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SECTION I 

INTRODUCTION 

Recent advances in sensor technology have led to increased interest in 
the detection and classification of various objects through use of their 
emitted energy. Two forms of emitted energy which appear to be very promising 
for classifying a wide variety of objects are the passively generated ssismic 
and acoustic signals. 

Many attempts have been made to detect and classify objects by processing 
the signals detected by geophones or microphones. These attempts have had 
limited success because of a lack of understanding of the signal source and 
of the properties of the propagation mediuni--in these cases, the ground and 
atomsphere. 

Many studies of pure seismic waves, such as those generated by under- 
ground explosives or earthquakes, have been conducted and good seismic models 
have been developed (White. 1965).  In the near field, however, both seismic 
and acoustic energy can couple into the ground and be detected by the eeo- 
phone. * 

There is an interaction between the acoustic signal and the seismic 
medium throughout the length of the propagation channel. The signal sources 
of interest generate both seismic energy, which is coupled directly into the 
ground and propagated through the ground to the geophone, and acoustic energy 
which is coupled directly into the ground and also transmitted through the 
atmosphere. Throughout the propagation channel there is an interaction be- 
tween the acoustic signal and the seismic media along the interface between 
the ground and the atmosphere. Part of the acoustic energy is absorbed, and 
part is reflected. This interface interaction produces a nonlinear effect, 
which is evidenced by the appearance of harmonics in the output when a clear 
tone is used as a stimulus. 

In this research, the Wiener theory of nonlinear system identification 
was used to characterize the propagation channel associated with near field 
seismic/acoustic propagation and coupling. This theory requires the meas- 
urement of the system response to an input of zero mean white Gaussian noise. 
The system, S, in this case is the ground and atmosphere between the signal 
source and a geophone located distance, r, from the source. The input to 
the system is an audio system, consisting of an amplifier and speaker, 
driven by a noise generator. 

The basic mathematics for nonlinear identification theory was developed 
by Norbert Wiener (1958). Lee and Schetzen (1965) further improved the Wiener 
theory by developing a cross-correlation technique which made it adaptable 
to digital computers. French and Butz (1973) showed how the computing time 
could be reduced through the use of fast Fourier transforms. 

-■"'■--■——->— 



Thu« potential to obtain a wide r.mge of system rusponst characteristi« 
from a single experiment using nonlinear identification techniques has been 
recognized by researchers in the field.  .Several studies have centered on 
the identification of biological system:, of animals. Marmarelis (1972) u 
the cross-correlation techniques of Lee and Schetzen to yield a functional 
description of the horizontal, bipolar, ami ganglion cells In the vertebrat ' 
retina of the catfish. Marmarelis and McCann (llJ73) used the cross-corrt-Ut 
techniques to characterize the visual system of flies. McCann (1974) continued 
to make use of the nonlinear identification theory to study the photorecepcors 
and optokinctic flight response of flies.  Current research is undurway .it the 
University of Florida by Brownell and Warren (1975) to study the response of 
the inner ear of tats to white noise stimulus. 

The Wiener theory is a generalized method of analyzing a uonlinear system. 
Although previous use of the theory IUJS been almost exclusively in the analysis 
of biological systems, the theory is applicable to most syst0»S thru are rime- 
invariant and have finite memory.  Therefore, it cov 
physical systems. 

Section II of this report, the background theory of nonlinear identification 
is briefly reviewed. Section III provides a description of the experimental 
equipment and procedure. Data analysis and results are discussed in Section IV, 
with conclusions and recommondations for future research presented in Sections 
V and VI, respectively. 

I 
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SECTION II 

BACKGROUMD THEORY 

Wiener expressed the output of a nonlinear system in terms of an or- 
thogonal set of G-functionals: 

y(t) =n£
Gn|V(t)] n=0   •      J Q\ 

where the |hn| are the Wiener kernels of the system and the |G { is a 

complete set of orthogonal functionals when the input, x{t), is a white 
Gaussian process. Each G is made up of multidimensional convolution 

integrals of degree n or less. The first three G-functionals are: 

0 0 
[h0.x(t)] 

hl 
oo 

(T)x(t-T)dT 

00  >» oo 

Gjh^xCt)] =/  /   h2(T1.T2)x(t-T1)x(t-T2)dT1dT2 
^-00 »/-OO 

Al    h2(T,T)dT (2) 

where A6(t) is the autocorrelation function of the zero-mean white Gaussian 
process, x(t), and 6(t) is the unit impulse function. The nth degree 
G-functional is made of an nth order convolution: 

j   • • •/    Mv-'M'^-M- • • ^n 
y.»   J _oo 

^dTj . . . dt n 

plus homogeneous functionals of lower order with kernels solely dependent 
upon h , derived in such a manner that G is orthogonal to all functionals n n       0 
of degree less than n. 

