weighting, FFT size and linear
) filter/gate employed in cepstral processing.

b

¥

N In addition, the impulse response recovery problem was
! studied with impulses 1lying within an ultrasonic wavelength of
1

:‘ each other in order to define the limitation of the deconvolution
f: procedures in identifying closely spaced reflectors.

:5 2. Coherent Noise Case

o
e

o Coherent noise was generated using a standard Gaussian noise
) algorithm already in place on our computer. This noise in some
N

M . .

ot cases will be colored by (frequency)4 weighting to simulate
>

,

J Rayleigh scattering. The impulse response recovery as a function
N

1Y)

¥

"

‘3 24

~

-13 ._ - . W “f . . ~ "‘.hf—" . ", ‘ .' ~r. TN -‘....w AR AR q‘-.n LT
‘l!.‘.0.':.V..‘Qi!“be"*:‘i‘t‘gﬂg L4 ‘,‘h P AW A Wy .'!!‘ 3 "& . | ' RO ,'l‘!::‘!':‘.‘:.’. 'y a".n‘u'.x:"-‘.t.!'..l AN N 3 g 8 \ b ."r.\. *ﬁ\ ~($ .! » $

»



WP

of noise level was studied. Limited experiments have already
indicated that good impulse response recovery is possible for SNR
~as low as 6 db. However, these experiments were carried out with
wider separation between impulses; and the interactive aspects of

o both noise and pulse separation were not fully explored.
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RESULTS AND DISCUSSION

Figure 5 shows the time domain plot of the ultrasonic reference
signal used in the study. This signal was obtained as the front
surface echo, digitized at 50 MHz, from an aluminum block reflector.
The transducer nominal frequency was 5 MHz. As can be seen the actual
transducer frequency is 5.20 MHz with significant high frequency
response up to 1@ MHz. Figure 6 shows the complex cepstrum of data
obtained as a result of convolving the reference signal with varying
interface (impulse) separations. At an interface separation of 25 A
(wavelength), the first arrival (seen as a small sharp peak) can be
easily discerned. In contrast when the pulse separation was reduced
to 1.5%, the first arrival is submerged in the cepstrum of the
reference signal. Signél separation in such situations is difficult.
Impulse response recovery as a function of exponential weight is shown
in Figure 7. The simulated signal represents a spherical flaw within
a material sample. Increasing the exponential weight tends to
smoothen the recovered impulse response. The presence of high
frequency data in the results is due mainly to inverse logarithm
(exponentiation) function. Also note the displacement of time origin
of data due to linear phase (time delay). Figure 8 shows impulse
response recoveries for the three deconvolution methods KR=3 and 0S=4
shows good recovery but there are a lot of oscillations in the data.
In the absence of ‘'apriori' knowledge of interface separations it
would be difficult to identify the structures in the recovered impulse
response. Constrained deconvolution (Wiener filter) using Fourier
transformed reference and convolved data provides excellent recovery

as indicated. Homomorphic deconvolution with gate width of 20 samples

26
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REFERENCE SIGNAL €5 MHMZ TRANSDUCER, ALUMINUM BLOCK)
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Fig. 5. Reference signal obtained through aluminum block reflector.
a. in time domain b. in frequency domain
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and exponential weight of ©0.9999 also provides good recovery. The
presence of small amplitude high frequency oscillations is a cause for
concern. At a SNR of 30 dB the impulse response recovery is degraded
as shown in Figure 9. Note the smoothing function of the time domain
deconvolution. There is no perceptible change in the shape of the
recovered impulse train. In contrast, both the Wiener and cepstral
processed data show significant noise floor in the recovered impulse
train. Figure 18 and 11 show the impulse recoveries for 20 4B and 10
dB SNR. Degradation of impulse response recovery is apparent in all
the methods. Interestingly, at 10 4dB SNR time domain deconvolution
provides sharpened peaks coupled with low frequency interference. In
contrast, homomorphic deconvolution shows large amplitude noise in the
recovered data. Table 1 shows the normalized RMS error in recovering
the impulse train. Fiqure 12 shows the percentage deviation of Born
estimate of flaw dimensions based on recovered impulse responses.

Degraded performance is apparent in all the three deconvolution

procedures used.
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! SUMMARY

‘
.
o An NDE test setup with capability of computer based ultrasonic
flaw signal analysis is detailed in this study. Extensive software

development along with fabrication of a three dimensional positioning

.

‘3 system formed a major portion of the study. Limited simulation
:: results indicate that the deconvolution procedures are greatly
:i dependent on the SNR of data. Care must be exercised in using the
3 deconvolved data to estimate flaw dimensions due to the presence of
i: undesirable noise in the recovered impulse response. Other approaches

such as autoregressive modeling of the signal might provide a vehicle

for noise suppression and smoothing.
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SIGNIFICANCE OF RESEARCH

L~ Careful documentation of sensitivities and limitations of
l
W
¢ deconvolution procedures for impulse response recovery will constitute

a major contribution to the field of quantitative ultrasonic NDE.

' Since all the physical models developed to data for flaw sizing
LN
p > require computation of sample transfer function as a necessary first
s step, the research outlined here will provide both a theoretical basis
;j as well a practical limitations on impulse recovery process. If we
)
B are successful in developing a practical deconvolution procedure for
R real time application under actual field conditions, significant
.
) improvement in flaw sizing capability will result. The
b~ interdisciplinary nature of the project and collaboration with Air
" Force personnel should serve to promote NDE research directly oriented
-
~ towards Air Force needs and increase University participation in this
It kind of activity.
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APPENDIX
W Software Listings
Complete FORTRAN listings of the deconvolution procedures used in
this study are provided. The programs are dgenerally in subroutine
~% form and therefore can be adapted to different computer systems with a

s minimal amount of modifications.
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SUBROUTINE CCEFS(NXs X2 ISNX» ISFXyISSUCICXrAUX)
The subroutines used in this srodram were Lakern feom:

"Prodgrams for Digital Sidnz2l Processing’
IEEE FPressy 1979
3435 East 47 Strettr, New Yorkr NY 10017
Sronsored by the IEEE Acousticss Sereechr and
Sidnal Frocessind Society
Lib. of Condgress Cat, Card ¢ 77-89028
IEEE Book & 0-87%942-128-2 (rarerback ver.)
% 0-87942-127-4 (hardback)

Also rublished bwe John Wilew & Sons» Inc.
Wiley Order % 0-471-05%81~-7 (rarerbach ver.)

¥ 0-471-03962-5 (hardbachk)

OSOOOOO0000 00 G e

DIMENSION X(1),CX(1),AUX(1)
COMMON FPI»TWOPIsTHLINC, THLCONSNFFTsNPTSsNsLsHsHIsDVTHND

LOGICAL ISSUC
SUBROUTINE TO COMFUTE THE COMFLEX CEPSTRUM

G0

NFTS=NFFT/2
N=12
L=2%%N
H=FLOAT(L)XFLOAT(NFFT)
Hi=PI/H
ISSUC=.,TRUE,
ISNX=1
L  TRANSFORM X(N) AND NXX(N)

DO 10 I=1,NX
CX(IY=X(I)
AUX(TI)=FLOAT(I-1)%X(I)

G CONTINUE
AFPEND THE MECESSARY ZEROES FOR FFT COMPUTATION

0

INITL=NX+1
IEND=NFFT+2
D0 20 I=INITL,IEND
CX(I}=0.0
AUX(I)=0,0
20 CONTINUE
c
£ COMFUTE FFT
CALL FAST(CXsNFFT)
CALL FAST(AUXsNFFT)
C CHECK IF SIGN REVERSAL IS REQUIREL

C
IF(CX(1).LT,0,0)ISNX=~1

COMFUTE MAGNITUDE OF SFECTRUM (STORE IN ODD INDEXED YALUES OF
AUX

¢ COMPUTE FHASE DERIVATIVE OF THE SFECTRUM ! STORE IN EVEN INDEXED

C VALUES OF AUX
>

MOoOGoaGo

I10=~1 1



S

DUTMN2=0,0

IENT=NFTS+1

o0 30 I=1,IEND

“Q=I0+2

IE=I0+1

AMAGSA=AMCDSR(CX(I0)»CX(IED)
POVT=FHADVT(CX(IC)sCXCIEY »AUX(IO) rAUX(IE) yAMAGSQ)
AUXCIN)=AMAGSQ

AUX(IEY=FDVUT

DUTMNZ2=DVTHNI2+PIVT

CONTINUE

OVTMN2= (2. XDUTMN2-AUX(2)-FIOVT)/(FLOAT(NFTS))

ad
<

—
L

FPOVT=AUX(2)
FFHASE=0.,0
FRU=FPUFHA(CX{(1)CX(2)» ISNX)
CX(1)=0,.5xAL0G(AUX(1))
CX(2)=0.0

I0=1

IO S50 I=2,IEND

I0=10+2

IE=10+1

FOUT=AUX(IE?
FRPU=PPUFHA(CX(I0) »CX(IE) »ISNX)
 FHASE=PHAUNW(X »NXsISNX» I»FFHASEFFIOVTPFPY»FOVT,ISSUC)

C
C 1IF PHASE ESTIMATE SUCCESSFUL +»CONTINUE
C

IF(ISSUC)GOTO 40
ISSUC=.FALSE.,
RETURN
40 FEOVT=PDVT
FFHASE=FHASE
CX(I0)=0.5%ALOG(AUXCIO))
CX{IE)=PHASE. .

o TYFE %sIEsCX(IE)
TYFPE 41,°033,°133» 101, IFIX(FLOAT(I)/FLOAT(IEND)*100)

41 FORMAT(’ ‘93A1,I3,»’ Z%Z’)
=0 CONTINUE

0 REMOVE LINEAR FHASE COMFONENT

ISFX=(ABS(FHASE/FI)+. 1)
IF (PHASE.LT.0.,0)ISFX=-I8FX
H=FHASE/FLOAT(NFTS)
C=
DO &40 I=1,IEND
IE=IE+2
CX({IE)=CX(IE)-HXFLOAT(I~-1)
th CONTINUE .

