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ABSTRACT

The Pseudo Wigner-Ville Distribution is a signal transformation of an input time signal

into a joint time-frequency domain, that provides an excellent characterization of an input

signal as well as it's respective energy content. A smoothing window and energy sensitivity

analysis of the discretized Pseudo Wigner-Ville Distribution is presented along with a

machinery monitoring application using the resulting Wigner-Ville energy of the sampled

signal. The ability to apply the Pseudo Wigner-Ville Distribution to both steady-state and

transient machinery may enable the monitoring and diagnostics of virtually any piece of

equipment.
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I. INTRODUCTION

The recent world events have caused drastic changes in many areas and made the future

that much more unpredictable. With this high degree of uncertainty and drastic financial

cutbacks as evidenced in the Defense budget, the emphasis of technological advance and

dominance is all the more heightened. With the requirement to "do more with less", it is

imperative to find ways to save money. It is with this mind-set that better ways to prolong

the life of operating machinery and defray unneeded maintenance costs be investigated. For

many years, most transient machinery has gone unmonitored and removed at periodic time

intervals for refurbishment regardless of the current machinery condition. Developing a

method to monitor and diagnose these machines of a transient nature will provide a way to

determine when overhaul or replacement is needed.

Vibrational data has long been used as the tool to measure a machine's health. Early

methods of monitoring machinery had been for the experienced personnel to listen or touch

the machine to detect if a fault exists, however, this method is dependent on human senses

and the same individual conducting the monitoring. It was for this reason that vibration levels

as monitored by a dynamic signal-analyzer are now used for machinery health monitoring.

The vibration levels of a good condition establish a baseline to allow a means of comparison

when subsequent measurements are taken. These dynamic signal analyzers are time

independent and do not show the time dependency required by transient machinery. It is

because of this limitation, that a three-dimensional time, frequency and energy representation

such as the Pseudo Wigner-Ville Distribution is being investigated as a method to monitor

transient machinery.



A. PREVIOUS WORK AND ACCOMPLISHMENTS

This thesis is a follow-on work which has been preceded by LT G. Rossano and LCDR

J. Calahorrano, both in conjunction with Prof. Y.S. Shin. Rossano established the initial form

of the computer program that calculates the discretized Pseudo Wigner-Ville Distribution.

He evaluated the effect that different signals and procedures had on the Distribution along

with characterizing an actual pump signal. Calahorrano made some further improvements to

the computer program and then applied this improved version of the computer program to

characterize some classified signals. Both of these works have been a great benefit in dealing

with characterizing signals, but have not investigated the smoothing method and energy or

amplitude of the discretized Pseudo Wigner-Ville Distribution.

B. OBJECTIVES OF CURRENT RESEARCH

The Pseudo Wigner-Ville Distribution provides an outstanding time-frequency domain

spectra representation of an input signal as shown through the works among others of Rossano

and Calahorrano here at the Naval Postgraduate School. The purpose of this research is:

"• To review and modify the computer program developed here at the Naval Postgraduate
School to support the smoothing window and energy analysis work.

"* To conduct a smoothing window sensitivity analysis.

"* To investigate the energy content of the discretized Pseudo Wigner-Ville Distribution.

"• To apply the developed smoothing window and energy principles to an actual
machinery monitoring application.

"* To investigate the feasibility of using the Pseudo Wigner-Ville Distribution energy as
a pre-processed input to a Neural Network.

2



II. THE PSEUDO WIGNER-VILLE DISTRIBUTION

A. THEORETICAL BACKGROUND

1. Evolution

The current day Pseudo Wigner-Ville Distribution is a three dimensional (time,

frequency, and energy) representation of a signal that is particularly well suited for analysis

of non-staticnary signals. Eugene Wigner [Ref. 1] first introduced the Wigner distribution in

1932 to study the problem of statistical equilibrium in the area of quantum mechanics. His

work was furthered in 1948 by J. Ville [Ref. 2], who used the Wigner distribution in the area

of signal analysis. A major contribution of Ville's, is the use of analytic signals as an input

to the distribution vice the customary real signal. The advantages of using an analytic signal

in the distribution are two-fold [Ref. 3]. First, the distribution of a real signal results in a

symmetrical spectrum with only half of the result containing useful information, while the

use of an analytic signal avoids this negative frequency redundancy. Secondly, by accounting

for only the positive frequencies it satisfies both the practical and the mathematical

completeness of the problem. The third part of the Pseudo Wigner-Ville Distribution (ie.

Pseudo) , arises from the need to apply a smoothing window to the resulting distribution.

This is a result of the presence of cross terms that arise from multiple component signals and

will be covered in depth later.

The works of T.A.C.M. Claasen and W.F.G. Mecklenbrauker [Refs. 4,5, and 6] in

1980 have paved the way for many recent applications of the Pseudo Wigner-Ville

Distribution. Their three part paper is an all encompassing work that has served to highlight

the capabilities of the Pseudo Wigner-Ville Distribution and allow for greater knowledge of

the subject with an emphasis on signal processing and analysis.
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A considerabie amount of recent work using the Pseudo Wigner-Ville Distribution

have come in the areas of optics [Refs. 7,8, and 9] and speech [Ref. 10 and 11]. Additionally,

T.J. Wahl and J.S. Bolton of Purdue University [Ref. 12] have used the Pseudo Wigner-Ville

Distribution to analyze structural impulse responses. Two recent papers have investigated the

use of the Wigner-Ville Distribution in the area of machinery monitoring. Flandrin et. al.

[Ref. 131 proposed the Wigner-Ville as a means to confirm a machinery diagnosis in the

specific application of a Pressurized Water Reactor power plant and lastly, Forrester [Ref. 14]

has investigated the Wigner-Ville Distribution as a method for fault detection in gears. As

evidenced by the cited examples, the capability and adaptability of the Wigner-Ville

Distribution is enormous with applications of it's use rapidly expanding.

2. Function Definition

The Wigner-Ville Distribution is a transformation of a signal into the time-

frequency domain. By definition, the cross Wigner-Ville Distribution is defined as:

WDF,,. r-• ( t+ -1) s'(t- -1) &
WDF, ~2 2

where: r(t) = a complex time history

s(t) = a complex time history

t = time

w = frequency

*= complex conjugate

Similarly, the auto Wigner-Ville Distribution is defined as:

WDF, 1 - fe-j'" r(t+-) r'(t- 2 d&

4



Since the concentration of this research is with the representation of a single input signal, the

auto Wigner-Ville Distribution will be used. This expression is essentially a Fourier transform

of the auto-correlation of a signal, which may be thought of as a three dimensional spectral

density function.

3. Distribution Properties

Theve.are several properties of the Distribution that are worth noting. The

properties listed below have been shown in many works concerning the Wigner-Ville

Distribution. These properties will be shown in the form of the auto Wigner-Ville

Distribution [Ref. 15].

Time and frequency shift properties follow:

"* A time shift in the signal corresponds to a time shift of the Distribution:

WDFs,(t_,)s,(t-) ( t, (a) - WDFs s ( t-T , cw)

" A frequency shift in the signal corresponds to a frequency shift in the Distribution:

WDFe~arsejats ( t,) - WDF, (t, C)-()

"* Both a frequency and time shift in the signal corresponds to the same in the
Distribution:

WDFe&jots(t_,).e9ats(t_,) (t,Ca)) - WDF, e (t-r,Ca-.)

Since our concern is in the area of machinery monitoring and diagnostics, the aforementioned

properties are a nessesity in the development of a suitable monitoring program.
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The next three properties provide information concerning the energy contained

within the Wigner-Ville Distribution.

" The integration of the Distribution over the frequency domain provides the
instantaneous signal power:

1fWDF,.(, ca)d - I s(t) 2

" The integration of the Distribution over the time domain provides the energy density
spectrum:

fWDF.S t, wo) dt- I S(a)

"* The integration over both the time and frequency domain provides the total energy of
the input signal:

ý WDF.. t, (a, td

Again, as with the time and frequency properties, the energy contained in the Wigner-Ville

Distribution must be definable in order to use this in a machinery monitoring program.

Additional properties may be found in Reference 4.

4. Cross Terms Within The Distribution

A particularly troublesome characteristic of the Wigner-Ville Distribution is the

presence of cross terms. These cross terms result in the Distribution taking on negative values

as shown later in Figure 2. Since the properties above have shown that the Wigner-Ville

Distribution represents an energy value, these negative values raise an area of concern. Jones
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and Parks [Ref. 16] show that these cross terms are essentially the interference of multiple

component signals that occur when there is a non-zero cross-correlation within the signal.

The equation listed below shows the cross-term that results from a signal that consists of two

components.