In this formulation the identification problem is the determination 
of the Wiener kernels, h , of the system. The input and output of the 

3 
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system must be clearly dt-fint'd, and the input must be a zero mean Gaussian 
white noise.  Note that if the input is not white but may be represented as 
the response of a linear filter to white noise, there is a procedure dis- 
cussed by Lee and Sehet:cn (1965) for whitening the input.  With the input 
and output known, the orthogonality of the }C I allows identification of the 

Wiener kernels. 

Wiener originally expanded the kernels in terms of a set of Laguerre 
polynomials, although any complete orthogonal set would have served the same 
purpose.  He then constructed a system (see Figure 1) whose response to a 
white Gaussian input was a (i-functionai with leading term containing a kernel 
consisting of a product of haguerre polynomials. Then by correlating the 
response of this system with the response of the unknown system to the same 
input, the coefficients of the  Laguerre expansion could be determined. 

White 
Gaussian 
Process 

x(tj 

t) 

Known System with 
Highest Order Kernel 
iiqual to k 

MuHipl ier 

-®> -> 
Averager 

yfr)l (t! 
n 

Figure 1. Wiener's Scheme for Measuring Kernels 

The identification methed proposed by Wiener allows the direct measure- 
ment of the Laguerre coefficients through synthesis by appropriate analog 
circuits. Practical considerations, however, require finite expansions 
which result in unavoidable truncation errors. These errors will be the 
minimum integral square errors associated with expansion of a function by a 
finite orthogonal set. The Wiener expansion and measurement scheme, there- 
fore, approximates the kernels in a minimum integral square sense over the 
entire domain of the kernel. 

While the Wiener method is more applicable to analog measurements, other 
methods have been devised which are more suitable for digital computation 
of the kernels. These are the cross-correlation method of Lee and Schetzen 
(1965) and the fast Fourier transform (FFT) method of French and Butz (1973), 

— —   ■— —-^ 
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The cross-correlation methoa of Lee and Schetzen allows the computation 
of the Wiener kernels without expansion in terms of an orthogonal set.  This 
technique may be used to compute the kernels point-by-point in terms of 
simple time delays, o.. The analogous known system for this method is made 

up of parallel time delay filters (see Figure 2) for which the impulse response 
is ÖCt-o^.  The output from each filter is x(t-o.). 

The zero order kernel, G0[h0,x(t)] = h0, is the average value of y(t) 

for the input x(t) : 

0 y(t) 
(3) 

where the bar is used to denote time average, 

tional of the first order, that is 

x( t"oi)=XD ^T'0i ^x (t'T)dT 

Note that x(t-o )  is a func- 

(4) 

Therefore,  in the averaging of y(t)x(t-o1), all averages involving G-func- 

tionals of order 2 and higher will disappear because of their orthogonal 
construction.    Then s 

  rT 

y™*Mi)" Um ?fjfT («iPv^t)] * h0| x^dt 

= T~  Tr/Tj.<B
hi^x(t-T^(t-ai)dTdt + £ WtfA^l )dt 

= /      h1(T)A6(T-o1 )dT 

tAhl(0l) 
(5) 

.   __._.. ■     —.^^^.-^^iWJ.^.^i  ■-.  - ■  
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Figure 2.  Known System for Cross-Correlation Measurement; 
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Therefore, 

hi(o1) = iy(t)x(t-ol) 

The second oroer kernel is computed by the same process revealing; 

h2(V«2) ■ ^7y{t)x(t-o1jx(t-a2) - h06(Vo2) 

(6) 

(7) 

The second term in h2 is an impulse at Gj = o2 which results from the av- - 

eraging process of lower order terms. Since the lower order terms are known. 
In!Lrth    r80'6!^"' y(t) pri0r t0 the waging process which elim- inates the impulse. Then: 

kt(ava2) ■ -T [yct)-^«^«^) 
(8) 

for all o , o . 