COMFUTE THE COMFLEX CEFSTRUM

oG o

CALL FSST(CXsNFFT)
RETURN
END

an

SUBROUTINE SPCVAL(NX»XH>FREQ»XR»XIsYR2YI)

.
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A I ™ L 0 W L e o i,

N

A,

CUEMENZLOMN X1
&UUBL% FRECISION UQ U1 U250 W1 W2yt BalyDaatlenl,y
LEACA0 Y

INTT

CHQ=DBLE{(COS(FREL)
SA0=UELE(SIN(FRERQ) )
N1=2,04+0%CA0

Ul=0,0+0

t12=u1

Wi=U1

W2=U1

GO 10 J=1sNX

AJ=DRLECX (TN
o=xXJ+AlxUl-u2 .
WO={DRLE(FLOAT(J=-1)) )kXJ+ALXUWLI-UW2
ul=ui

Ui=uo

W2=W1

Wi=Wo

LOMTINUE

A=U1-U2%KCAD
B=UZXEAC

C=W1-W2kKCAO

N=W2¥3A0
AZ=DNELE(FREQXFLOAT(NX-1))
U1=0CO0S(A2)

U2=-ISINCAZ)
XR=SNGL(U1XA-UZXR)
XI=SNGL(U2%A+ULIXER)
YR=SNGL(UL1XC-U2%D)
YI=SNGL(U2XC+U1xD)

RETURN

END

FUMCTION FHAUNW(XsNXsISNXsI»FFHASEFFOVTyFPV,FIVT» ISCONS)
ZOUTINE 70 DO FHASE UNWRAFFING

ODIMENSION SDVUTI(17)ySFFUC17),X(1)

INTEGER SINDEX{(17),FINDEX,SF

ILGGICAL ISCONS»FIRST ,

COMMON FI»TUOFY» THLIMC, THLCONSNFFTINFTS»NyLsHyHLIy DUTMNZ

FIRS M=, TRUE,
FINDEX=1

sP=1
SEFVISP)=FFV
YT CEFY=FIVT
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' INDEX =SINDEX < SF
PEHASE=FHASE
POV TSIV (SF)
EELES!

e
70 40

-
bS]

R
Ly

IFI(SINDEX(SF)=-FINDEX).GT.1)G0 70 30
ISCNNS=,FALSE.,

FHAUNW=0,

RETURN

K={SINDEX(SF)Y+FINDEX)/2

FREQ=TWOFIX(FLOAT(I-2:kFLOAT{(L)+FLOAT(K-1)/H
CALL SPCVAL(NXsXsFREQsXReXIrYRYI)

SF=8F+1

SINRDEX(SF)=K
SFFVLSP)=FFVUFHA(XR»XI» ISNX)
XMAG=AMODSQ(XR»XI?
SOUT(SF)=FHADVT(XR»XI» YRy YI»XMAG)

DELTA=H1XFLOAT(SINDEX(SP)-FINDEX)
FHAINC=DELTAX(FFRVT+SIVT(SF))

IF(AES(FHAINC-DELTAXDOVTMN2) .GT.THLINC)GOTO 20

FHASE=FFHASE+FHAINC
CALL PHCHCK(FHASE,SFPVU(SF)»ISCONS)
IF (.NOT.ISCONS)GOTO 20

[F(ARS(FHASE~-PFHASE).GT.FI)GO TO 20

IF{SF.NE.1)GOTO 10
FHAUNW=FHASE
RETURN

END

FUNCTION FFPUPHA(XRyXI»ISNX)
IF(XR.,EQ.0.0 .AND, XI .EQ. 0.0) FPVFHA=0.0
IF(XR.,EQR.0.,0 ,AND. XI .EQ. 0.0) RETURN
IF(ISNX.EQ.1) PPUPHA=(ATAN2(XIsXR))
IF(ISNX.EQ.{(-1)) PPVYPHA=(ATANI(=(XI)»~-(XR)))
RETURMNM
END

N

L ke e e W




Y

FUNCTION FHADVT(XR,XIsYRsYIvXMAG)

[F{XMAG .EQ. 0.,0) FHADVUT=0.0

IF(XMAG ,EQ. 0.0 RETURN
f??gyg="SNGL((BELE(XRE*UBLE(YR)+DBLE(XI)*BBLE(YI)}EEELE{XHQGE}
ok X .

ZND

FUNCTION AMODSQ (ZR,2ZI)
AMODSQ=SNGL(DRLEC(ZRYXDELE(ZR)+DRLECZI)XDBLE(ZI))
RETURN ’

END

5300

SURROUTINE PHCHCRK(FH»FVs ISCUNS)

THIS ROUTINE
CHECKS THE FHASE DIFFERENCE FETWEEN THE FRzVIOUS DGATA FOINTS AND

IF THE FHASE DIFF DOES NOT EXCEED THE USER DEFINED THRESHOLD.
THEN THE FHASE VALUE ISN’T CHANGED.

OO,

COMMON FIsTWOFI»THLINC»THLCONSNFFTsNFTS»NsLyHyH1,»DUTMNZ
LOGICAL ISCONS '

AO=(FH-FV)/TUOFI
Al=FLOAT(IFIX(AOQ))IXTUWOFI+FV .
A2=A1+SIGN(TWAOFI»AQ)

A3=ABS(A1-FH)

A4=ARS(AZ-FH)

. CHECK CONSISTENCY . .
ISCONS=.FALSE. .
[F(AS.GT,.THLCON.AND.A4,GT. THLCON)RETURN
ISCCNS=.TRUE.

PFH=aA1
IF{(AZ.6T,A4)FH=A2
RETURN

ENTL

SURROUTINE ICEFS(CXsISNX»ISFX)

DIMENSION CX(2)
COMMON FI»TWOFPI»THLINC,THLCONSNFFTINPTSN2L»H»H1DVTHMNZ

SNX=FLOAT(ISNX)
SFX=H/2.
CX{NFFT+1}=0.
CAINFFT+2)=0.
CALL FAST{(CXsNFFT)
CX(1)=8SNXXEXF(CX(1))
c
£ PERFORM EXPONENTIATION OF TRANSFORMED DATA

5
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SLeR+d

FHDL TSR RELUAT R -1
PanHXEEXFIOR Y

RRANY STHRCHS(TH R Ly +PHDLY)
ORI =TREINOCRORLY +FHOL
CORTINUE

HUW FERFORM INVERSE FOURIER TRANSFORHN

CR{NFFT+21=0,
CALL FSST(CXsNFFT)
RETURN

END

SROGRAM TESTGT

This =rodram 15 wsed to srovide convolved data for use in
homomorshic fsrocessing.the user srovides an ullrasonic sulse to
be used a2s reference and 3 synthetic reflector series.the oubrut
of this srogram is 2 sunthetic flaw signal.sunthetic reflector
series is definmed gt intedger sAarles of time,

COMMON FIsTWOFIsTALINC) THLCONSNFFTIHMFTSyMNsLsHyH1» DVTMNZ
ODIMENSICON CX(1026),AUX(1025)

LOGICAL®1 FILNAM{1D)»TRUE,FALSE

GaTA TRUE/.TRUZ./ FALSE/.FALSE./

CALL JTITLEC"TESTST “»4,'%#792.0)
GET FULSE DATA FILE NAME

TYFPE 28
* 4 -

FORMAT(’ Enter ultrasonic reference dats filename: 1 3)
CAlLL GETIDOFN(FILNAM)