WDFx+Y(t,(o) - WDFx(t,Qa) + 2RE[WDFx, Y(t,wc)] + WDFy(t, w)

As shown, the cross-term is represented by the center term while the other tems represent

their respective signal components. There are several methods for eliminating these terms and

providing a more presentable Distribution and there has been a considerable amount of

research in the are of an optimum smoothing method for the Wigner-Ville Distribution as

indicated by References 3,4,17, and 18. The method chosen for smoothing the Wigner-Ville

Distribution in this work is a post processing, sliding Gaussian window function. What is

meant by post processing, is that the distribution is smoothed after calculation of the Wigner-

Ville Distribution.

5. Gaussian Smoothing Function

The Gaussian window function was first proposed mathematically as a means to

smooth the Wigner-Ville Distribution by N.D. Cartwright [Ref. 19]. The continuous form of

the Gaussian window function follows:

G(t,(C ) - 1 e 2 t 2o2.

27ro tow

Wahl and Bolton in Reference 12 have furtherd this work and developed the sampled form

of the window function that is used in our discretized form of the Pseudo Wigner-Ville

7



Distribution for smoothing. The effect of various size smoothing windows will be presented

in greater depth in Chapter III.

B. WIGNER-VILLE DISTRIBUTION COMPUTER PROGRAM

The computer program listed in the Appendix is a method that was developed here at

the Naval Postgraduate School for calculating the discretized Pseudo Wigner-Ville

Distribution. As mentioned earlier, the program that computes the cdscretized Pseudo

Wigner-Ville Distribution is largely the work of G. Rossano [Ref. 15], who initially

investigated the use of the Wigner-Ville Distribution as a tool for machinery monitoring. For

the purposes of this work, the program has been thoroughly reviewed and rewritten to allow

for ease of readibility and modification. The current version enables the user to look at not

only the resulting smoothed version of the Pseudo Distribution, but also the unsmoothed

Wigner-Ville Distribution. The second major modification was to program the smoothing

window subroutine to allow for the use of different size windows in smoothing the

Distribution. These changes have proven invaluable for evaluating the effect of various sized

smoothing windows and in conducting the energy sensitivity analysis. Presented below are

the two major equations that comprise the calculation of the discretized Pseudo Wigner-Ville

Distribution as performed in the program listed in the Appendix.

1. Discrete Time Wigner-Ville Distribution

As mentioned earlier, the Wigner-Ville Distribution is essentially a Fourier

transform of an auto-correlation function. There have been a couple of equations developed

to represent the discrete Wigner-Ville Distribution. The version that has been used in the

development of the program listed in the Appendix, is one that was developed in Reference

4 by Classen and Mecklenbrauker and and later used in the work of Wahl and Bolton [Ref.

12] and Rossano [Ref. 15]. The only difference of note between the various discrete versions

is essentially a difference in constants. All of the versions are basically a Fourier transform

8



of an auto-correlation function. Shown below is the discretized equation that has been used

for programming purposes in this work:

WDF8, (iAw,jAt) - Re(FFT[2A t CORR(i)]}

where: Re - Real part

Corr(i) - complex auto-correlation of the signal s(t)

FFT = Fast Fourier Transform

At = sample time

2. Discretized Gaussian Window Function

Due to the need to deemphasis the resulting cross-terms within the Wigner-Ville

Distribution, a suitable method for smoothing has been obtained. The sampled equation of

the selected smoothing window is shown below [Ref. 12]:

_[ (mAr)
2  ÷ (Aw) 2

( 2~ri t0(.e 2vC 2o.

where: -2M-.m<_2M & -2N•n<2N

at = MAt & a = NAw

9



III. SMOOTHING WINDOW ANALYSIS

As shown above, the smoothing function or window that is used in this work is a

Gaussian window that is applied to the unsmoothed Wigner-Ville Distribution. Figure 1 is the

raw time input signal of a 100 & 400 Hz sine wave that will be processed through the Wigner-

Ville Distribution. Figure 2 is the unsmoothed Distribution that results from this combined

100 and 400 Hz sine wave. As can easily be seen in Figure 2, the resulting cross terms are

very dominant and need to be deemphasized. This Gaussian smoothing function is applied

after the Wigner-Ville Distribution has been calculated (ie. post processing), which allows for

visual inspection of both the unsmoothed Wigner-Ville Distribution and the effect that

different sized windows may produce on the smoothed Distribution (ie. Pseudo). For

example, Figure 3 is the smoothed result of Figure 2 after applying a 13 by 13 sized window.

The next few sections will discuss some of the characteristics of this post-processing

smoothing window and what may be gained or lost through varying the size of the applied

window.

10
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A. SIZE CRITERION

As shown by N.D. Cartwright [Ref. 19] for the continuous form of the Wigner-Ville

Distribution, the size of the smoothing window may be selected such that a positive

Distribution will result. Following, are these criterion that have been mathematically proven

for the continuous case to assure a positive distribution:

2 2 1

4

where:

r- MAt d-NA w

By chosing M and N such that this criterion is met, the resulting smoothed discretized

Wigner-Ville Distribution does not necessarily result in all of the values being positive. This

may be seen in Figure 4, where the window that was used was again a 13 by 13 (ie. N = 13

& M = 13) sized window. However, it does deemphasize the large cross-terms to the point

that they are nearly zero and yields a very presentable Pseudo Wigner-Ville Distribution. The

ability to deemphasize these cross terms is a necessity if the desire is to evalute the energy

change within a signal. For the remainder of this work, the window size selected (ie. N & M,

N X M, or N by M) will be such that this criterion is met as closely as possible.

14
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B. TIME AND FREQUENCY DEPENDANCE

Since the criterion shown previously are time and frequency dependent, there must be

a relation vetween the two that can be reduced to one parameter. The customary time and

frequency relations of signal analysis are slightly changed in the context of the Wigner-Ville

Distribution. Shown below are the time and frequency relations when working with the

Wigner-Ville Distribution.

t.. - DP×A t Af 1 ; fmax - 2xDPxAf

where: tmax = maximum signal length & fmax = maximum frequency

At = sampling time & Af = frequency resolution

DP = number of data points

The definitions of the size criterion discussed earlier for the smoothing window follow:

2 2 1
4

and since:

2t - (MAt) 2  
-(NAW)2

and the time and frequency are related in the Wigner-Ville Distribution through the number

of data points as shown:

2 DPAt

16



Making this substitution into the size criterion, yields a very simple result for determining the

size of the smoothing window required.

MxN t DP

In looking at this result it seems as if the window is completely independent of time and

frequency, but it must be rememberd that M and N are parameters that specify the lengths

of the smoothing window in the time and frequency directions respectively.

C. RELATION TO NUMBER OF DATA POINTS

Another area of interest is the relation of the window size to the number of data points

in the sampled signal. The best way to show this relation is through an example. For

instance, a signal of a length 4.0 seconds that is sampled using 512 data points, will result in

a At - 7.8125 msec and Af - 0.0625 Hz as calculatee ass.ng the constraints of time and

frequency as defined by the Wigner-Ville '-istribution. Since the example has used 512 data

points, the previous section has sho, n that chnsing N = 10 and M = 16 will approximately

satisfy the size criterion limitations. Additionaly, by definition of the smoothing window, the

area of coverage will be:

-2M5m<2M -2N-n 2N

This means that for the example shown, the coverage of the window will be 40 steps in the

frequency domain and 64 steps in the time domain.

17



40xAf - 2.5 64xAt - 0.5 AREA - 1.25

where: Af = 0.0625 Hz & At - 7.8125 msec

The AREA = 1.25 is a unitless quantity that defines the area that the smoothing window

encompasses while smoothing one point in the Distribution. The unitless dimension is the

result of the time being in seconds and the frequency in hertz. For comparison purposes, the

total area of the distribution is the product of fmax and tm. which is equal to 256.0, resulting

in the window smoothing over 0.488% of the total Distribution, while smoothing one point.

Now consider another example that uses 1024 data points. As shown earlier, the

product of M and N must be greater than or equal to the number of data points divided by

pi in order to meet the window size criterion as established by Reference 12. With respect to

the earlier example, the size of the window (ie. N times M) must increase two times.

Therefore, a selection of N = 10 and M = 32 will be used for this example. These values are

very close to the required criterion and will suffice for this illustrative example. The signal

length (tm.) will be 2.0 seconds resulting in fm. - 256.25 Hz, At = 1.953 msec, and Af =

0.125 Hz. In relation to the area of coverage of the window, the following results apply:

40xAf - 5.0 128xAt - 0.249984 AREA - 1.25

where: Af = 0.125 Hz & At = 1.953 msec

This is the same result as the 512 data point case, with the following exception. The total area

of the Distribution (tmaX x fmax = 512.0) has doubled, while the area of the smoothing window

coverage has remained the same. This results in the window only covering 0.244% of the

entire Distribution when smoothing a single point within the Distribution. In conclusion, the

greater the number of sampled data points within the processed raw time signal, the smaller

the area the smoothing window will encompass while smoothing the Distribution. An
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important trade-off to consider, however, is the increase in computer time required to run

the additional number of data points.