In general, 

h (a,  . 
nl 1 W^^1^ "ä^n^^l^-O'-K) 

(9) 

„ro1!»?! T meth0d  0f FIench and But2 (197^' the time functions x(t). 
y(t) and h^ . . . o^.  for n>0, are expressed in their Fourier transform 
representation, respectively. X(f). Y(f). and Hn(f1 fj where upper 

case letters are used to denote Fourier transforms. Also, coSplex expo- 
, *. -j2Trf.t 

iK^ilfi JK: With .ira?UlS! reSp0nSe e ' • are used instead of the time delay filters used xn the cross-correlation method. The functional 
representation of the output z (t) of the known system then becomes: 

r . r    r -j(fiTi ♦ . . ♦ f T ) 

where the asterisk denotes complex conjugate. 

7 

l(t-Tn)dTl .dr n 

(10) 
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The zero order kernel is just H(0) = Y(U) = y(t) ■ h , while the French 

and Butz  xpressions for the Fourier transform of the first and second order 
kernels <ki-e: 

Mf) = i-Y(f)X'ff) 

^(fl-f2)-^Y('l^2)X#('l)^2)-WÄ(fl*f2) 
(11) 

The Fourier transform of a white Gaussian process is again a stochastic 
process; hence, the kernels calculated by Hquation (11) for a given sample 
input will represent only one sample of the respective kernels.  To obtain 
the true kernels, an ensemble average must be performed.  The requirement 
for «.nsemble averaging becomes apparent when consideration is given to the 
fact that the second order kernel must be zero for a linear system.  The 
second order transfer function is a filter which passes that portion of the 
output at frequency lf^  * iA  which is dependent on the input at frequencies 

f and f2.  If the system is linear, there are no output values at fref|uency 

(fl * ^2 ) excePt those which are caused by an input at frequency (f ♦ f ). 

Therefore, the second order kernel must be zero for a linear system. Without 
ensemble averaging, this is not the case. 

The frequency domain kernels are therefore defined as 

and 

Mf} = j <Y(f)X«(f)> 
(12) 

n2pi'tt)-TJe'{titti)'{tl)i'(ti)
> 

(1.3) 

The discrete Fourier transform, F(kAf), used in this computation is 

1 t1 
F(kAf) = i £ f(nAt)e -j2Trkn/N 

n=0 
(14) 

where N is the number of data samples at sampling interval At and f(nAt) 
is the sampled time function. 

A is defined as the power spectral density (i'SD) of the white noise 
input x(t). The theory assumes that the PSD of the input is constant.  In 

.,—„■„,.,.i.„,;..^..J...,.^,^-...^.J...-.... ^ ...^.^.-,   
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practice, however, the actual input noise source exhibits a flat PSD over 
only a finite range of frequencies and even in this range, the PSD is not 
exactly constant.  In this research the PSD of the source was computed by 
averaging the flat region of the sampled PSD from 50 to 1000 hertz and then 
ensemble averaging 40 data samples. 

When the kernels and the input and output signals are expressed in their 
respective Fourier transform representation, the first three G-functionals 
from Equation (2) become 

Goi:vxm]= Ho 

Gl[hl'x(t)] *[   "jCmmeJ^df 

c^(t,i iT "i'^yirf2*1 * '^w 
- 4    H2(f, f)df 

• 
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SECTION rxi 

FXf'IiHIMRNTAL ARRANGBfl-NT 

The experimental arrangement tor measuring input and output signals is 
depicted in Figure 3. The experiment consisted of playing broadband noise 
into a loudspeaker. The speaker output was used to excite the medium. Hi« 
input signal was generated by a low frequency noise generator amplified by 
a Sansui 5000A 100-watt amplifier.  Speaker output was measured by a micro- 
E-2MS! U dlITly ^ frünt of ^  sPeak".  System output measurements 
were taken by geophones located at intervals of 10, 20, 30. and SO feet from 
the speaker. A geophone was located directly beneath the speaker to measure 
seismic energy transferred directly by the speaker enclosure. Microphone 
measurement- were also taken concurrently with each output geophone for a 
-elated experiment involving the investigation of acoustic coupling prop- 
erties.  The signal! were recorded on magnetic tape by an Amnex 2200 FM 
recorder  \ Tektronix 434 Oscilloscope and a Nicolet'440A Mini Ubiquitous 
brenrum Analyzer were used to monitor the signals during the recording 
process. «•*■»» 

The noise generator was a General Radio Company 1381 Random Noise Gen- 
erator with operating modes of 2 hertz to 50 kilohertz, 2 hertz to 20 kilo- 
hertz or 2 hertz to 2 kilohertz. A Tektronics function generator provided 
an external filter which could be used to further decrease the noise 
bandwidth. 