IF (OPNFIL(3»FILNAMy'R’).NE.TRUE) GOTO 20

CALL GETDAT(3sNFTFCTRYCXTRUE)

READ THE REFLECTOR SERIES IATA

TYFE 30

FORMAT(' Enter sunthetic reflector series data fFilename! 13
Call, SETOFN(FILNAM)

IF (CPNFIL(ZsFILNAMY 'R’)NE.TRUE) GOTO 24

CALL GETDAT(ZsNFL1yTFCTR1sAUXy . TRUE,)

MF2 = NP

IF (NF1.GT.NF2) NF2 = NP1

NMFZ = NP2+NF2

TYFE 33

FGRMAT (Y Enmter size of LFTylendth must De & mower 0F twol '
NFFT = iFROMTI{NF2)

o

Checlk for correct NFFT

IFINFFTLCE, ¢NF+NFPL) Y GOTO 90
TYFE ¥y’ For linear convolution d4ft lemndgbth must be
1~ or = sum of datas m~oints in both files!”

s 10 T
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SROGGRAM ADONOY

[

2

Fiids mredram sccorts a3 prodefined filemomo Tgonuecaslls Jabs

e Prom 3 roflector wave ond comeputes ite statictics. Baoed
2 dron bhese statistics and a9 SMR value inpul Do the wyser,
c noise dabas is rroduced, The stalistices of bthe nuise dats
g Jre bthen comeputed including the sclual SMR r3tin, The noLsa
o dats 1s Gausisn distributed wusing central limit theorems.
C
v - GBredd Liming 2/4/735
(M Filoew!
c Ineylt: FReference file (REFEEE.DAT)
- Duterutt Noise only file . (REF#¥%. M)
t “ wihere i = SNR
c Inrput! Imrulse file (INFEEE.0AT)
N Quteruts: Impulse + noise file (IMPEEE, N0
Y where ux = SHR
o Documant!sdocument! What wowld Ir B, saw! 2lb
REALX4 SIG(S12),RNOIS(512),5(512)»IMPULS(S512)»SUMNOI(S12)
LOGICAL¥Y FILMAMCIS) yOTFLNMCLIS) yTEMF(SL)Y s KEYPRYEXT (2D
INTEGER IX(2)
GATA IX/ 00/
TALL JTITLECADDNOI 269 7%k791.2)
14 TYFE 30
ELA) FORMAT(/+» " Enter tiae data inrFut filename (used to comrute noise
TYFE 39
3G FORMAT(" statistics)t “»%)
anL GETDFN(FILNAM) .
F(OPNFIL(Z»FILNAM,»'R’).NE. .TRUE.)GOTO 10
G CQLL GETLAT{3sNPsTFACTRsSIG, . TRUE,)
U0 70 I=1.NF
4 24Iy=1.
Comeutl statistics for inerut file datas
Catl. TALLY{SIG»3»TOTALsAVERS»SLSIG»UMINIVMAX NPy 1, JERD
IF{IER.EG.0GOTO 103
TYFE 100s1ER
100 FORMAT{/»’ ERROR NO. "yI2s7 IN COMPUTING STATISTICS.’?
GO TO 200
1335 TYRE 110, (FILNAM(I)»I=1515)
114 FORMAT{//+° STATISTICS FOR INFUT FILE? “+s185als/}
TYFPE 125,AVERS,SISIG .
120 FORMAT{IX» "Averadge = '»8512.3y»'y Standard deviation = “2612.8)
TYFE 134 )
130 FORMAT(//2 7 -Enter SMR {(relabtive to inerut file data) to comsute
i noise data ¢ 7))
TYFE 133
HE FORMAT(” (INTEGER < 100) 9%

‘ ACCEST %, DBDUN
| 8

F*!B'W ...,p. . ,3—3’5‘_._&‘,;' ,".‘ "‘g"' "“ ‘, ’gt.l v.,-:n “el,“, gi..u‘;w v ¢|6|a ‘.- i.ﬁiﬂ“q“t & T ¢
“;"" ' ."?"-J':" e TR A htd A9 k\' e ,." ' . ‘ Q- Ry, )-n_\n\ \‘ "‘-.-..-J}-.

......



DBDWM=ARS(DBIWN)
FONCIS=EXF(ALOG(10.,0)¥¢ALOG10(SDSIG) -DBIWNS/20,0))

t ngerste random number datae with 2 daussian distribution
C plph standerd deviatioms SINOQIS, 2rmd mearnm = 0.9 (3ssumes
g inrat file has no [C offset
TYFE %»*
TYFE X~ Now comerutind random generstor seed.’
TYFE %'’ llerress anw kew to continue.,’
12 Cal.l RANDBUCIX{1)Y»IX{2)»RNOIS(1))
CALL CHECK{(IDUMMY,KEYFR)
IF(KEYFR +MNE, +TRUE,) GOTO i1
DO 140 I=1:NFP
GCoaLL GAUSS(IX»SIDNOIS»O0.0»RNOIS(I))
140 CONTINUE
o Getlt statistics for noise data
CALL TALLY{RNOIS»S»TOTALsAVERNsSDNOISyUMIN,VYMAXINF+1,IER)
IF(IER.EQ.0)GOTO145 !
TYFE 100,IER
GO TO 20¢
145 SPR=20%ALOG10(SDNOIS/SDSIG)
TYFE 150
1390 FCRMAT(//»’ NDISE STATISTICS ¢ ‘»/)
SR = ~8DR
TYRE 140AVERNsSIINOIS»SDR
259 FORMAT(SX:, ‘Averade = ’‘»812.5s’» Standard deviation = "+G12.5y/
1+5Xs’Actusl SNR = 79G12.,5,/ dBE’)
EXT(LY = "N’ . -
c IDEDWN = INT(DBDWN) + 100 ! needed since ITOA rads w/ null char
IDRDWN = INTC(DRDWN) ! Convert SNR to text :
CALL ITOAC(IDBDWN,TEMP) ! Get SNR in dB’s into TEMPF.
EXT(2) = TEMF(I) I Put SNR in dBE’s 3t last of filename
EXT(3) = TEMP{4) ! first 4 chars., are strirped off
CALL FILEXT(FILNAMSEXT)
TYFE 170sFILNAM
170 FORMAT(/s’ Attemsrting to write noisy data to ’‘»13A)
IF(OPNFIL(2,FILNAMs W’) +EQ., +TRUE.) GOTO 260
280 TYPE 270
a7z FORMAT(/y’ Enter outrput filensme ¢ ‘»%)
CALL GETDFN(FILNAM)
309 IF(OFNFIL(2)FILNAMY'W’) LEQ, +FALSE.) GOTO 280
20 CaLL PUTDAT(2/NPsTFACTRIRNOIS)
TYFE Xy'Data written,’
TYFE %7 7
TYPE 219 :
210 FORMAT(//s’ Do wou wish to add noise to an impulse (sustem) file
1 7+%) - .
IF CASK{(’N’) ,EQ. .TRUE,) GOTO 200
225 TYFE 2290 .
22¢ ENRMAT(/r’ Enter filename for imrulse data ¢ "»%)
CaALL GETDOFN{(FILNAM) . :
IF (OPNFIL{ZsFILNAM»’R’) .EQ., .FALSE.) GOTO 225
CaLL GETDAT(I /NP2, TFACTRIMPULSy ,TRUE,)
IF (NF2 JLE. HNF) GOTO 227
TYPE 228
228 FORMAT(/y’ Mumber of data moints is to larde!! Trw a3dain.’?

GOTC 2235
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vt v

SRS R |
SUNMMOLOLY = TMFULEYT + SNOISCL

SIRTIMUE

SALL T L

ERY ETL MMM, ENT

CEE 1T ET LJHH
PORENAT Oy S bk g Lo wrdbe imeaice o orotsw doba 7% TS P
[F COENFILOAFILNAN- "W/ JEQ, .TRUE.Y GOTH 200
(ps o2
FUREAT L, Enbar filormame a3

AL GETDFNIFILMAM:

BOTE 203

DL FUTDAT 4« HP2y TFACTR ) SUMNOTL
TYPE %~ 'Dats ctored.’

CONTINUE

Cabl EXIT

EMn

AR SR N A I N A N B A A I R N R AR A I I I I I Y N WY I R I I 2 T R T I B R B R

SUBRGUTIME TALLY
n"\.)’\:D

LCULﬁTE TOTAL, MEAN, STANDARD DEVIATION, MINIMUM, MAXI:
FOR EACH VARIAEBLE IN A SET (OR A SUBSET) OF ORSERVATIONME

USAGE
CaLl TALLY(A»SyTOTALYAVER SO UMIN,UMAX NG MY, IER

DESCRIFTION OF FARAMETERS

LN N B

SRR
.}l:

A -~ OBRSERVATION MATRIX» NO BY NY

5 - INFUT VECTOR INDICATING SURSET OF &. ONLY THOSE
DESERVATIONES WITH A NOM-ZERO S(J) ARE CONESIDERELD.
VECTOR LENGTH IS NO.