D. TIME/FREQUENCY RESOLUTION

Since the smoothing window used in this work gives the ability to vary the time and

frequency size of the window, the following examples show the results that can be obtained.

Figure 5, is the input signal that is sampled using 512 data points. It is a 400 Hz sine wave

that has been computer generated with an amplitude of 2.0. In order to be consistent with the

previous work, the size criterion established earlier will be used as a guide for the selection

of M and N in the smoothing window. Figure 6, is the result of a window in which M and

N are both equal to 13. Since this smoothing window does not require M and N to be equal,

varying these parameters yielded some intersting results. Figure 7, shows the result of the

input signal being smoothed with a 35 by 5 window. This means that N = 35 and M = 5, or

in other words, the window is longer in the frequency domain than it is in the time domain.

The resulting distribution has an amplitude that is much more constant throughout the entire

time length, but the amplitude itself has been reduced considerably as compared to the 13 by

13 example. Figure 8 is just a different view of this example, showing the loss of frequency

resolution with a 35 by 5 window. Just the opposite case to this example is where the window

used for smoothing is a 5 by 35 window. In this case, the window is longer in the time

domain than the frequency domain and just the opposite results are obtained. Figure 9, shows

the result of this window, while Figure 10 gives a view showing the degree of frequency

resolution that can be obtained. This can be very beneficial in the monitoring of machinery,

since in many cases the ability to differentiate between signals that are very close to one

another is paramount.
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400 Hz SINE WAVE
SMOOTHING WINDOW : 13 X 13

AMPLITUDE = 2.0

d0

-0~

Figure 6. Pseudo Wigner-Ville Distribution (13 X 13 Window)
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400 Hz SINE WAVE
SMOOTHING WINDOW : 35 X 5

AMPLITUDE - 2.0

0*
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Figure 7. Pseudo Wigner-Ville Distribution (35 X 5 Window)
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Figure 8. Frequency Resolution (35 X 5 Window)
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400 Hz SINE WAVE
SMOOTHING WINDOW: 5 X 35

AMPLITUDE - 2.0
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Figure 9. Pseudo Wigner-Ville Distribution (5 X 35 Window)
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400 Hz SINE WAVE
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Figure 10. Frequency Resolution (5 X 35 Window)
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E. TRANSITIONAL PEAK PHENOMENON

In works that have given examples of the Wigner-Ville Distribution for transient

signals, the point at which the signal's frequency is changing from increasing to decreasing

or vice versa has a large amplitude increase in the Wigner-Ville Distribution. For example,

Rossano [Ref. 15] shows an artificially generated linear chirp and also an actual pump

signature that has what appears to be a large concentration of energy at the transition point.

In order to use the Wigner-Ville Distribution for transient machinery monitoring, there must

be an explanation or way to quantify this "ghost peak" that is occuring at the transition point.

To date, there has not been an explanation to this phenomenon, however, by looking at the

unsmoothed Wigner-Ville Distribution, the reason for this is easily seen. Figure II is a linear

chirp sine wave that is used as the input to the Wigner-Ville Distribution. Figure 12, shows

the resulting unsmoothed Wigner-Ville Distribution of this linear chirp and as discussed and

shown earlier, the cross-terms can be seen occuring exactly at the mid-point of the conflicting

frequencies and times. These cross-terms build until they reach a maximum concentration

at the transition or frequency change point. Since these are nothing more than cross-terms,

there must be a way to deemphasis these through the judicial use of the smoothing window.

Figures 13 through 16 show the result of varying the smoothing window from a point of

essentially no effect to entire elimination of the ghost peak.
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UNEAR CHIRP SINE WAVE
UNSMOOTHED DISTRIBUTION

AMPLITUDE - 1.0
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Figure 12. Unsmoothed Wigner-Ville Distribution
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LINEAR CHIRP SINE WAVE
SMOOTHED : 5 X 35

AMPLITUDE = 1.0

-N

• ( OO 1000.0

Figure 13. Pseudo Wigner-Ville Distribution (5 X 35 Window)
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LINEAR CHIRP SINE WAVE
SMOOTHED : 13 X 13

AMPLITUDE = 1.0

Figure 14. Pseudo Wigner-Ville Distribution (13 X 13 Window)
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UNEAR CHIRP SINE WAVE
SMOOTHED : 18 X 10

AMPLITUDE = 1.0

N

•Y ( O.Oo

Figure 15. Pseudo Wigner-Ville Distribution (18 X 10 Window)
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UNEAR CHIRP SINE WAVE
SMOOTHED: 35 X 5

AMPLITUDE - 1.0

~B4,

rq (0. .

Figure 16. Pseudo Wigner-Ville Distribution (35 X 5 Window)
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This chapter has shown the benefits that may be gained through the use of the

smoothing window. The frequency resolution and amplitude are the two major areas affected

by the window changes. The last area presented, showed the reason for the large amplitude

increase at the frequency transition point and how these "ghost peaks" may be smoothed and

to what extent deemphasized by adjusting the smoothing window size. Within the next

chapter, a thorough energy analysis of the discretized Pseudo Wigner-Ville Distribution will

be conducted.
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IV. WIGNER-VILLE DISTRIBUTION ENERGY ANALYSIS

A. ENERGY DEFINITION

As mentioned earlier, the Wigner-Ville Distribution is essentially the Fourier transform

of the auto-correlation of an input signal. This may be thought of as the spectral density

function in a three dimensional sense. The total energy of the Wigner-Ville Distribution was

listed earlier as:

'fWDF(co, t) dcdt - *2
2n

where:

*2 - mean square value of the signal

There are a few points that must be made concerning this equation. The first is that the

integration is from minus infinity to plus infinty and another is that it is the integration of

the resulting Distribution of a real signal, not of an analytic signal as used in most discretized

forms of the Wigner-Ville Distribution. Lastly is that this equation has been proven

mathematically, which unfortunately does not take into account the fact that there are

resulting cross-terms and that the Distribution is subsequently smoothed because of this.

Since the last point is indicative of what is seen in actual real world problems, the energy must

be defined in a discretized sense that accounts for the above mentioned points and also these

unavoidable cross-terms.
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B. EFFECT OF WINDOW SIZE ON ENERGY

Since smoothing of the Distribution is a necessary requirement, the size of the applied

window is something that must be decided upon. Another important point is knowing what

effect this will have on the energy of the Distribution. In the previous chapter, the size

criterion that was established by Cartwright [Ref. 19] and later used by Wahl and Bolton in

Reference 12 was discussed. Within this discussion, the visual benefits of varying the window

size in the time and frequency domain were presented. In order to define the energy, the

effect on the energy of the Pseudo Wigner-Ville Distribution as caused by varying these

windows will be presented.

Figure 17 is a 400 Hz sine wave of length 0.256 seconds and amplitude 2.0 that will be

sampled and have the Wigner-Ville Distribution calculated. Figure 18 is the resulting

smoothed Wigner-Ville Distribution that has been processed using a 13 by 13 sized smoothing

window. Figure 18 also shows that the volume is equal to 0.0709118 V1. This is

representative of the energy contained within the Wigner-Ville Distribution of the signal in

Figure 17 and is nothing more than the volume under the resulting Distribution. By

definition, this volume should be equal to the mean square value of the 400 Hz sine wave,

however, due to the points mentioned above, this is not going to hold true and will be

discussed in depth later. Figures 19 and 20 are also smoothed Distributions of this same 400

Hz signal only using a 35 by 5 window in the case of Figure 19, and a 5 by 35 window in

Figure 20. Since N times M (the size criterion) are very close in these three examples, the

resulting energy values of the three cases are essentially the same. The point to be emphasized

from this is that as long as the area of the window does not vary significantly, the energy will

be represented in a constant manner and independent of the time and frequency window size

selected. The last example that will be presented in this section is that this result is

independent of the frequency of the signal as shown by the combined 100 and 400 Hz sine

wave example of Figure 21, in which the energy is equal to 0.1418314 V2. This is essentially
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twice the value of the single sine waves of Figures 18 through 20. Of special importance for

transient machinery applications is Figure 22, which is a transient or ramped sine wave that

shows the same resulting energy as the previous stationary signals. This shows that the

Wigner-Ville Distribution energy is independent of the nature of the signal allowing for the

possibility of monitoring a piece of machinery during both it's steady state and transient

phases of operation.
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400 Hz SINE WAVE
SMOOTHING WINDOW ;13 X 13

AMPLITUDE = 2.0

.-* •volume • 0.0709118 VW2
0

IN.o0

0..0

Figure 18. Pseudo Wigner-Ville Distribution Energy (13 X 13 Window)
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400 Hz SINE WAVE
SMOOTHING WINDOW; 35 X 5

AMPLITUDE = 2.0

e volume • 0.0725799 V-2

0

Figure 19. Pseudo Wigner-Ville Distribution Energy (35 X 5 Window)
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400 Hz SINE WAVE
SMOOTHING WINDOW : 5 X 35

AMPLITUDE - 2.0

o * volume • 0.0723785 V^2
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~djr

Figure 20. Pseudo Wigner-Ville Distribution Energy (5 X 35 Window)
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100 & 400 HZ SINE WAVE
SMOOTHING WINDOW : 13 X 13

AMPLITUDES - 2.0
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Figure 21. Combined Sine Wave Distribution Energy (13 X 13 Window)
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RAMPED SINE WAVE
SMOOTHING WINDOW ;13 X 13

AMPLITUDE = 2.0

' volume 0.0709212 V^2
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Figure 22. Ramped Sine Wave Distribution Energy (13 X 13 Window)
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The previous figures show that if the Wigner-Ville Distribution is going to be used to

accurately portray or maintain signal information, then the window size must at least remain

constant and better yet to keep the identical window size for each measurement of

comparison. This requirement to maintain a constant sized smoothing window is not the only

constraint that must be meet for energy analysis purposes. The next section will discuss

another of these elements.