The speaker system was a Pioneer CS-99 system which contains a 12-inch 
woofer plus a 5-inch midrange and 2 horn tweeters. The speaker performed 
very Poorly in the lower frequency region.  Speaker response was relatively 

fnH 7nn0ü ? ^    ertZ' bUt Speaker P0wer decreased rapidly between 600 
and 700 hertz due to crossover effects.  The Pioneer speaker was replaced 
during the latter part of the test by a 15-inch Altec 416-8A speaker-. The 
Altec speaker was capable of responding to tones as low as 30 hertz; however 
a proper enclosure was not available for this speaker at the time of the 
experiment which caused poor quality data. 

n^l^A  1 Pr°vides a tSl9U  listing of equipment along with manufacturers' 
names and identifying numbers and the estimated or rated frequency response 

^n /^n1!!*17 measurements of the astern response to discrete tones of 
30 to 2000 hertz were taken to determine the frequency response range of the 
21Ü!li yfe,n resPonse above 700 her^ «« nil. These measurements also 
provided information on system nonlinearity and for determination of sampling 
rate for the digital analysis.  In changing from one tone value to the next 
a frequency sweep was made to provide data for cross-correlation. 

Noise samples were taken in the frequency ranges 2-2000 KHz, 2-1000 Hz, 

10 
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TABLE 1.     LIST OF EQUIPMENT 

ITEM MANUFACTURER 
MODEL NO. 

(TYPE) 

FREQUENCY 
RESPONSE 

RANGE 
Speaker Pioneer CS-99 60 Hz-600 Hz 
Power Amplifier Sansui 5000A 15 Hz-20 KHz 
Noise Generator General Radio Go. 1381 2 liz-50 KHz 
Microphone General Radio Co. Electret 

1961-9601 
5 Hz-15 KHz 

Oscillosccpc Tektronix 434 
Spectrum 
Analyzer 

Nicolet 440A Mini 
Ubiquitous 

Geopliones Gcospace Corp. Pat., 3119978 
Vertical Axis 

1 Hz-lO KHz 

i .worder Ampex PR220 I'M 0-40 KHz 
Speaker Altec 416-8A 30-1600 Hz 
Function 
Generator 

Tektronix FG-502 

12 
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of the input "icrophon. ai7g«pho«-Pin L" '"" J* the near """"x 
ton v.n with en8ine and/or JSRTtoSSr.^ifSS ^ P

J
arkin8 * 1/2- 

signals created by makinK enaine on .«! I^-        « e inputs; and vehicle 
speeds by the input™ 8 "* en81ne off Passes " 5- and lO-MPH 

Si8nals ft« the foll0„ing sensors werc „^^^ ^^ ^ ^^^^ 

• Tlie input from the noise generator (X). 

•Microphone 1  (Ml) collocated with the aource 

at U S&IÄÄT ""h ^ —e a, ground level and 

sourc,eMiCrOPh0ne * ™ 5pa"d alternately at 10 and 30 feet fro. the 

^oorcÄnd2 .-i-dli-aT^ch-^ ^^ * 

sourc'eMlCrOPh0ne ' fM3) """* ^ternatdy at 20 and 50 feet fro., the 

sourc^S .'"ll^n'r^raTjrln^^s^ S 50 S« ^ *' «na aiso at 12  inches below ground level. 

Recording arrangement on the 7-channel Ampex recorder was as follows: 

CHANNEL 

1 

2 

3 

4 

5 

6 

7 

Edge Track 

SIGNAL 

Ml 

M2 

Gl 

G2 

M3 

X 

G3 

Voice 

and speaker configir.^o
fr^rhm.^£:r.reAS:Lr^i.1ratl0"- * 
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Site 1 WHS bordered to the west by concrete and to the ncrth by an asphalt- 

" prögrls" ap^.»»»»»^ " •"• " tho '", uhich CÜUld ^ "^"^    * 
geophone. 

Site 2 was primarily open area with a highway approximately 100 feet to 
the south' ^it a/siL 2 was primarily sand sparsely covered by vege- 
tat ion. T e array was spaced south to north. 

Table 2 shows the site, speaker configuration and distance from the source, 
and depth of G2 and G3 for each experiment performed.  Each experiment con- 
itÄ u!e recordin, of xmpulses. clear tones, swept tones, random noise. 

»ad vehicle signatures. 