TOTAL - OUTFUT VECTOR OF TOTALS OF EACH VARIARLE., VECTCR

LENGTH IS NV,

AVER -~ QUTFUT VECTOR OF AVERAGES OF EACH YARIABLE. VECT
LENGTH IS NV. .

sh - JUTFUT VECTOR OF STANDARD DEVIATIONS OF EACH
VARIABRLE, VECTOR LENGTH IS NV,

YMiN - QUTFUT VECTOR OF MINIMA OF EACH VARIABRLE. WECTOR
LENGTH IS NV,

YMAaX - OJUTFUT VECTOR OF MAXIMA OF EACH VARIABLE, VECTOR
LENGTH IS NY.

MU - MUMEBER OF OBSERYATIONME

NV - -NUMBER OF VARIARLES FOR EACH OESERVATIOCH

IZR - ZzRG» IF NO ERROR.

- 1,IF S IS NULL., UMIN=1.EZ7 »UMAX=-1,.EZ7.sS0=AVER=(

- 2y IF S HAS ONLY ONE NON-ZERO ELEMENT. VMIN=UMAX

“?

Sbi=0.0

RLIMARKS
NONE

SU*“JUTINE" AND FUNCTIOM SUEBEPROGRAME REQUIRED
NONE

METHOD
BLL UESERVATIONS CAOF
]

"ONDING TO & MON-ZERO EZLEMENT IN
VECTOR ARE aMALYIE RIX

(RESF
FOR EACH YARIAELE IN MAT D

10

OR

s

*



(W]

{DTALS ARE ACCUMULATED AMD MIMIMUM AMD MAXIMUM VALUEE ARg
FOUND. FOLLOWING THIS, MEANS AND STANDARD DEVIATIONE ARE
CALCULATED.  [HE DIVISOR FOR STANDARD DEYVIHTION 1S OME LESE
FHAN THE MUMEER OF OZSERVATIONS USED,

s U307

PR S R

'1l"v‘.'."l't00'0.'000000'0100.00’00"00"0'0'!"0"‘.0".0‘!00

CUZPQUTINE TALLY (A5 TOTAL»AVER ST UMIN s UMAL NT s NY » TERD
UIMENSIOM ACLY»301) s TOTALCL) yAVERCL) sSOCLY »UMINCL)Y s UMAX (1)

CLEAR QUTHFUT YECTORS AND IMITIALIZE UMINsUMAX

IER=0
e 1 K=
TCTAL(K)=0.0
AVER(K)=0.,0
SD{RY=0.0
WHIN(K)=1,0E37
T MMAX(K)=-1,0E37

P NY

4
-
3

RN o

TESY SUESET YECTOR

BCNT=0.0

Uc 7 J=1,N0
IJ=J~NO
IF(S(L)Y) 24742
SCNT=SCNT+1.0

3
tJ

CALCULATE TOTAL., MINIMA» MAXIMA

[ )

D0 6 I=1sNV
I2=TJ+NO

{=A01J4)
TOTAL(I)=TOTAL(I)+X
IF(X~UMINC(I)) 31454
UMINCI)=X
LEOX-UMAX(I)) 52640
VMAX(I) =X
SO(I)=5DI(I)+X%X
CONTINUE

RSSRCLIN & IR 7%

SALCULATE MEANS AND STANDARD DEVIATIONS

TINGT

IF {SCNT)3:8:°9
[ER=1
G50 TQ 1S
? 00 10 I=1,NV
19 AVeR{I)=TOTAL(I)/SCNT
IF (SCNT-1.0) 13s11+13
11 IER=2 .
g9 12 I=1,NV
i2 3D(1)=0.0
3010 15
13 DO 14 I=1,NV
12 SD{IY=SART(ABS((SO(I)-TOTAL(IY*TOTAL(I)/SCNT )/ (SCNT-1,82))
13 RETURN

END

LRI N A BN I K IR N B A B AR R B BN 2 R B 2R RN BE 2R K N BE BN R IR BN R R BE N 2R 2 I RN Y A I T N R A I R A B A A I AR AR A AR ]
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—Wmﬁﬁiﬁﬁ'ﬂ‘m AR A A A A R L s i

) SUBRDUTINE -3AUsS
o
£ FURFOSE
% SUMFUTES & MORMALLY JISTRISUTED SANDOM MUNEER YTy 4 78
= NEAN AND STANDARD DEYIATION
i SAGE
Eh ALl GAUES(IXsasaMot)
i b
: L LEdCRIFTICN OF FARAMETERS
i . IX ~-IX IS AN IMNTEGER ARRAY OF LENGTH 2., THE INITIAL zZHTFIES
N IN THE IX ARRAY SHOULD RE ZERO. THEREAFTER, IT WILL
» CONTAIN FART OF A UNIFORMLY DISTRIRUTED INTEGER RANDOM
L NUMBRER GENERATEI' RY THE SUERROQUTINE FOR USE ON THE
" NEXT ENTRY TO THE SUEBRROUTINE.,
o 53 -THE DESIREDR STANDARD DEVIATION DF THE NORMAL
C DISTRIBUTION,
n AM -THE DESIRED MEAM GF THE NORMAL DISTRIBUTION
C Y ~-THE VALUE COF THE COMFUTED NORMAL RANDOM VARIARLEC

JEMARKS
THIS SUEBROQUTINE UZES KANDU WHICH IS MACHINE SFECIFIC

SUSROUTIMES AND FUNCTION SUBFROGRAMS REGUIRED
RANDU

METHOD :
USES 12 UNIFORM RANDOM NUMEBERS TO COMFUTE NORMAL RANDGHM

NUMBERS EY CENTRAL LIMIT THEOREM. THE RESULT IS THEWNM
ADJUSTED TO MATCH THE GIVEN MEAN AND STAMDARD DEVIATION.
THE UNIFORM RANDOM NUMEERS COMFUTED WITHIN THE SURRQUTINZ
ARE FOUND RY THE #OWER RESIDUE METHOLD.

[ G S A I o T 40 B T AT e I ur e S G SR S TR A T

RN EEEEE I A A A A A AT R A R R AT B N A A IR 2 2 2 2 B O I B O 2 2 A X BN 2R N DR N L AL L A A 4

¥

SUBROQUTINE GAUSS(IX»3sAMIV)
DIMENSION IX(2? . .
I-Q = 0.0
g 350 I=i.12
CALL RAMDUCIX(139IX(2) )
PoAEAtY
U {(4-4,0)KS+AM
HETURN
R

12
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MOUIFIEL FOR RT-11 V9 22-MAR-84

FROGR&M IMPULE
wEEREKEKEEEKKKEERKKRMKRKREKRKRRKREE KRR KEERKKKRKR KRR KRR KE KRRy
¢ THIS FROGRAM ALLOWS OME TO GENERATE AN IMFULSE TRAIN WITH AREBITRAY
T NMUMBER OF SFIKES,THE CREATED IMFULSE DATA IS IN TIME DOMAIN.
CREREXKEKERENEEKKERKKKEIKKRKKEKERKIKEKKKKE KK KKK KKK KKK KR KKK KLk

DIMENSION DATA(1024)

LOGICALX: FILNAM(18)sIANS

0 CONTINUE

TYFE 13

FORMAT(1X»’ ENTER IMPULSE DATA FILENAME: ’»3%)
CALL SETDFN(FILNAM)

IF (OPNFIL(I,FILNAM»’W’) . NE. JTRUE.) GOTO 5

[ R

o~

TYPE 30 :
FORMAT?/y  SELECT NUMBER OF DATA FOINTS (2%kI)! /;8)
ACCEFT XsNF
RMF =NF
WRITE(3)RNP
TYFE 40 '
40 FORMAT(/,’ HOW MANY SFIKES IN FULL RECORD? ’,$)
ACCEFT *sNS |
TYFE S0
50  FORMAT(/,’ ENTER DELTA TIME FACTOR (DEFAULT=.,803212BSE-8)! '73)
TMFCTR=,8032128514E-8
ACCEFT %, TMFCTR
WRITE(3)TMFCTR
DO 60 I=1,NF
50 DATA(IN=0.0 .
DO 100,I=1sNS
TYPE 90
90 FORMAT(’ ENTER SPIKE LOCATION (N) AND MAGNITUDE {(REAL): ‘s%)
ACCEPT XsNsDATACN)
190  CONTINUE
DC 11¢ I=1,NP
WRITE(3)DATACI)
110 CONTINUE
200  CLOSE(UNIT=3,DISPOSE='KEEF’)
TYFE 210
210 FORMAT(/s‘ WANT TO CREATE ANOTHER FILE? (Y OR N)! “»$)
ACCEFT 220, IANS
220  FORMAT(A1)
IF(IANS .EQ, ‘Y’)GOTO 10
ENI

—
©



FROGRAM TRNSFM

fHIS PROGRAM FROVIDES FOR DISCRETE FOURIER TRAMSFORMATION OF
IATA IN A USER INTERACTIVE MOLE.QUTFUT D&TA I8 AVAILABLE [

IN AN UNFORMATTED FORM.THE DATA IS HEALED EY NUMBER OF

FOINTS AND SEFARATION BETWEEEN FRQUENCY FOINTS,FOLLOWED BRY EXPON

ENTIAL WEIGHT USED.THE TRANSFORMED DATA IS AVAILARLE WITH REAL
FART IN ORD RECORDS AND IMAGINARY FART IN EVEN NUMEBERED RECORDS..

i
L oot Al

THIS DATA IS IN A FORM SUITARLE FOR FLOTTING ON THE HP PLOTTER
7223A USING 'FRQFLT SURROUTINE.