C. TIME DEPENDENCE OF WIGNER-VILLE ENERGY

Not only is the window size going to influence the energy result, but the time length

of the signal will also play a large part. This varies considerably from the conventional

knowledge of the mean square value of a signal being independent of time. The standard

mean square value will be the same for a signal of time length 2.0 seconds as it will for a

signal of 4.0 seconds. For instance, the mean square value of a sine wave x(t) is:

412 ( auto spectrum) df - X2

0

where: x(t) = X sin (wt)

To compute the mean square value of this sine wave, it is independent of time and will equal

0.5 for X = 1.0. This is not the case for the mean square value or total energy of the signal

as found using the discretized form of the Wigner-Ville Distribution. The following figures

will show this second important point that must be realized when comparing Wigner-Ville

energies of various signals. Figure 23 is the 400 Hz input signal of length 0.128 seconds. This

time length is half of that of the 400 Hz signal used in the previous section. The resulting

Wigner-Ville Distribution is shown in Figure 24 with an energy value of 0.0354558 V2 . As

can easily be seen, this resulting energy value is not the same and in fact, the energy of Figure
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24, is one half that of the earlier 400 Hz signals of length 0.256 seconds. Had the signal been

of a length 0.512 seconds or twice as long as the earlier examples, the resulting Wigner-Ville

energy would have doubled. The window size used for this Pseudo Wigner-Ville Distribution

was a 13 by 13 sized window.
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400 HZ SINE WAVE
SMOOTHING WINDOW : 13 X 13

AMPLITUDE = 2.0

0

* volume - 0.0354558 VW2

C4
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Figure 24. Pseudo Wigner-Ville Distribution Energy (TL - 0.128 sec)
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This has yielded a second concern that must be kept in mind when using the energy of

the discretized Pseudo Wigner-Ville Distribution. Since the energy is proportional to the

signal length, an easy conversion can be made by using the lengths of the individual raw input

signals. This time dependence holds true for not only steady state signals as shown, but also

for signals of a transient nature such as previously shown with Figure 22. Throughout these

last two sections, the comparison of energy values of signals has been mentioned a great deal.

The thought process behind this is that if there is an amplitude change in the input signal, this

will be reflected in the resulting Pseudo Wigner-Ville Distribution. By ensuring that these

previous two conditions are met, an investigation into the resulting energy changes from an

amplitude increase or decrease of an input signal can be made.

D. ENERGY PROPORTIONALITY OF THE DISTRIBUTION

The mean square value of a simple sine wave is the amplitude squared divided by two.

This was shown in an earlier equation and now will be used to show the proportionality of the

Wigner-Ville Distribution. For instance, the following applies for signals of differing

amplitudes as shown:

amplitude - 1.0 P2 - 0.5

ampli tude - 2.0 'P2 - 2.0

This amplitude increase from 1.0 to 2.0 represents an increase of four in the mean square

value of the signal. Figures 25 and 26 are the raw input sine waves of amplitude 1.0 and 2.0

respectively. The resulting Pseudo Wigner-Ville Distributions are shown in Figures 27 and

28, which acurately portray the four-fold energy increase. These Distributions have been

smoothed using a window of 13 by 13.

47



(0to

C;U
z z

'HE

00L 90 09 990 OO 0
uII*oA 0o~ d

Figre25.40 HzSie Wve(Amliude- .0

48tmu

.. ... ... .



(1(0
400

-F I; - *- -

- N

-C

- ~ - o 0- 1- oz

4 -4-



400 HZ SINE WAVE
SMOOTHING WINDOW; 13 X 13

AMPLITUDE = 1.0
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400 Hz SINE WAVE
SMOOTHING WINDOW : 13 X 13

AMPLITUDE - 2.0

o. * volume • 0.0709118 VW2
0

'4

Figure 28. Pseudo Wigner-Ville Distribution (Amplitude - 2.0)
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These previous four figures show the proportionality of the energy within the Wigner-

Ville Distribution. These two cases are just an example to show the proportionality of the

energy. Runs were made for many more cases (ie. X = 4.0, X = 8.0, etc) and the

proportionality relation held true as shown with the previous Figures. This was another

reqtuired element in order to use the energy as the basis for a method of machinery

monitoring. Had the cross-terms increased in such a fashion as to not allow the Distribution

to show the proportional energy change, the energy content of the Pseudo Wigner-Ville

Distribution would have been rendered useless for the purposes of comparison and evaluation.

The next chapter will use these requirements and basics that have been developed to show an

actual application of how the Wigner-Ville energy may be used to conduct machinery

monitoring.
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V. GEAR MODEL APPLICATION

A. DESCRIPTION OF GEAR MODEL

The simple complexity gear model used in this work was built based upon a model used

by D.K. Carlson [Ref. 20] for Artificial Neural Network applications for machinery

monitoring. It may be of a simple nature, however, it provides all of the necessary

components that may be found in more complex systems. A schematic of the gear model can

be seen in Figure 29. The two major changes of this model over the prototype used by

Carlson is that the components are much larger enabling a better signal to noise ratio and

secondly, the motor used to drive the gear model is mounted on a separate base to reduce

motor enduced vibrations.

The model consists of a single reduction gear train, with the pinion gear being a 90

tooth spur gear and the driven gear a 120 tooth spur gear. The gears were manufactured by

Martin Corporation with a 1/2 inch bore and a 14.5 degree pressure angle. Aluminum blocks

housed the NICE 1/2 inch bore radial ball bearings that were used to support the shaft and

gears. These aluminum blocks were bolted to the support base which was a 1.0 inch thick

plexiglass slab. Driving the single shaft is a General Electric I/ 6 th HP motor, that is

controlled by the use of a Bodine Electric Company combination rectifier and variable

potentiometer speed controller. The shaft speed was monitored through use of a Power

Instruments Model 1720 RPM Optical Proximeter. [Ref 20]

B. SIGNAL SAMPLING EQUIPMENT

This section will describe the components shown in Figure 30, that were used to sample

the vibrational signal of the gear model. The signal was monitored using an ENDEVCO

model 303A03 accelerometer that was amplified and powered with a PCB model 483B07
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power unit. The signal was then processed through a Krohn-Hite model 3342 analog filter

configured in a band pass mode, prior to being sent to the HP 3565S system for sampling and

storage. Lastly, the signal was transfered to the VAX 3520 workstation for the calculation and

plotting of the Pseudo Wigner-Ville Distribution.

1. ENDEVCO Model 303A03 Accelerometer

The ENDEVCO Isotron PE accelerometer is a minature accelerometer that has a

medium range high frequency capability. The operation of the accelerometer is based upon

a piezoelectric quartz transducer sensing element. The sensitivity of the accelerometer is 10

mV/g with a resonant frequency of 70 kHz. The resolution available is 0.02 g, with a

maximum range of + 500 g.

The accelerometer was mounted on top of the aluminum bearing housing that

supports the shaft and specifically at the position shown in Figure 30. The accelerometer wass

attached by means of a mounting wax which yields a maximum operating range out to 15k -

20k Hz. This accelerometer signal was then sent through the power unit described below.

2. PCB Model 483307 Power Unit

This power unit is used to power the low impedance quartz transducers and

amplify the signal if desired. The power unit provides an adjustable 2 to 20 mA current for

purposes of transducer excitation. The gain adjustment is available from 0 to 100 and is set

through the use of a ten turn vernier gain pot and a three position gain multiplier switch. For

the purposes of these tests, the gain was set to 20 before sending the signal to the analog filter.

3. Krohn-Hite Model 3342 Anolog Filter

The model 3342 variable filter is a digitally tunned filter that will function as a

High-Pass or Low-Pass filter. When the two channels of the filter are connected together, the

filter will function as a band pass filter, which is the configuration for the gear model work.