TABLE 2.  DETAILED DATA UN EXPERIMENTS   

i «IM RIMEKT 
■IBEK 
1 

2 

3 

4 

5 

6 

7* 

8 

9 

10 

11 

12* 

S1TE_ 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

SPEAKER 
CONFIGURATION 

Upright 

Upright 

Facing down 

Upright 

Facing down 

Upright 

Upright 

Upright 

Upright 

Facing down 

Upright 

Upright 

G2 
DISTANCE/DEPTH 

10 ft/surface 

10 ft/12 in 

10 ft/12 in 

30 ft/12 in 

30 ft/12 in 

30 ft/surface 

30 ft/8 in 

10 ft/surface 

30 ft/surface 

30 ft/surface 

30 ft/12 in 

30 ft/8 in 

G3 
DISTANCE/DEPTH 

20 ft/surface 

20 ft/12 in 

20 ft/12 in 

50 ft/12 in 

50 ft/12 in 

50 ft/surface 

30 ft/surface 

20 ft/surface 

SO ft/surface 

50 ft/surface 

50 ft/12 in 

30 ft/surface 

•Ol located at 30 feet from source, 16 inches deep. 

Th« analog data was recorded on three 10-inch-diameter reels, designated 
The analog ^ta was rec      channels of th, 1/2-inch-wide tape were 

TaiT- '^ data ^oUection there was no room on the original tape for a 
Se cod^ Sef^rdibs'of'the analog data were made on 1-inch-wide tape 
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SECTION  iV 

DATA ANALYSIS 

PRELIMINARY ANALYSIS 

inilyMt a-d in X-V plotttr.    Also the MU rfTk! ™< spcctrun. 
« h sensor and the «hie" liB«?. «r^^iS!        w"5 n01Se Sa'npleS  from 

to deternino bandwidth aL «JSt« SS»1!^t?" tlM S"eC,rU," anil1^" 

thanlS^hortf ^ jiZ.^/^'i: rr,'ia,<!d  that  '" f-<l-""es higher 
•^■e.     ,!    .'s-thereSrH^ideV      IT^l Til W^uTtä ZZT 
.ecaad to allow the identification of all freqienc o in to wm  hT   fTf 
Signals were low-pass fUtered at 1000 hertz Jöpre^nt'af^alLT" 

Clear tone responses were analyzed bv rpni-win« <-t,D     > 
through a spectr J analyzer and p o' Ing th^^s^f s on 2T?1l«1^  ■,„ 

se^nrL^L-nlrsjL^nn^it'i-^N" ^^«^ t^°--,' 

ha^L   c h a    '      ^tic0 n: dLZea-d'h ,V"> *"' 200 h"tZ- 'S ^^ 
phones is still'pron^Öed     AtPS heru    tt LTn" "T"0'"0 in the 8=0- 
hut a .race of a'second !^. S.^^^TSr.^1"^.!0" 

a U i Ä t-effree .?ij.^S ^^~ 1    f      - 

orderirMghe^'^rtou" »«rinTH"^ ^ the t0taI  '^- is «««1. 
-di-, .t^s^us^c't^'tLr" mf r':« ^r :„sLs"het s:seisnic 
-gnais at 50 hertz is caused hy the s^nTZ^lrZ S^T   Alsc 
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Figure 4. System Harmonics at SO-Hertz Input 
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200       SOO 

Frequency (hertz) 

400 SOG 

X Input Signal 

Ml Signal at Microphone 1 

61 Signal at Genphone 1 

('>2 Signal at Ceophone 2 

Ci3 Signal at (ieophone 3 

Figure 6. System Harmonics at 200-Hert2 Input 
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it can be seen from Figure 5 that the third harmonic has very little energy 
compared to the second harmonic and the fundamental at 100 hertz. At 200 
hertz (Figure 6) the third harmonic in the geophone signal is not detectable. 
This analysis indicates that if the audio system could be separated from the 
seismic system there would be very little total energy contribution gained 
from computation of a third order kernel. 

Figure 8 is a plot of the relative shapes of the PSD of the system signals 
taken from the spectrum analyzer. The speaker output (Ml) is obviously non- 
white and therefore does not qualify as a proper input for identifying a non- 
linear system.  If the speaker system were linear, the seismic system could 
mil be identified simply by using the input from the noise generator and 
dividing out the speaker transfer function, i.e.. 

H (f) = mflgia 
(16) 

and 

HjCfj.fj) 
Y(f1 ♦ g2)X*(f|)X*(f2) 

2A'S(f1)S(f2) 
(17) 

where Hj and H2 are the first and second order kernels of the seismic medium 

and S(f) is the speaker transfer function. Since the speaker system is 
obviously nonlinear because of the appearance of the harmonics in the speaker 
output, the above procedure does not work. 

Since the signal at Gl is also nonwhite and nonlinear, the same analysis 
applies. 