SURROUTINES USED ARE 'FAST’ WHICH 15 A COMFLETE FACKAGE PRDUIDINj
FGR EOTH FORWARD AND INVERSE TRANSFORMATION .0OF DATA.NOTE HOWEVER:
THAT IN ITS FRESENT FORM THE PROGRAM REQUIRES REAL(FUNCTION OF ¢
SINGLE VARIARLE)DATA INFUT.THE FFT SIZE ALLOWED IS 1024 ALTHOUGH:
THE FAST ROUTINE PROVIDES FOR UFTO 4096 FOINTS.FAST IS AVAILARLES
AS A LIBRARY SUBROUTINE PACKAGE.

DGOO0GOGONGOO e oo

DIMENSION X(1030)yAUX(1030)
LOGICALX1 FILNAM(18)» IANS

LAl 90 ]

o 3 I=1,1030

A(I1)Y=0.0

4UX(IY=0.,0

S CONTINUE -

10 TYFE 1S

13 FORMAT(/»’ FREQUENCY DATA OR TIME DATA?(F CR T)'»s$%)
ACCEFT 1100sIANS

1190 FORMAT (Al
IF(IANS .EQ.’F’)GOTO 120
IF(IANS JNE.’T’) GO TO 18
[F(IANS JEQ.’T’) GO TO 17

13 TYFE X+’ WRONG DATA TYFEsTRY AGAINT ~’ .
GO 10 10

CONTINUE

~3

OFEN TIME DATA FILE

TYFE 20

FORMAT(/»’ ENTER INFUT TIME DATA FILE NAMES: ‘s%)

CALL GETIDFN(FILNAM;

IF (OFNFIL(3»FILNAM»'R’}) .NE. .TRUE.) GOTO 13

READ(3)RNF

NF=RNF

TYPE 12Q0sNP

12900 FORMAT(/,’ MNUMBER OF DATA FOINTS = ‘:,I4,/)
READ(Z)IXFCTR
TYFE 13Q0+XFCTR

12900 FORMAT(/s* DATA SPACING IS8 :’»G12.6)

00 SO0 I=1,NF

READ(IERR=53)IX(I)

Pier 300 () —

< m

50 CONTINUE
GOTO &0
35 TYFE ¥,’ READ ERRORs FILE SCREWED UP“

14




50 TO 200
CLOSE(UNIT=3,DISPOSE~*KEEF - )

©

3O L

FROMFT THE USER FOR EXFONENTIAL WEIGHTIMB FACTOR YHICH SHOULD &
A8 CLOSE AS FOSSIRLE T2 1,0 (0.999% IZ A GOCYL CHOICE FOF NO

FREE DaTA),

P

e 0

S R

EW=1,0

TYPE &5 '

FORMAT(/»’ EMTER WEIGHTIMNG FACTOR TO BE USED ¢ 71,9 Y:’s8:
ACCEFT *%sEW

CALL EXPUATI(XsEWINF1

%

DEFINE FFT SIZE AND CHECK FOR CORRECT NFFT TO AVOID ALIASING.

TYPE 72
FORMAT(/»’ ENTER DFT SIZE» LENGTH MUST BE A FOUER OF TWO °°%)
RECEFT XsNFFT

NI OD
1y <&

[

IF{NFFT,LT.NF} GO TO 723

IF(NFFT.GE.NF) GO TO 74
73 TYFE %»’ DFT LENGTH MUST BE > NUMBER OF DATA POINTS:’

GOTO 70
74 CONTINUE

FMAX=1,/(2.,%¥XFCTR)
FFETR=2.%FMAX/FLOAT(NFFT)

SET READY TO COMFUTE FFT USING "FAST*

30N

[

FORM SEQUENCES FROM X(N) AND NX¥X{(N) FOR DFT.

fe]

DO 90 I=1,NF
AUX(I)=FLOAT(I-1)%xX(I)
COGNTINUE

0
O

COMFUTE FFT

X $]

CALL FAST(XsNFFT)
CALL FAST(AUXsNFFT)

STORE THIS FREQUENCY DOMAIN DATA,

GPEN A NEW FILE WITH GIVEN MAME,THE FIRST RECCRD CONTAINS NUMRER O
FREQUENCY FOINTS AND FREQUENCY SPACING.SURSEQUENT RECORDS CONTAIM
REAL AND IMAGINARY FART OF TRANSFORMED DATA.FOLLOWED BY REAL ;
SIMAGINARY PART OF N TIMES TRANSFORMED DATA.

TYPE 105

FORMAT(/y’ ENTER OQUTPUT FILE NAME(FREQUENCY DATA) :3)
CALL GETDFN(FILNANM)

IF (OPNFIL(2sFILNAMY’W’) .MNE. .TRUE.) GOTO 104
REAL=1,+FLOAT(NFFT) /2,

WRITE(2)REALFFCTREWsIFMAX

J0 110 I=1/,NFFT+1,2
WRITE(2)X{I) s X(I+1)AUX(I)»AUX(I+1)

110 CONTINUE
CLOSE(UNIT=2,DISPOSE="KEEF’)

— 2 OV SOoONG

[ve Mo ]

(& -4

15



T

P

20 Jewl

OO oo — (i

e b )
I

w O

NEITS)
PRV

F_E_N,_;m,,w,f,,

“ROUESSING FREGUIMCY DOMALN DaTH

VYPE 123
FORMAT (9 ENTER FREQUENCY IATo FILE HaME - IMFUT U4Tf4r: 235
SOHLL GETDFMNISILNANY
FOCOFMFIL{3Z»FILMNAM, "R°Y ME, .TRUE,) GOTO 129
REAUCSYRNFsFFCTRyEW s FMAY
NP =RNF
IF(EW.EQ.Q.0YEU=1.,9
TYFE h-OO’NP
TYFPE 1200FFCTR
TYFE 1400+EY4
FORMAT (/s EXFONENTIAL WEIGHT USED IS5 (’»F4.4)
N0 140 I=1sNF
J=2%I-1
READ(IYyERR=GSIX(I) o X(J+1) »AUX(J) yAUXK (U4 L)
CONTINUE
CLOSE(UNIT=Z,DISFOSE="KEEF’)
TYFE 72
HACCEPT XsNFFT
IF(NFFT.LT.2%(NF-1)) GO TO 1351
IF(NFFT.GE.2%(NF-1)) GO TO 1352
TYFE %y’ DFT SIZE MUST RE 2% (NUMREFR OF FREG FOINTS-1:°
6OTO 130 '
CONTINUE
TMAX=1,/FFCTR

FERFORM INVERSE TRANSFORMATION TO RECOVER REAL DATA FROM
FFT TRANSFORMED LATA,.