The range of the filter is from 0.001 Hz to 99.9 kHz as adjusted by three rotary decade
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switches and a rotary six positiohn multiplier switch. In addition, the filter unit has a gain

setting of unity (0 dB) and 10 (20 dB). The signal was not further amplified using this

capability of the filter prior to sampkling by the HP 3565S system.

4. HP 3565S Measurement Hardware System

The HP 3565S measurement hardware with the HP-Vista software uses a HP-9000

series computer system for controlling purposes. The HP 3565S system is a modular

multichannel system that can process data in both the time and frequency domain. The

system is capable of handling 64 source and input modules, but is presently configured for

eight. The HP-Vista software allowed for the sampling and storage of the preprocessed

accelerometer signal that was later processed through the Pseudo Wigner-Ville

distribution.
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Figure 29. Gear Model Schematic
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Power Unit Analog Filter

Accelerometer

Figure 30. Signal Sampling Equipment Schematic
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C. ESTABLISHING MONITORING FREQUENCIES

This section will describe how the monitoring frequencies have been determined and

how they will be used to monitor the gear model and in future applications a piece of

transient machinery. As shown earlier in Chapter III, the energy contained in a signal is

accurately portrayed within the resulting time-frequency domain of the Wigner-Ville

Distribution. Through the Wigner-Ville Distribution energy that is contained in the

established monitoring frequencies, faults may be detected. The shaft frequency is just the

speed of the shaft, while the gear mesh frequency is the number of teeth on the rotating gear

multiplied by the shaft speed or frequency. Both of these frequencies have associated

harmonics that can be of equal importance as the frequencies themselves in the i,.xnitoring

of machinery, It is for these reasons that the frequencies listed below have been chosen based

upon a shaft frequency of 15 Hz.

1. Monitoring Frequencies

For the purposes of this work, just the shaft and gear mesh frequencies of the

model will be included. Just as in standard established machinery monitoring methods, the

shaft frequency and associated harmonics can provide a great deal of information for fault

detection and diagnosis. Along with the shaft frequencies, the gear meshing frequencies

provide valuable information of faults and will also be monitored. The purpose of the two

examples will be to show that the Wigner-Ville Distribution energy (ie. volume) changes as

a result of damage and will prove to be a very valuable tool in future machinery monitoring

methods. The established monitoring frequencies have been filtered as follows:

"* Shaft Input 1: (5 - 100 Hz) This is the spectrum of signals in the lower frequency range
selected to determine the total energy contained within the shaft frequency and it's
harmonics.

"* Shaft Input 2: (10 - 20 Hz) This frequency range captures just the shaft frequency.

"* Shaft Input 3: (25 - 35 Hz) This frequency range captures the lst shaft harmonic.
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"* Shaft Input 4: (40 - 50 Hz) This frequency range captures the 2nd shaft harmonic.

" Shaft Input 5: (55 - 100 Hz) This frequency range captures the upper harmonics of the
shaft frequency.

" Gear Mesh Input 1: (1250 - 1450 Hz) This frequency range captures the gear meshing
frequency.

" Gear Mesh Input 2: (2600 - 2800 Hz) This frequency range captures the I't gear mesh
harmonic.

" Gear Mesh Input 3: (3950 - 4150 Hz) This frequency range captures the 2 nd gear mesh
harmonic.

2. Combined Monitoring Technique

Using the Wigner-Ville energy as an input to an Artificial Neural Network is a

follow-on goal of this research. It is for this reason, that the above established frequencies

have been identified as inputs. Within this scheme, the Wigner-Vilie is used to characterize

the signal and give a single energy value at the particular frequency of interest as an input to

an Artificial Neural Network. By filtering these signals prior to processing, just the

frequency of interest will be captured along with it's respective Wigner-Ville energy content.

The Wigner-Ville energy data can now be used to produce a comprehensive training set for

the Artificial Neural Network. By pre-processing the inputs to a Neural Network with the

filtering and the Wigner-Ville Distribution, the number of inputs is greatly reduced. Since

these associated energy levels are fairly stable for a given machinery condition, the Neural

Network will be capable of detecting patterns in energy level shifts that are associated with

particular machinery faults. To support this last statement, the following section will show

two examples of machinery faults imposed on the gear model and the response of the Wigner-

Ville energy to these faults.
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D. MACHINERY FAULT EXAMPLES

1. Mechanical Looseness

This fault was imposed on the gear model by loosening the aluminum support

blocks that house the bearings and support the shaft. Specifically, the blocks that support the

driver shaft were loosened. The degree of looseness imposed was difficult to judge and made

this particular fault a difficult one to diagnose. The blocks were not completely undone, but

loosened just a small amount from their original firmly bolted posture. Shown in the table

below are the results of averaging two good runs and two post-damage runs and comparing

the respective energy values at the different frequencies. These energy values are nothing

more than the volume under the Pseudo Wigner-Ville Distribution as discussed earlier. Only

the shaft frequencies are shown for purposes of clarity and since it is in these monitored

frequencies that a fault of mechanical looseness should present itself.
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Table I. MECHANICAL LOOSENESS

MECHANICAL LOOSENESS
ENERGY VALUES (V"2)

Frequency Goo Damaged

Shaft Spectrum 41.0 28.0

Shaft Frequency 1.07 0.83

1st Harmonic 2.31 1.22

2nd Harmonic 1.23 2.40

Upper Spectrum 31.4 26.31

As can be seen in the table above, the energy content approximately doubled at the second

shaft harmonic. This is a very encouraging result for the purposes of using the Pseudo

Wigner-Ville Distribution energy as a fault detection tool.

2. Gear Tooth Damage

This particular fault was imposed on the gear model by shaving a gear tooth on

the driver gear The degree of damage was much easier to predict in this case and made this

particular fault an easier one to control. The gear tooth that was damaged had approximately,

1/8 th of the leading edge removed. Shown in the table below are again the results of

averaging two good runs and two post-damage runs and comparing the respective energy

values at the different frequencies. For this case, just the frequencies associated with the gear
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mesh are presented, since it is in these monitored frequencies that a fault involving the

damage of a gear train would present itself.

Table II. GEAR TOOTH DAMAGE

GEAR TOOTH DAMAGE
ENERGY VALUES (VW2)

MESH FREQUENCY GOOD DAMAGED
Fundamental 17.14 154.4

1st Harmonic 0.53 3.44

2nd Harmonic 0.16 0.48

As shown in the above table, the energy content greatly increased at the fundamental gear

mesh frequency. Additionaly, there was also increases at the harmonics and shown in Figures

31 and 32 is a graphical presentation of the energy increase that occured due to the damaged

tooth.
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Figure 31. Gear mesh Frequency 'Pre-Damnage)
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Figure 32. Gear Mesh Frequency (Post-Damage)
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This chapter has shown two examples of machinery damage and the resulting changes

of the Pseudo Wigner-Ville Distribution energy. By applying the window and energy

requirements discussed in Chapters III and IV, the Wigner-Ville energy has yielded a definite

change to allow a means for machinery monitoring. The Wigner-Ville energy will make a

stable input to a Neural Network and provide a quick efficient method by pre-processing the

machinery signal with the Wigner-Ville Distribution as shown. This pre-processing will allow

the number of inputs to the Neural Network to remain at a reasonable level and provide for

a manageable, quicker hardware system.
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VI. CONCLUSIONS

The Pseudo Wigner-Ville Distribution has been shown to provide an excellent

characterization of an input signal. Based upon the research conducted, it will also provide

a means for machinery condition monitoring and diagnostics. The research has also shown

that in order to use the Wigner-Ville Distribution in a machinery monitoring scheme, the

following conditions or conclusions must be met and understood.

"* The smoothing window size applied must remain constant for purposes of comparing
various signals.

"* The individual time and frequency lengths of the smoothing window may be adjusted
to provide a better frequency resolution or constant amplitude.

"• The energy contained within the Pseudo Wigner-Ville Distribution of a signal is
proportionaly time dependent.

"* The energy of the Distribution is proportional to the mean square value of the input
signal and is not adversely affected by the cross-terms.

"* Lr Aly, the damaged gear model conditions showed a definite change in the energy of
the Pseudo Wigner-Ville Distribution at the respective monitoring frequencies.
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VII. RECOMMENDATIONS FOR FUTURE RESEARCH

The Pseudo Wigner-Ville Distribution computer program that was established here at

the Naval Postgraduate School is very stable. The pronounced peaks at the transition points

are now definable and additionally, with the energy of the Pseudo Wigner-Ville Distribution

now being a definable and understood quantity, the next additional research in this area may

include:

"* Establish a baseline or data bank of "good" Wigner-Ville Distribution data for the
present gear model.

"* Conduct additional runs of various levels of damage of gear model components for

comparison with good data.