Therefore, it must be concluded that the transfer characteristics of the 
seismic/acoustic medium cannot be determined by this method with the equip- 
ment available. Only the total system, including the audio system and the 
transfer medium, can be evaluated. The analysis was continued in the in- 
terest of checking out the mathematical computation procedures while continuing 
a search for better equipment. 

Evaluation of system response to impulsive inputs which impart acoustic 
as well as seismic energy to the system gives some indication of system 
memory which, in turn, indicates the temporal record length required to 
adequately characterize the system. Such inputs are created by striking a 
netal plate with a hammer. The acoustic wave which travels through the 
atmosphere is the first signal to be detected by the geophone. The  hammer 
blow also generates a compression wave which propagates into the surface and 
a shear wave which travels along the surface. The Rayleigh wave which is 
the vector sum of the compression and shear waves (White, 1965) is the last 
disturbance registered by the geophone. The system meruory is then defined 
as approximately the time interval t2 - t^ where t2 is time of arrival of 

the Rayleigh wave and tj is the time of arrival of the acoustic wave. 

21 

■niiiiliriii i^i^KiNb*^H^^»^^u^^jU 
M^^MriMAMM 



— 

V  ^-y- V y        A» 

Input 

f s ■ .-A* i > 

Ml 

A-v^' 
>^V f>DB 

i 
.8 
E 
M 

a. 

-'■ - ,   ss    s- .     ■_ 

Ml  Background -'01)15 

k '.1 sons 

v-'. 
('l   Baek^rourd 

!0DB 

r.j 
SODB 

/\At' ^—vA^A--...,    ..^1 ^ 

C2  BackKruund 

-A K L. 
20DB 

^_ 
.j»  

G3 
SODB 

«00        600 

Frequency (hertz) 

800 

Figure 8_ Relative Shape of Power Spectral Density 
of System Signals and Background Noise 

TT 

   . , ,  ., .    iim ^^jfcMl^Mi ^^MH^I 



  

condition. The Rayleigh wave velocity varies from 500 to 1000 feet ner 

c" dIM T  f0ilKC0ndltionS- ^y^ o*  the impulse re ^e" in- 
dnrin ti      ^leigh wave was traveling at about 550 feet per second 
during these experiments. At a distance of 10 FZM i-h« cl*ll second 

would then be about 0.01 second. ' he SyStera mem0ry 

According to Marmarelis (1972). the data record length. R. should be 

R = MAX [f-.t2-tl]M 

where fn is the Nyquist sampling rate. 

(18) 

M. the number of independent samples. 

should be at least 100 to reduce the error caused by a finite record Wth 
to 5 percent, -mis indicates that a one-second data inter^l is reau «d L 
the computation of a kernel at in *■««♦  A »I. J-  

inteyvai is required for 

T£ BTä^ -j----/LA- r 
COMPUTATION OF THt KERNELS 

A first and second order kernel was computed for the total svstem f™. 
noise generator to geophone G2 located 10 feet from the sJelJer  toe tSL* 
second data sequences were used, and the ensemble averagers take^e^JS 
samples. The kernels therefore represent 5 seconds ofind^nSm d«" 

the s^^^^inrtKri^tJo;1"6"transfer function was C0^d *« 

L(f) 
(19) 

where L(f) is denoted here as the linear filter  TK« H««»« *•,. 

TTie Hne^n^6 f ^ ??*&•*  first order ke™el is shown in Figure 9 

three or higher, -ever.^V ^^^ 

linear term which contributes to the total linear portion of the output. 

ure n6 ■JCiffM! 5! transform of "cond order kernel is shown in Fig- 

metrxes xn the second order kernel. From Equation'cnTu is feen tLT **<w vw« Therefore the function is symmetrical about the 
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line fj - f2.  In addition, ll2 has conjugate symmetry, i.e., H_(f ,f ) = 

H2^'fr "f2^' which follows from the fact that h (T ,T ) is real. Also, 

Hjtfj.fj) is zero for | fj ♦ f2 I > 1000 because values for Y(f) are nonzero 

only in the range |f | < 1000. Using the above symmetry, H (f ,f ) is com- 

pletely determined by its values in Areas 1 and 2, as shown in Figure 12. 

In order to evaluate the derived model, the kernels were used to compute 
an expected output for a given input signal. The computed output was com- 
pared with the output measured at G2 for the same input signal.  Equation (11) 
was used to compute the output. 