CALL FSET(X»NFFT)
CALL EXFUAT(X EWINFFTy1)

TORE THIS DATA
OPEV A NEW FILE WITH GIVEN NAME.THE FIRST RECORD CUNTQINS NUMERER (

DATA POINTS AND SECOND CONTAINS SAMFLING INTERVAL FOLLOWED BY THn
LATALUSE ‘HFFLOT’ TO FLOT THIS DATA. N

TYFE 175

FORMAT(/»’ ENTER QUTFUT TIME DATA FILE NAME {'»%)
CALL GETDFN(FILNAM)

IF (OPFPNFIL(3>FILNAM»‘W") ,NE. JTRUE.) GOTO 174
REAL=FLOATI(NFFT)

AECTR=TMAX/FLOAT(NFFT)

WRITE{2YREAL

HRITE(2)XFCTR

B0 130 I=1:,NFFT

WEITE(2)X(I)

CONTINUE

CLOSE(UNIT=2,DISFOSE="KEEF’)

TYPE 210

FORMAT (/> D0 YOU WANT TO TRY AGAINT(Y OR N)! "%
IANS="Y" :

ACCEFT 1100sIANS

[F{IANS .EG. ’Y’)GOTO 1

EMD

SUBROUTINE SXFUATIX A NIK)

16



rerau

D T S

L ll YT

Lo LD

CDIMENSIONM X(2)

IF (AVEQ.1.0)RETURN
FXat,

DD 10 i=irN
XKEI)sX(IYHFX

IF(K +G8T.C) G0 10 1S
(FIK,LE.O) GO TO 20

FX=FX%kf
FXsFXS
CUNTINUE
RETURN
END

17



B e Choclk. NMFET sgsinest lorvdosh of tapls el

N NEEDS = add time domcin ®lol after tramsfors -

" DA -Mo =87 Changed stasrbing sty 2n Llooss from 2 te 2

i and chanded XY to REFC)y, Y() to FLAW(),

& I to REALs ¥ IMAG Lo make wrodgram flow 233100

< to follow.
E} 2 12-MAY-82 - Add 1f one warnte to wlot the Lime domain result
¥ 2 to the slotter.,

L =3

2 16-Jul-85 Corrected YFLOMF 3% Gernera3l usdate 31D

i THIS FROGRAM FERFORMS WIENER FILTYERING ON THE DATA IN FREQUENCY
DOMAIN ACCORDING TO THE EQUATION R/C(FIXF(FI/A(R(FIXXIFFACTRY .
FACTR IS THE DESENSITIZING COEFFICIENT AND IS USUALLY SET 10
REDUCE THE ABRQVE DIVISION TO & SMALL VALUE OUTSIDE THZ ®ANGE OF
INTERESTSI.E.yQUTSIDE THE FREQUENCY EAND OF THE TRANSDUCER.

TyOYOT O i

1JGI"AL*1 FILMAM(1S) »REFFIL(1IS) »FLAWFL(1S) »ANEWER

ALXY FFCTR s XFCTRyXFCTE2sRMAXyCUTOFF s FERCNT » THFLTR

TEGERXZ2 EAL:IMAG;I:NPI;NPE;NP3

MENSION REF{lOSO);FLAw(1030}

ALl JTITLEC/WMIENER 14 "E792.1)

L 30
i
=

26 oM

{REFFIL»FLAWFL NP1 NF2)XFCTR»XFCTRZYREFFLAW)
TR

= FROMET (HE USER FOR EXFONENTIAL WEIGHTING FACTOR WHICH SHOULD =22
v AL CLOBE AZ FOESIEBLE TO 1.0 (0.79%72 I3 & GOCD CHOICE FOR NOISE
o FREES DATA).
-
TU=1,0
TYrFE ZC
RE FARMAT{/y " Entoer weldintbiang factor Lo L2 wused ¢ 71,0 : s 3
ACCEFT Kol
CALL ENPWAT(REFIEWsINFLIs 1)
Call EXFUAT(FLAWIEW s NF2s1
i2 NEFINE FFT SIZE aANL CHECK FOR CORRECT NFFT 70 aAVOID ALIASING.
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SHELITUDED CUTOFF FOINT
4
T smrlithade weroenbazdos Lo s Lz
It
H
i
= |
GNITUDE IS LESS THAN CTUTOFF SEY THE RATIO T2 &40
O REAL=Z)NFFTs2
G = REAL + 1
SART{(REF{(REAL)).GE,.CUTOFF)» G0OTO 139
FLANC(REAL)=0,C fIf melow o ot @
FLAWC(IMAG) =0, O

5070 170 |

M

WISNER TRANSFORM DATA

13h to =lot tihe Tlaw tramsfer function 7+ %0
LEQ. JTRUE. - CALL YFPLOMF{FLAWFFOCTReNFFTsELAREL

190

T Wish Lo save this transfer Puacction %0

SROTYZY WNE, JTRUE,Y GOTOD 240

T OIMUERSE FOURIEZR TRAMSFISH ;
i

i , ’ }

e ‘

Xy 'Convertinsg datz to the time domsin., .. f
1

¥ ! !

FEET(FLANYNFFT)

EXFUATFLAWYEWINFFT Q) 4

]
b
<
T
»]
[N
]
£
0
)
-
14

¢
Lix
.
-
1

(] o ~- ¥ -
LJME, JTRUE, ) 30732 200
- .
pE LAY
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<5 TGRS DEIOMY
A
" . - . .
i ferinwr=3rwn Lz, Yergion 1,0 Lo
;“ LoSICAaL Rl MOHAR»MCHAR
W DIMENTSION X{T13:sY i313)yYFIT(SLE:

4 "y + PN i e . -~ A e (] - v S A
: EEASL ACT0s305»B(S50 024200 »C{SOYyR{GL)»F LSOOy O CST
R SOGICALKL [ANS
tu THTEGER¥2 TEKCRT»CRTAGN
" IATA TEKCRT/3/ CRTAGN/4/
Y . A L
Y CALL JTITLEC TERDEC 26" ="»1.,0)
0" ] CaLL CLEAR

~

) . o Pt t
o = GET IMNFUT DATA FILE
N - "y o4 - -+
t&‘ o7 =11256
-\) ‘TJ"IT(I '.7.')

tJ YOLy=0,0
S 7 COMTINUE
ALY 15 Catl INFUTCYSNFsTECTRS1)
P i (NF JLE. 236) GOTO 13

A TYFE ¥y Number of datz wmoints must be <= 254"
A GOTO 14
s

" i CREATE TIME AXIS

<, X(IF=FLOAT(I-1)

b 20 CONTINUE

! i

%ﬁ L FROCEED 7O GET FARAMETERS FOR SFLINE FITTING,

(S

v; KLY TYFE 40

&V 3 FARMAT(/»’ Enter ratio of knot-sracing Yo dabta seracindd "%}

A

ACCERT Xo KR
a0 S0 I=1,200
IY=FLOAT{I-1)0KFLOAT (KR

RBHR
527

a0 LONTINUE
T(RE 60
- 5% :DP“*T(Ky‘ Emter order o9f selinest %0
-:-:~ WLCEZFT Ky K
;y TYFE 7O
{j £ FCRMAT( " Enter mumber of b2sic selinmest "s31)

ACCEFT Ko N

-ﬂ ERI=sKK-1
S 20 20 I=0-KK1
AY 3-0.
~ LUSKRYORE -1
- By 30 L=0,LU
Ti=FLOAT L+KREXI:
¢_ T2=FLOATL)
>, S SHBRSFITI Il ERIKBIF (T2 10000
- By CONTINUE
] S rad =2 ComooT
‘J ke e - ~ -
&3 R CONTINUE
h‘
.¢ 22
’.‘- ™ e