"* Establish a Torpedo Ejection Pump baseline of good data as with the gear model.

"* Continue with the research of linking the Pseudo Wigner-Ville Distribution as an input
to a Neural Network Application.
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APPENDIX COMPUTER PROGRAMS

The following programs have all been developed here at the Naval Postgraduate School

and used in the conduct of the research presented. The language used is FORTRAN 77 with

the plotting programs using calls to CA-DISSPLA software.

A. WVD3 COMPUTER PROGRAM

PROGRAM WVD3

* THE FOLLOWING INDIVIDUALS HAVE BEEN INSTRUMENTAL IN THE *
* DEVELOPMENT OF THIS PROGRAM AND PREVIOUS VERSIONS: *

* Graham Rossano *

* Jose G. Calahorrano *

* Scott G. Spooner *

* Prof. Y.S. Shin

* This program calculates the Wigner Distribution
* Function of a signal. It includes the option of applying a
* smoothing function and reducing the distribution to different
* sizes white writing the results to files for subsequent
* plotting.

* VERSION3 *

* VARIABLE DECLARATION *

--- setting number of data points -.-

Integer cp, dp2,mvopt,redoptdimt,dimf,m,nn,rf,rcdp,rcdp2,
nf~mt,nf2,mt2

PARAMETER (DP a 512)
real pi, tn(cp),ain(dp), row(dp),rwlf(cp*2,clp),rswlf(cp*2,€p),

rawt((¢p),dtsum,de*t,dt,asum,meanv,mtime,del 1,det2,
const,t,sum, surb,,vat,svaswdf(€p*2,cp),coefdf,AREA

complex s(dp*2), dum,c(cp*5) ,dj3,du2
character*25 i nvwm

con.so/in/ ivopt,redoptdimt,dimf,mum,rf,rdp,rdp2,

67



nf,mt,nf2,mt2
common/ri pi,tin,sin,rmwa,rwdf,rswdf,

rawt,dtsum,del t,dt,asummmeanv,mtime,det 1 ,det2,
const,t,5sLm,sLkb,vaL,sveS,wdf,coef,df,area

comon/comp/ s,5 dum, c, dum3,dum2

* INITIALIZING VARIABLES *

--- Print description of program ---
print*
print*,' Program to caLculate the'
print*,' Pseudo Wigner-Vitte Distribution'
print*

--- Set initial values ---

print*,* Enter name of signal input fire'
reed(5,904) irwaae
print*

print*,' Do you wish to remove the mean vaLue?'
print*,' Enter 1 for yes - 0 for no'
reed(5,910) mvopt
print*

print*,' Input the reduction size desired'
print*,' input I for 64 by 32
print*,' input 2 for 128 by 64
print*,' input 3 for 128 by 128
print*,' input 4 for 256 by 128
read(5,910) redopt
print*

print*,' Input the smoothing window size desired'
print*,' input the size for the frequency axis'
reed(5,910) nf
print*,' input the size for the time axis'
read(5,910) mt

calculation of some common used constants

pi a 4.0 * stan(1.0)

* THIS IS THE CALCULATION PART OF THE PROGRAM

open(4,fi le-,nname,statusa'oid')
rewind 4

PRELIMINARY CALCULATIONS:

CALL DATAIN3

write(6,*) , ' done with detain3'

CALL DTCALC3
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write(6,*) I ' done with dtcatc3'

CALL NEAN3
write(6,*) I ' done with mean3'
write(6,*) , man value removed a,, many

* SIGNAL MDIFICATIONS:

* Window application (modified helming window)

CALL HAMNG3
write(6,*) , I done with hamm931

Conversion of real signal to an anaLytical one

CALL ANAL3
write(6,*) , I done with anaL3l

CALCULATION OF THE WIGNER VILLE DISTRIBUTION:

CALL WIGH3

write(6,*) , I done with wigh3l

* REDUCTION & SMOOTHING OF THE WIGNER VILLE DISTRIBUTION:

CALL REDUCE3

write(6,*) * done with reduce3l

CALL SMOOTH3

write(6,*) , ' done with smooth3'

• WRITING OF THE DIFFERENT ARRAYS GENERATED *
* TO FILES FOR PLOTTING PURPOSES. *

• OPENING OF THE OUTPUT FILES
*

OPEN(UNIT=7,FILEs'RAWTIHE.OUT' ,STATUS='NEW')
OPEN(UNIT=8,FILE='WNDWTIH.OUT',STATUS='NEW')
OPEN(UNIT=9,FILEx'RWDF.OUT' ,STATUS='NEW')
OPEN(UNITa1O,FILE=IRSWDF.OUTS,STATUS-INEWI)
OPEN(UNITZll,FILE='WDF.OUT' ,STATUS='NEW')

W WRITING OF RAW AND WINDOWED TINE SIGNAL TO FILES
*

DO 300 1 a 1,DP
WRITE(7,930) TIN(I),RAWA(I)
WRITE(8,930) TIN(i),AIN(I)

300 CONTINUE

* WRITING OF REDUCED/UNSMOOTHED WVD TO FILE

DO 400 1 a 1,DP/wm
DO 400 J a 1,DP2/nn

WRITE(9,906) RWDF(JI)
400 CONTINUE

* WRITING OF REDUCED & SMOOTHED WVD TO FILE
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DO 500 1 z 1,DP/mn
Do 500 1 a 1,DP2/rm

hRITE(10,906) RSWDF(J,I)
500 CONTINUE

SWRITING OF ENTIRE WDF TO A FILE
*

DO 600 1 a 1,DP
DO 600 1 a 1,DP2

WRITE(11,906) WDF(J,I)
600 CONTINUE

* Formt statements

904 formt(a25)
906 formit(2X,g16.8)
910 formt(16)
930 foremt(2xog16.8,5x,g16.8)

END

* SUBROUTINES

include *ANAL3.INC'
include 'CORR3.INCI
include 'DATAIN3.INC1
include 'DTCALC3.INC'
include 'FFT3.INC,
include 'HAMMG3.INC'
include IMEAN3.INCI
include 'SMOOTH3.INC'
include 'REDUCE3.INC'
include 'WIGH3.INC'
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B. SUBROUTINES OF WVD3

Listed below in alphabetic order are the subroutines used in the main program WVD3.

SUBROUTINE ANAL3

*This subroutine converts a reat signaL to an
*analytic one

integer dp,d2,nwopt,redopt,dimt,dimf,mnnn,rf~rdp,rdp2,
nf,mt,nf2,mt2

PARAMETER (DP z 512)
reaL pi .tin(dp),ain(dp),rawa(c*p),rwdf(dp*2,dp),rswdf(dp*2,dp),

rawt(dp),dtsiun,deLt,dt,asum,meanv,mtime,deLl,deL2,

compLex s(dp*2),dumnc(d*5),dm.3,mn2
character*25 irue

common/in/ .vopt,redopt,dimt,dimf,nn~nn,rf,rdp.rdp2,
nf,mt,nfZ,mt2

comrronlrtl pi,tin~ain,rawa,rwdf,rswdf,
rawt,dtsww,delttdt,asuu,meanv,mtinme~deLl,deL2,
const,t,swn,sumb,vaL,svaL ,wdf,coef,df,area

comreon/cotrpl s,ium, c,dun3 *dum2

do 100 iz1,dp
StP0 .0

do 200 j=1,dp
awiba.0.

if(i-j.eq.0) go to 200

nuiji
vaLzpi'n/2.
avatzsin(vaL)
swdi-a in( j )*sv L *sva L/vat

200 sumzsuwsumib

s(i )zcmptx(ain0i),sun)

100 continue

END
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SUIBROUTINE DATAIN3

*This sub~routine assumes the input fiLe is in the foLLowiing
forat time apLltude (2x,e16.8,5x,el6.9) wiith an end of
*fiLe indicator of a Last entry 999.,9999.

integer dpd2motrdp~im~if=mr~cp
nf,.t~nf21mt2

PARA14ETER (OP a512)
reaL pi tncpi~i)raacpwfd~2ci)rwfdý2d)

rawt(dp),dtsLuI,deLt,dt,asLm,meanv,mtime,deLl~deL2,
const~t~sum~sumb,vaL,svat~wdf~clg2,dp),coef,dfAREA

coiqpLex s(dp2) ,dum, c(cW5) &ium3,du2
characttr*25 iram

coanton/in/ wm'opt~redopt,diut,dimfm,m,rf,rdp,rcd,2,
nf,mt,nf2,mt2

commonlrLI pi,tin,ain,rawa~rwdf,rswdf,
rawt,dtslun,dett,dt,asum,meanv,mtime,deLl~deL2,
const,t,suma,sumb,vaL,svaL,wdf,coef,df,area

ccarmon/comrrJ s,dum,c,duu3dtan2
dp2 -adp2

********simpte Loop to read in time & anptitude*************

do 100 j=1,dp

read('.,902) rawt(j) , rawa(j)
tin~j) z rawt(j)
ain(j) z rawa(j)

100 continue

* FORMAT STATEMENT
902 FORMAT(2X,E16.8,5X,E16.8)

200 END
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SUBROUTINE DTCALC3

*This subroutine calculates the delta t of the signal

inteer p~d2,mopt~edot~dmt~imf~n~mrf~dp~dp2

integer t,sum,smvop,vrdot ,dit,wdmf d*,dpn, nnf, rf,ARdp

nf,mt,nf2,mt2

reaL p1rI *tin~dp)aind),rawa(rwd,rswdf(, 2~,rwfc,2c)
rawtd),dtsum u,delt,dt,astsn,meanv,mtime,detl,deL2,
const,t, s~um, s~um,vat, svaL, wdf coef df area~fA

commnpiex p s( s,,dsun,c(du5),dum2dLI
chara=ter*25 rwn

corwrlrt pitin~ila- in~rw~rdj rwf
ratsum dtsum +delt~d~snmavmiedLe2

10 constinue isut.a svLd~oe~fae

dtsu 0.0um (p-.