At this point it is noted that the sensors used in this experiment are 
not capable of measuring a direct current signal. Therefore, h » yft)  is 

considered to be zero throughout the computation. This means that the second 
':erm of the second-order kernel 

V(fi'f2)-° 

and also the second term of the second order G-functional, 

A/. H2(f' 'mf' a/ <Y(0)X(f)X{ -f)>df = 0 

since <Y(0)> « H0 - 0. The expression for y(t), the computed output reduces 

to 

y(t) = G^t) ♦ G2(t) 
(20) 

where G^t) is the contribution of the first order kernel and G (t) is the 

contribution of the second order kernel. 

The comparisons were made by cross-correlating the measured output 
signal with the computed outputs. Figure 13 shows the autocorrelation of 
the measured output at G2 compared with the cross-correlations of the out- 
put and that computed from H^f) alone, and then the output and that computed 

from both H^f) and H^f^). Figure 14 shows the same comparison between 

the output computed from H^f), that computed from L(f), and the auto- 

correlation of the measured signal. A second comparison of the outputs can 
be made from the PSD plots of Figures 15 through 18 and Figure 19 which com- 
pares the integrated power of the output signals. These comparisons show 
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Figure 13. Correlation Coefficients of Computed versus Measured Output 
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Figure 14. Comparison of Output Computed from First Order 
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that the output cmpxfi  with the first and second order kernel eivfl a much 
better representation of the measured signal than the outpu c™ ^^7 
linear procedures. Use of the second order kernel improves the correlation 

ro:eeH Tr:\:n 
ar!veasrd üutput by abüut 45 '—^ — ^?^ijs trom HjCrj alone.  F-rom FipiM 19, it is seen that there is still energy 

unaccounted for even when the outputs from Hj (f) and H^fj.f ) are combined. 

This is probably attributable To the third and fourth order nonlinearities 
which were observed in Figure 4. "iJoannes 

COMPUTATION FROBLF.MS 

The requirement for ensemble averaging makes the Fourier transform method 
of computing the kernels much less attractive than originally anticipated 
romouung tim, is -ncreased directly with the number of data sequences used 

he ensemoie. Also, there is no good standard available to judge the 
numi-'r of samples required to produce an acceptable measure of accuracy, 
hen these factors are considered, the cross-correlation method in time 

dOBiilfl begins to look more attractive. 

LU.'n.r^nr^^ ^M*  exPensive. this ^ not the primary problem 
a ehe LUC 6600 computer. Ihe primary consideration in this program is 

uTz'ou   I  I
C!)C Tu' ^^  USed in thiS "Ration limUs each program 

tu 32.0OU words in the core and two million words on disk storage  Of course 
tape storage could be used, but when more than one tape is reZlred  to hold  ' 
one kernel, the program mut  be interrupted to change the tapes! Ths in 
turn increases running time. Routine programs which exceed 10 to 15 minute- 
running time have difficulty in being scheduled for the computer except at 

The second order kernel in frequency domain requires 2n2 storage 
locations where nis the number of data samples.  In addition, the first 
order kernel requires 2n. and each time sequence used in the Ensemble 
average requires n locations. A half-second of our data with 40 ensemble 
averages would require all available disk and core storage leaving no room 

fftäVS^r 0f r^ Pr0gram-  ^iS St0ra«e ^itatio'n can"e'o'rrid^ if the program has sufficient priority. A second possibility is to reduce 
the digitization rate. As can be seen from Figure 16. most of the output 

rsfction^n1^ S the 0VO 300-hertZ tn*™* b;nd- As Pointed oü in Section III. input noise data samples are available in the 2- to 300-hertz 
band  This data could be redigitized at a 600-hertz sampling rate which 
would then better allow us to use a longer data sequence^ Lh ensemMe. 
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SUCTION V 

CONCLUSIONS 

This research has been a first attempt to analyze the seismic/acoustic 
transfer problem using the Wiener theory of nonlinear systems. The research 
has proven to be very valuable in that it has shown conclusively that the 
system is nonlinear, and linear procedures are not adequate for modeling the 
system. 

The primary problem area in this experiment was the failure of the equip- 
ment to respond in the frequencies below 60 hertz. The targets of interest 
for which these transfer functions are required transmit direct and acous- 
tically coupled seismic energy of significant amplitude in the frequency 
range of 5 to 100 hertz (Constantino and Walker, 1976). 

The equipment used in this research provided no information below 60 
hertz. Also due to the nonlinearity of the speaker, the system analyzed 
was not the seismic medium but the total system, including the audio system 
and the seismic medium. 

Currently a search is underway to find a ground-vibrating system which 
will respond in the frequency band of 5 to 100 hertz.  Ideally, this system 
should generate ground vibrations as well as acoustic signals. 