o o M W T e T T \ 'uw‘-\-y..'h- LR PR T I N ~ X
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N T30 Ialenk
BT RS
G110 d=labu
P EEGRENSE BRI T SIS Prool=o
& SONTINUE
3 DT INUE
L0 140 =1
2O =C,
¢ ML=KR¥x{J-1)+1
A AUERKRECI -1+ +1
s 00 130 I=MLsMU
JRLL =
BOJI=BE/ D +Y{I}KBERP (X1 »Ze JRNLIYKK?
130 CONTINUE
140 CONTINUE
No=RK-1
TALL ZWS{AsNIRKEBEL0)
) D0 130 I=1sNF
‘ T=FLOAT{I~-1)
YFIT(I)=FPE(TsZsCoNsRKKS
p HES CONT INUE
0D 155 I=1:NF
F ¥LDY=FLOAT(I-2)¥TFCTR
: 13T CONTINUE
! TYFE 1890
ia@ FORMATO/ 7 Wisn to wleot Fit to reference data? "33
IF (ASKC'Y ) JNE. +TRUE.: GOTO 11
| L CALL CLEAR
! TYFE %497
K TYPE ¥Xs'Flotting reference data.. .’
, CALL FLOTXY{(XsYsNFsTEKCRT?:
TYRFE ¥y’ Plotting seline fitlted daba...’
‘ CaLll PLOTXY{XsYFITsNFsCRTAGN:
. TYFE 180
‘ 139 FORMAT(/»’ [lo wou wizh to rzelot this grarh? "33)
= (Hah\’N’) +EQ. JFALSE.) GOTO 1706
» z FEGIN UDECONVOLUTION STEFS.
¥ ~
11 U0 190 I=1,NF1
BICRY (D=0,
2 557 SCATTERED LiaTa FILE MAME
R CaLl NF”T‘Y;NFlvTF“TRyC)
TTogME LLE. 258y 30T 1‘?-.‘5
b [v#2 ®s’ Humber of dats soinbts must b 25&
Y 3070 195
X c
. 2 TET FARAMETERS FOR SCATTERELD DATH FITTING.
t i -
. = TURE 219 .
' J FORMATCS Y Enter order of golution selimes? 1%
v ACCEFT %y KS
! TYFE 220
X RIS FORMAT O/ Ernter numper of solution serlinest %0
: APCEPT ¥l
KN=FKK+KS
LL“'H*r”—i)xhﬁ 1
D IFOLL 5T, 200 Ty eEks "IN+ HN=-1YKES 7100 221G, .,
b 23
\J
’.(': .*;'.\'F\'-::"‘;'.:_'I;:'.' -.:::.';‘-( ‘. YA :'-:\'.::::;: .‘p"','\'. -‘-"‘;‘.::.:: -';‘-'_: . -._.._‘ - ":‘.‘
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) M 240 [=lsl
520
f; TLELGAT ]
G220 Liclad
$§ SSHCILT CKESE T Ze SLE TR
W 210 COMTINYE
’ TiI=g
AR CONTINUE
9 LLoEMERN=
o IFCNRRONTLFR =17, 05, M TYFEK, * (MFL+HN=1)
. 20 280 I=CeLL
A" S-‘Oo
N LIz {N+KN-I-1)%KR-1
3 ro _so L8=1,L1
ot Z=5+F{LS)XF (L3+ kKR
My 200 CCNTINUE
@ RiI+1)=5
e 240 CONTINUE
NN 290 I=1,L
& I3 290 J=IsL
i 2= Al dr=0,0
o IF(LL.GE.L-1)LL=L~-1
P LD 319 I=0,sLL
i L=t~
9y B0 300 J=1sLl
2 AlJrJ+I=R(I+1)
b JI=Jg+1
K ab CONTINUE
) 310 CONTINUE
e K= {H+KN=1)¥KR-1
" 80 350 Ki=1sL
C:. 5=0.
o KL1=KL
g KL2=KL+(R1-1)kKR+1
s IF{KL2.GE.NF1IKL1=NF1=-(K1-1)XKR-1
B 40 340 I=1.KL1
e 5=5+Y{I+{K1~1)XKR+1)XF(I)
M 349 CONTINUE
< BOK1) =S
e T CONTINUE
LA [EW=NIRN-2
o [ IRW.GE.L-1)IRd= L-l
CALL Uc(Hv s IBW»E» D
ﬁ D0 350 I=1,MF1
i TEFLGAT I=11
4 o YEIT(I)=FE(TyZsDrbL i3}
3 TYFE 365
65 FORAATY /9 Flot comruted imrulse
KT [ (ABK¢’Y’) ,NE., ,TRUE.) GOTO 12
.. Bl CALL CLEAR
;ﬁ TALL EUSTHY (X YFIT.NEL.TEKCRT)
X TYEE LI
. LE cASKO M’y WNE., TRUE,) GOTD 379
" e TYFE 27
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N i START COMPUTATIONS OF FI7 70 FLaW DATA.
..0 -
KK o - . .
;l‘ RAEE) oA Doty MNPl
' . e .
’»‘:p: JLENENE-1IRRR -
b B,
‘l!' S ™ .
- 00300 S=1ei
i TE{I=1-0d=30KRR, T4 185 TS 4290
- TFOL=-1-{( =1 3% KR,.GT,.L)830 T2 420
R GGl (S KP(I-1-{ =1} kKR
Y Y CONTINUE
W ‘- g
Ky i (FITH1 =8
W TYPE 42
R 320 FORMAT / y " Flot fit to flaw datas 7 "»%)
5 IF (ASK{"Y") NE. .TRUE.: GOTO 590
> )] CoaLlL. CLEAR
4y s:hx._ = /":” ".« Y\ s NF1yTE X =~
h SLL PLOTXY S Xs Y s NF1y TEKCR
*: CaLL FLOTXY{XsYFIT:MF1,CRTAGN)
TYFE 180
. IF JASK(/N’)Y JME., .TRUE.) GOTO =7¢
A . ~ g P
o o TYFE &CO
»ﬁl RN FORMAT(/y’ Wish to rerform snotner mirscla? “9§F)
\ - Iy ¢ " ) -
'e, IF {ASKO"H"Y WNE. JTRUE.) GO73 S
R CALL EX17
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By
3
3%
$3 SUERGUTIMNE SGMOISECUL»UZ»ISEED:
N £
N » Wridght-Fstterson Alr Force Rase
-
wﬂ, Z The subroutines used inm this erogram were taken from!
{ [
ﬁg z ‘Frodgrezms for Digitasl Sidnal Frocessing’
qw Z IEEE Fressys 19277
e » I4% East 47 Stretts New Yorks NY 10017
2 Srensored by the IEEE Acousticssy Sreechr and
al > Signal Frocessing Societwy
’ o iip. of Congress Cat. Card & 79-87028
o £ IEZE Book & 0-37942-128-2 (sarerback var,)
e ¥ 0-387742-127-4 (hardback:
el 2 Alswo Fublished by John Wilew & Sonss Inc,
i C Wilew Order # 0-471-059861-7 (rmarerback ver.)
f;& C ¥ 0-471-0592562-3 (hardback)
X DIMENSION U1(1024),U2(1024)
XN TWOFI=S.,0%ATAN(L,0)
A C
w 2 CALCULATE A UNIFORM DISTRIRUTION. BEED FOR U2 IS Ui1{:10Z4:
12¢ f
! . i
3 s CALL UMIDLST(YJ1,1024,ISEED)
S ISEEN=G1{10241%16384
‘ Calb UNIDST(UZ2,1024,ISEEDD
% o HO0W COMFPUTE A NORMAL DISTRIBUTION FROM Ul AND Y2,
j; £ FLACE RESULT IN UL,
R
gt 00 10 I=1,1024
et 1¢1)=8QRT{(-2.0KALOG(UI (I} )XCOS{TWOFIXUZ(I )}
Y CONTINUE
;it RETURN
BN M
MY, N
" -
TN ;
. SUIROUTINE UMIDST(U»N,ISEED)
- GIMENSION U(2)
[ \-::' {t
RO-> .
[} ."l" T
‘e IF {(ISEEL.ER.D)(0TO 20
) [3=18EED
AT po 10 I=1sN
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.ﬁﬁ L(I)=FLOAT(IS5)/14384.90
d? R COoMTINUE
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COMMON SLDATAZCISISY »CY{S1T)
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K X
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\i cALL CLEZaR
- CALL FLOTYCCYsNFFT»3) ' RT-11 PLOT
» CALL FLOTXY(YsZYINFFT3: ¢ RT-11 FLOTY
o 121 TYFE 420
: LR FURMAT (7 o uou wish to save Z3ted cersbrz dats 30
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DU 80 IT=1sN480W '
o AENHE S
N N1 NN
8 CALL FRATROIMT NN BOL s BOINTFLY s BOZRIMTHL ) » B (3%
R\ DIATHL o2 L e BOINTHLY o BO2KINTHL ) o BOSRINTHL 0
! : SONTIMUE
*L ) CALL FURIDL{M,E:
34 CALL FORDZ(M,5>
iy T=R{2)
™ - N
ti 202)Y<=iy,
o, GINT1) =T

EiN+2)=0.
o Qovao 1T=4,§,2
N ECIT)Y==B(IT:
:: 2 CONTINUE
s RETYRN
v ENT
3 L
:i‘ ™
.7 -
o SUERCYUTINE FOROL (M, R
:n: ODIMENSION B(:)

s 4

a Kl=2

5 N=2KKM
¥~ 00 40 J=4sN,2
-2 IF{(K-J)20,20,10

3 o T=B(J)
: B(J)=B(K)
E(K) =

»

> ) h~h—4
5 IF(K~-KL)30:30+40
o 20 K=2kJ
Oy KL=J

i, CONTINUE
RETURN

o END
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i SUBROUTIME FORD2(M,&)

3 DIMENSION L{15)sE(2)
.§ EQUIVALENCE (L1SsL (1)) s {Lids (2 s L1330 s L1l {a))silttirr 50
-3 Ky CL100L (&) s LIsLIT7)) fLBrL(S))y\LFyL(Q'\v(_:vL 10) ) r{LSeiiiyie
2 KiLAsL(12)) (L3 Li1Z) s (L2yL414) s 1oL {15))

A i:,

M=2K%HM
LOL)y =N
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% 00 19 K=2,M

:5 (R P=L(R=1)/2

K 10 CONTINUE

R D0 20 K=My14
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7 ) COMTINUE
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J9 129 Ji=2:L1.2

g 120 J2=J1sL25L12

00 120 Jd3=42.L3»L2

4 129 J4=d3sL4-L3

a0 120 JT=Jd4.L0L0 4%

O 1290 Ja=Jd5sL 89105

G0 120 J7=4&1L7L5
G130 J8=d7 L8077

S0 120 Je=08sL9sL8

B3 120 210=JdFsL10sL7
00 120 J11=J10-L11,L10
U 13¢ J12=Jd1i1s012s0L 11
0o o129 J13=J12-L1390L12
U0 120 J14=J13,L14,L13
ng 1290 JI=Ji4,L15,L14