END
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SUB3ROUJTINE FFT3

*This subroutine caLcuLates; the Fast Fourier Transform

integer cl~pvp~eotdmtdm~~~frl~d2
nf,mt,nf2,mt2

PARAMETER (DP - 512)

raodt(dp),dtsuan,deLt,dt~asum,meanv,mtime~detL,deL2,
const, t~sun, sudo,vaL,svaL,wdf(cd,'2,cl),coef,df

complex s(cd*2),dIum,c(dV5),dum3,dun2
character*25 fr~m

corwmon/in/ iwvopt,redopt~dimt,dimf,m,nn,rf~rdp,rdp,
nf,mt,nf2,mt2

coiruron/rII pi,tin,ain,rawa,rwdf,rswdf.
rawt,dtsuni,dett,dt,asLwn,meanv,nitinie,detl,deL2,
const, t,sum, sumbvat, svaL, wdf, coef df area

conwnonlcorp/ s,dwm,c,dum3,dun2

constzdp2

vaL=atog(const)/atog(2. )+.l

j=1
jo 40 izl,dp2-1
if (i.ge.j) go to 10
dun3=c~j)
c(j)zc~i)
c(i )-duu3

10 k=dp
20 if (k.ge.j) go to 30

jzj-k
k=k12
go to 20

30 jzj+k
40 continue

do 70 ncl,vaL
coef-2**n
coef~coef/2
dm2=cmpix(1.,0.)
duiwcnptx(cos(pi/coef), -sin(pi/coef))

do 60 jIl,coef
do 50 imj,dp2,2*coef
ji iicoef
duu3=cC ii *um
c(ii)=c0)-dum3

50 continue
dun2adum2*dum

60 cont inue
70 cont inue

END
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SUSBROUTINWE HA16463

*This subroutine applies a modified hamming window
*to the tonal ain(t)

integer dpdpwopt, uedopt ,dimt *diuf ,in, m, rf, rdp,,rcl2,
nf,mt,nf2,mt2

PARAMETER (DP a 512)
rest pi tncpi~pasd)rdfcp2d)rwfcp2d)

rawt(dp),dts~um,dett,dt,asLun,ftanv,IItiIIW,detl.det2,
const,t,swo,sumb,vaL,svaL,wdf(dpý2,dp),coef,df,area

complex s(dp*2),6.an~c~c*5),dum3,d.am2
character*25 irmm

conmorilinl ulvopt,redopt~dimt~dimf,um~,rf, rdp,rcp,
nf,mt,nf2,mt2

comrion/rt/ pi,tin,ain,rawa,rwdf,rswdf,
rawt,dtsum,deLt,dt,asusn,meanv,mtime,detl,deL2,
const,t,suii,sizib,vaL ,sval ,wdf,coef,df,area

coimron/corpl s,c~un, c,dum3,Icetu,2
dp2 - dp*2

mt imezdcidt
detl=0.1*mtime
deL2=0.91mtime
const=pi /det 1

do 100 j - I dp

t z 0j-1) *dt

if (t.te.detl) then

ain~i) z sin(j) * (.5*(l..cos(coqnst*t)))

etseif ((t.ge.de12).and.(t.le.mtIme)) then

else

endif

100 cont inue

END
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SUBROUTINE MEAW3

*This subroutine calculates and removes the mean value
*of the signal.

integer ci~pvp~eotdntdm~~~frl~d2
nf,st,nf2.mt2

PARAMETER (DP x 512)

rawt(dp),dtsut,deLt~dt,asufl~meafv,IItiUme~detl,deL2,
const~t,sum~sumb,vaL,svat~wdf(d~'2,.i),coef,df,AREA

complex s(dp'2),duac(cW5),dum3,dum2
character*25 iue

common/in/ uvopt, redopt,dimt,dimf ,,rt, rf, rp, rd2,
nf,mt,nf2,mt2

ccommonlril pi,tin,ain,rawa,,rwdf,rswdf,
raiwt,dtsui,,dett,dt,asumE,meanv,mtime,detL,deL2,
const,t,sun,swuib,vaL,svat,wdf,coef,df,area

comrionlcourp/ s , dn, c, dum3,dmi2

asum = 0.0

do 100 i I , dp

asun asum + ain(i)

100 continue

meanv a asun / dp

if (nwvopt.eq.1) then

do 200 i I , dp
ain(i) =ain(i) - meanv

200 continue

endif

END
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SUBROUTINE REDUCE3

* This sub~routine reduces the wigner yutle
* to a workable size.

integer dpd2motrdp~it~if=mr~d~d2
nf,mt~nf2,mt2

PARAMETER (DP m512)
real pi ,tin(dp),ain(dp),rw. ,wf~i*,pswfco2d)

rawt(cl),dtsum,delt~dt,asum,meanv,mtime,deLl,deL2,
const,t,sum~sumb~vaL,svaL,wdf(cd,*2,dp),coef~df~area

complex s~p2,u~~p5,u3dm
character*25 irun

common/mi/ mvp~eotdm~im,,~fri~d
nf,mt,nf2,mt2

coumnonlrtl pi,tin,ain,rawa,rwdf~rswdf,
rawt,dtsium,deLt,dt,asum,meanv,mtime,detl~deL2,
const,t,sum~suitb,val,svat,wdf,coef,df,area

conmmon/compl s ,&mt,c,dun3 ,dLii2
dp2 - dp*2

IF (REDOPT.EQ.1) THEN
RF a 64
RT x32

ELSEIF (REDOPT.EQ.2) THEN
RF a 128
RT z 64

ELSEIF (REDOPT.EQ.3) THEN
RF m 128
RT = 128

ELSE
RF z 256
RT = 128

END IF

mn = dp2 R RF
-i = dp RT

t Z0
do 100 j I , dp2 m
L I +
k .0

do 100 1 1 I , -i
k vk. 1

rwdf(l,k) =wdf~j,i)
100 continue

END
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SUBROUTINE SM0OTH3

"* This subroutine reduces and smooths the WDF along both
"* the time and frequency axes for purposes of plotting *

"* ctarity.

reaL hg(-100:l00,-l0:¶O0)

integer cip,cip2,nwopt, redopt~dimt ,dimf, ,m,nrf, rp, rd2,
nf,mt,nf2,mt2

PARAMETER (DP a 512)

rawit(ci),dtsum~dett,dt,asum,meanv~mtime~detl,deL2,
corst,t,sun,sumb,vaL,svaL,wdf(clp2,d),coef,df,area

complex s(dp2),du,c(dp'5),d&a3,dun2
character*25 irwe

commwon/in/ umvopt,redopt,dimt,dimf,mn,nn~rf,rdp~rdp2,
nf,mt,nf2,mt2

courvronlril pi,tin,ain,raiaa,rwdf,rswdf,
rawt,dtsum,delt,dt,asum,meanv,mtime,dell,del2,
const,t,sumi,siumi,vaL,svat,wdf,coef,df,area

coiimon/corrpl s,dum,c'C,dum3cu2
dp2 dp;*2

rdpzdp/mm
rdp2=d2/nn

nf2anf*
mt2mt*2

do 20 j--mt2,mt2
do 10 i--nf2,nf2

coefz-C(j~j)/(2.*mt~mt)4.(i~i)/(2.*nf~nf))
hg( i ,j )vaL*exp(coef)

10 continue
20 continue

do 100 jal~rdp
do 100 ia1,rdp2

100 rswdf(i,j)uO.0

ii a 0
DO 500 Nz1,DP2,nn

ii ii.1
DO 450 N a 1,DP,mm

*i jj+1
DO 400 Kam-PT,m.NT

Do 350 L a n-nt ,n4nf

IF (L.LT.1) THEN
NSWDF(ii,jj) nRSWDFCii,jj) + 0

ELSEIF (K.LT.1) THEN
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RSWDF~i,jj) - RSWDF(ii,ij) + 0
ELSEIF (L.GT.DP2) THEN

RSWDEF(il,jj) a RSWDF(ii~ii) +0
ELSEIF (K.GT.DP) THEN
RSWDF~ii9 jj) z RSWDF~iiDJJ) + 0

ELSE
RSWDFC~iijj) a RSWDF(ii,jj)4WDF(LK)*NGCL-N,K-N)

ENDIF

350 CONTINUE
400 CONTINUE

RSWDF~ii,jj)=RSW0F~iii~j)
450 CONTINUE
500 CONTINUE

ENO
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SUBROUTINE WIGN3

* This sub~routine calculates the WDF of the signal

integer dp,dp2,mvopt~redopt~diut~dimf,=m,rwrf, rdp, rd2,
nf,.t,nf2,mt2

PARA1METER (DP a 512)
real pitnd)and)rw~l)rwfd*,i)rwfd,2d)

rmwtCdp) dtsw,,del t,dt,asium,meanv,mtime~det 1,de(Z,

compqlex s~C0*2).&um~cCd*5),dum3,chun2
character*25 jrim

common/in/ uvopt, redopt~dimt,dimf ,.,rw, rf* rdp, rd2,
nf,ut,nf2,mt2

comu'onlrLl pi,tin,ain,rawa,rwdf,rswdf,
rawt,dtsum,dett,dt,asuu,meanv,mtime,de[1,delZ,
const,t,sum,sumb,vaL,svaL,wdf,coef,df,area

common/carp/ s,dumn,c,d~uu3,dum2

do 100 j - I , i

*******auto correlation of the signal corr3
coef x2.0 *dt

do 300 i = 1 dp*

if~j.ge.i) then
duii z (j-i*1)

else
du cnpLx(O.,O.)

endif

c(i) z coef * (s(j~i-l)*conjg(dm~n))

if(i.ne.j.and.i.ne.cd,.1) then
c(dp2-i+2) - conig(c(i))

endif

300 continue

call fft3

do 200 i=1,dp2
wdf(i,j)xrest~c(i))

200 continue

100 continue

END
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C. PLOTTING PROGRAMS

Listed below are the two computer programs that were used to produce the Figures in

this work.

1. 2-D Plotting Routine

PROGRAM SIGNALPLT
*

* THIS PROGRAM USES THE GRAPHIC PACKAGE DISSPLA TO
* PLOT THE A 2-D FUNCTION.

********* * * * * ** *** ** ********************** **** *

* '-- DECLARING VARIABLES---***

REAL XARAY(1000),YARAY(1000)
REAL X,Y,F,XSTART,XEND,YSTART,YEND,XSTEP
INTEGER IPROPT,NPNTS,IX,IY

* ***---INITIALIZING VARIABLES AND SETTING GRAPH OPTIONS--***

* --- set option for x starting & ending vaLue---

WRITE(*,*),'DECIDE THE STARTING AND ENDING VALUES OF X1
WRITE(*,*),'INPUT THE STARTING VALUE OF X'
READ(*,*), XSTART
WRITE(*,*),INPUT THE ENDING VALUE OF X1
READ(*,*), XEND

--- set desired x step size---
WmITE(*,*),*DECIDE THE X STEP SIZE'
WRITE(*,*),.INPUT THE X STEP SIZE'
READ(-,*), XSTEP

---- set option for y starting & ending value---
WRITE(*,*),IDECIDE THE STARTING AND ENDING VALUES OF Y!
WRITE(*,e),IINPUT THE STARTING VALUE OF Y'
READ(*,*), YSTART
WRITE(*,*),'INPUT THE ENDING VALUE OF Y'
READ(*,*), YEND

--- set option for nmiber of points to plot---
WRITE(*,*),'DECIDE THE NUMBER OF POINTS TO PLOT'
WRITE(*,-),'INPUT THE NUMBER OF POINTS'
READ(*,*), NPNTS

--- set option for Line styte (INARK)---
WhITE('*),'DECIDE THE IMARK STYLE DESIRED'
WRITE(e,*),'INPUT THE IMARK STYLE'
READ(*,*), IMARK

--- set option for grid styte---
WRITE(*,*),SDECIDE THE GRID STYLE DESIRED'
WRITE(*,*),IINPUT THE X GRID STYLE'
READ(*,*), IX
WRITE(e,*),'INPUT THE Y GRID STYLE'
READ(*,*), IY

--- set option for output device---

WRITE(*,*),'YOU WILL NOW DECIDE WHERE TO SEND THE OUTPUT'
WRITE(*,*),'ENTER 0 FOR OUTPUT TO THE SCREEN'
WRITE(*,*),'ENTER I FOR OUTPUT TO THE LASER'
READ(*,*), IPROPT
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*

C CALL POEV('LN03 ,IEER)
IF (IPROPT.EQ.O) THEN

CALL PGPX
ELSE

CALL LN031
ENDIF

*

*

" " 'FUNCTION EXECUTION TO DETERMINE PLOTTING POINTS**
*

OPEN (20,FILE.'SIN400256A2.DAT',STATUSs'OLD )

CALL F(XARAYYARAY*NPNTSXSTARTXEND)
*

* ***-" LEVEL ONE COMMANDS---***
CALL HIMOT('COMICI)
CALL PAGEC11.0,8.5)
CALL NOBRDR
CALL AREA2D(9.0,6.0)

*

• ***"--LEVEL TWO COMMANDS---
*

CALL SUISSB
CALL HEADIN(1400 HZ SINE WAVES',100,1.5,2)
CALL HEADIN('SIGNAL LENGTH z 0.128 SEC / AMP = 2.0S',100,1.5,2)
CALL SWISSM
CALL XNAME('TIME (sec)$',lO0)
CALL YNAME('AMPLITUDES6,100)
CALL GRAF(XSTART,XSTEP,XEND.YSTART, SCALE' ,YEND)

• *e-.--LEVEL THREE COMMANDS---

CALL CURVE(XARAY,YARAY,NPNTS, IMARK)
CALL FRAME
CALL GRID(IX,IY)

• 'i'--- CLOSING COMMANDS---

CALL ENDPL(O)
CALL DONEPL
END

*

* ---- FUNCTION SUBROUTINE TO DETERMINE PLOTTING POINTS---

SUBROUTINE F(XARAYYARAY,NPNTS,XSTART,XEND)

REAL XARAY(NPNTS),YARAY(NPNTS),XSTARTXEND,STEPXTEMP
INTEGER NPNTS

--- READ IN THE XARAY AND YARAY VALUES---
DO 100 I a 1,NPNTS

READ(20,*) XARAY(I), YARAY(I)
100 CONTINUE

END

82



2. 3-D Plotting Routine

PROGRAM WDFPLTVER3

*d * ** **.*** **** * ** ***** *QQOQi*QQ*~rr**Qd Q** **** **dr* **r** lr* r

* THIS PROGRAM USES THE GRAPHIC PACKAGE DISSPLA TO
* PLOT A 3-D FUNCTION.

*r * ** *****ttrd dr r **lf***rdd **rd t****** **drd* rt*t*drdrrdr* *dr *t** gi******* *d

*

* **----DECLARING VARIABLES---

REAL RW)F(32768)
INTEGER IPROPT, IXPTS, IYPTS

* rd--- INITIALIZING VARIABLES AND SETTING GRAPH OPTIONS---***
OPEN(15,FILE='RSWDF.OUT' ,STATUS=-OLD')

DO 100 I x 1,32768
READ(15,d) RWDF(I)

100 CONTINUE

cart pdev('LnO3', ieer)

* **FUNCTION EXECUTION TO DETERMINE PLOT**

* *--- -LEVEL ONE COMMANDS-"-***

CALL PAGE(8.5,11.0)
CALL AREA2D(8.0,7.0)

* d--- LEVEL TWJO COMMANDS-"-

CALL VOLM3O(6.,6.,4.)
CALL HEADIN('200 & 600 Hz SINE WAVES$,100,-1.5,2)
CALL HEADIN('FREQUENCY RESOLUTION ; 5 X 35S',100,-1.5,2)
CALL X3NAME( FREGUENCYS' .100)
CALL Y3NAME(* 1,1)
CALL Z3NAME('AMPLITUDES*,100)
CALL VUANGL(-90.,0.,30.)
CALL GRAF3O(O.,1250./5.,1250.0,

O.,.2048/2.,0.2048,
0.,'SCALE',.01)

* *dr--- LEVEL THREE COMMANDS---

CALL SURMAT(RWDF,1,256,1,128,0)
CALL FRAME

r * "-- -CLOSING COMMIANDS-"-

CALL ENDPL(O)
CALL DONEPL

END
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