IFCTI-0I3230,120,120
T=R{IJ-1)
BiId-1)=R(JI-1)
giJI-1)=T

T=E(IJ

ECIJY=R(JI)

B(S13=T

rj=7 %2
[ Tl

FEZTURN
END

SUBROUTINE FRZTR{INT,BO,EL1)
DIMENSION BO(2)sB1(2)

OB 10 K=1yINT

T=BO(K)+R1(K)
B1(K)=BO(K)-RB1{K}

ROIKI=T

CONTINUE

RETURN
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SUBROUTINE FRATRCOINTNNsEO2El,

GIMEMSION L(15),B0(23,B1(2),B2
18S02),BEI2) s B7(2)

COMMON /CONS/FIIPT»P7TWOSC22»822yFIC

EQUIVALENCE (L13sL 1) o {(L14sL(23)» (L1353 (LI2yL{4)) (L 1]
X3 (L10sL(A) )y (LTsL(7)) s (LEBsL(B)) s (L7yL(P2)y(LS&>LCL1O))»{LS»L{11:
K(LAsL(12)) 9 (L3 L1309 L2y (14} (L1,LELT))

R2»
(23

E3>»B4BS»BS»B7)
P BIC2YBA(2Y,

Li1)=NN/4

U 40 K=2,13

TF (LR =-1)-2)10,20,30
LIK=1)=2

LiK)Y=2

GOTO 490

Liki=L{RK-1)/2
COMNTINUE
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Q:! T0 120 Ja=25915005

DO 120 JT7=J6sL7el S

. ao120 =J7,L3,L7

o NG O120 J3=48,L99L3

Y. N 129 J19=J9+L10+L9

. 06 129 J11=J10s011:L10

i w120 J12=J11,L12,0L11

129 J13=J12,L13,L12

K NTO120 J14=J01300L14,0L13
L% Q0 120 JTHET=J14sL15sL14

X TH2=JTHET-2

XN [F{TRIYISD,505 %0

s s L0 40 K=1sINT

- TO=RO(KI+HI2(K
A TL=zE1{K)+E3(K)

‘g 2N =B0(K)-B2(K)

¥ 23R =R1(K)=B3(K)

- EO(KY=TO+TY

B GLor i =TO-T1

RS SONTINUE

". R

- TUNN-4)1205,120,70

z 6 KO=INTX4+1
KL=KD+INT-1

R 00 80 K=KOsKL
o FR=F7X(BL1{K)=R3(K))
5 FI=F7%{BL(K)+B3(K))
i B3(K)=BI(K)4FI
e BL(K)=FI-B2(K)
N B2iR)=EO(K)-FR
. EO(K)=EO(K)+FR
A0 CONTINUE
< 3070 1290
B ARG=TH2XFIOUN
" C1=COS(ARG)
e 51=SIN(ARG)
" C2=ClkK2~51%%2
[ Z2=C1%8 1+c1431
", C3=C1XC2-51%5
A 53=C2%S1+C1%5
i £
t INTA=INT%4
b JO=JRKINTA+1
” MO=JI¥INTA+1
N JLAST=JO+INT-1
R 05 100 J=J0sJLAST
2 K=50+J-J0
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SR r=TO0-T1
2i1(LI=TS-T4
22440)=72-77
A5(K)Y=TS+T73
FRIRI=T24+T7
33¢4y=T3~-T4

) CONTINUE

JR=EJRF2

JI=dI-2

FOJI-JL¥110,110y120

JI=2%JR-1

JL=JR

CONTINUE

RETURN
=MD

SURROUTINE FSST(E:N)

LGIMENSION B(2)

COMMON /CONST/FII+F7,F7TW0»C22,822y
FII=4,%ATAN{L,)

FIg=FII/B,

F7=1,./5QR8T(2.)

FrTWO=2,%F7

£L2Z=COS(FI8;

822 18)

S2C=8SIR(F

FI2

{
[FINJEQ.NTIG0 TO
L7 COMTINUE
YrRITE (4,929929)
FORMATOS N
3TGF
F{2)=B(N+1)
03 30 I=4,NM.2
B(I)=-B(I1)
5] CONTINUE
00 40 I=1,M
BCIY=RCIY/FLOATOND
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CONT INUE
AR Ogg= Sl
Calt FORDZAM:R:

CALL FORDL MR
IF(NAFOW.EQ.CIGOTOD 59

MM RN

06 50 IT=1,NaF0W
NN=NNSA

INT=M/NN

CALL FRASYN(INTsNM»EB(1) s BOINTH1) yB(2KIMNTH1;

TrBE(3XINTTI) sBOL) s BOINTHLI)Y s B(2XINT+1
1:B{3XINT+13)

CONTINUE

IF{M-NAFQGWX2:80,30,70

INT=N/2

CALL FRITROINT BOL)»BOINTH1 )
RETURN

END

BROUTINE FRASYN{(INTsNN»BEO»E1 B2y B3»84,B5,B698B7
QIHENQIDN L{13)sBO(2)»B1{2)+B2{(2)sRBI(2)9sE4{2)yBS{(2)sB&{2)syB7(2}
COMMON /CONST/FIL»F7»FP7TWOC229522,712

EQUIVALENCE (L1S-,LC1)) s (L14sL(2)) s L13sL(32) s (L1 {4y {L11,L(T)
Ko (LI0sL(EI )2 LDy L(7 0o (LByL{8) ) s (L7sL{TI) (L {1D Yy LSel {112y
K{LA L0122 o L3y L{L3Y s (L2 L(18))YyL2,LLS)

Li1)=NN/4

ng 40 K=2,1%5

IF {L(K=1)-2)10,20,30
LiK-1)=2

LeRy=2
SCTE 40
LPRY=LIK-13/2
TONTINUE

S IJUN SFLOATONND
JI:S

Jh=2

JR=2

HOO120 J1=250102

00 120 J2=J1sL29L1

00 120 J3=d2.L.3sL2

e 120 Ja=J3,0L4,513

D0 120 J3=4Jd4yL3sL4

G0 120 Js=15+L6»

40 120 J7=J6»L7L5

a9 120 J8=Jd7sL3sL7

a0 120 J49=48y»L7L8

N0 1245 J10=J7sL10sL7
an 12 J11=J107L11rL10
oo o120 J12=Jd1i,012.0

GO 120 .J—JIQrLlurLIC
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P o
" G120 J19=013.014,013
Q00120 JTHET=J14-L1%.0L14
o TR2=ITHET =2
i TFOTHIIG0, 50050
U oi N=ie [NT
& TO=REO(IT+EL GO
B r3»ﬂnfwv—qlfw>
. PUER2ONYKDLO
T3 E*fr\)w‘o
W Zo(Ry=TO+TE
" BRI =TO-T2
: BN =T147T3
BI(N)=T1-T3
‘ &0 CONTINUE
o TFOMN=4)1205120,70
ﬁ 70 KO=iHTX4+1
B, KL=KO+INT-1
i 00 80 K=K0,KL
g [2=BO(K)=B2(K)
o T3=B1(K)+B3I(K)
M BOIR)=(BO(K)I4B2(K) 1 %2.0
- R2(K)=(B3I(K)-EB1(K))X2,
s BL{K)=(T2+T23)XF7TWO
; B3(K)=(TI-T2)XF7TWO
= G0 CONTINUE
- -
- G0 TO 120
- 20 ARG=TH2XFIQUN
h] £1=C S(ARG)
: S1=-3IN{ARG)
C2=C1kK2-51K%2
. 82=C1%81+C1%51
: £3=C1%C2-51%82
% S3=C2%31+C1%52
& INT4=INT#4
- JO=JRXINT4+1
s Ko=JIKINTA+1
: JLAST=JO+INT-1
“ 00 100 J=J0r» JLAST
. N=K0+d~J0
’ TG=RO () +HES (K)
- T1=R7{K)-B1{(J)
- T2=RO(J)-B&(K)
X T3=R7(K)+EB1 (D)
S TA=RZ(JI+BAK)
R TE=RS(K)-B3(J)
T5=R5(K)+BI (D)
? T7=RB4(K)-B2(D)
. ZO(J)=TO+T4
[+ BA(K)=T1+T5
b B1(J)=(T24T6)%C1-(TI+T7)%S1
" BE(K)=(T2+4T4)KXS1+(TIHT7)H%CL
E2(J)=(TO-TA)¥C2-{T1-TSI &2
< B5(K)I=(TO~-T4)KS2+(T1-TSxC2
B2(J)=(T2~T6)XC3-(TI-T7)%53
: B7(KY=(T2-T4)%53+(T3-T7)XC3
LO0 CONTINUE
o JR=JR+2
- 41
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