Secondly, a better means of measuring the system input must be devised. 
In this research neither the microphone nor the geophone provided a complete 
measure of the system input. The microphone will not measure direct ground 
vibrations while the geophone, placed beneath the speaker, is bypassed by 
much of the acoustic energy. Probably the best measure of system input 
would be obtained by a geophone rigidly attached to the vibrator. 

If the above equipment problems can be solved and a means of making a 
linear transfer of energy from the noise generator to the medium devised, 
it is very likely that the third and fourth harmonics observed in this re- 
search will disappear. Then the system can be adequately characterized by 
the first and second order kernels developed here. 
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SECTION VI 

RI-COMMliNDAT IONS 

It is recommended that: 

1 The effort be continued to locate an earth vibrator which will re- 
spond "in the frequency range of 5 to 100 hertz and make a linear transfer 
of energy from the noise generator to the ground. 

2 The computing efforts with the data currently on hand be continued 
in the frequency band of 0- to 300-hertz to refine the frequency domain 

method of computation. 

Concurren*!/ with frequency domain calculations, a program should 
initiated to calculate the kernels in time domain to provide a means ot 

checking computational efficiency, numerical accuracy, and stability of the 

frequency domain methods. 

4.  A program be initiated to compute the kernels as a function of 

distance. 
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APPENDIX A 

DATA RECORD 

• 

Each signal is identified by a 5-digit number. The first digit is the 
number of the analog tape; the second and third digits represent experiment 
i.umber (01 through 12); the fourth digit represents signal type (0 for back- 
ground, 1 for sweep time, 2 for noise, 3 for vehicle data); and the fifth 
digit is a chronological signal within each type. Digital data may be called 
by signal number. Analog data may be located by its time-coded location on 
the tape. 

SIGNAL NO. 

10101 
10111 
10112 
10113 
10114 
10115 
10116 
10117 
10102 
10121 
10122 
10123 
10103 
10131 
10132 
10133 
10134 
10201 
10211 
10212 
10213 
10214 
10215 
10216 
10202 
10221 
10222 
10223 
10224 
10225 

Tape 1 

TIME CODE 

22:33:00- 
22:40:23- 
22:41:47- 
22:43:50- 
22:44:50- 
22:46:10- 
22:47:42- 
22:48:57- 
22:49:30- 
22:50:30- 
22:53:00- 
22:56:00- 
22:58:00- 
22:59:16- 
23:00:50- 
23:02:13- 
23:02:56- 
23:08:00- 
23:14:20- 
23:15:43- 
23:17:35- 
23:19:07- 
23:19:37- 
23:21:37- 
23:25:00- 
23:26:00- 
23:28:00- 
23:29:40- 
23:31:10- 
23:32:40- 

22:34:00 
22:40:33 
22:41:57 
22:44:00 
22:45:00 
22:46:20 
22:47:52 
22:49:07 
22:50:15 
22:52:30 
22:54:30 
22:57:30 
22:59:00 
22:59:36 
23:01:10 
23:02:20 
23:03:26 
23:08:30 
23:14:30 
23:15:53 
23:17:45 
23:19:17 
23:19:47 
23:21:47 
23:25:30 
23:27:30 
23:29:30 
23:31:00 
23:31:55 
23:33:25 

DESCRIPTION 

Background 
30-50 Hz Sweep 
50-100 Hz Sweep 
100-200 Hz Sweep 
200-500 Hz Sweep 
500-1000 Hz Sweep 
1000-200 Hz Sweep 
1000-100 Hz Sweep 
Background 
0-2 KHz Noise 
0-1 KHz Noise 
0-500 Hz Noise 
Background 
Vehicle Engine Idle 
Vehicle Fast Idle 
Vehicle Power off Pass 
Vehicle Power on Pass 
Background 
30-50 Hz Sweep 
50-100 Hz Sweep 
100-200 Hz Sweep 
200-100 Hz Sweep 
100-500 Hz Sweep 
500-1000 Hz Sweep 
Background 
0-2 KHz Noise 
0-500 Hz Noise 
0-200 Hz Noise 
0-100 Hz Noise 
200-300 Hz. Noise 
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SIGNAL NO. TIME CODt DESCRIPTION 

10301 23:40-05-23:50:00 Background 
10311 23:42:22-23:42:32 30-50 Hz Sweep 
10312 23:44:20-23:44:30 50-100 Hz Sweep 
10313 23:47:07-23:47:17 100-200 Hz Sweep 
10314 23:49:08-23:49:18 300-500 Hz Sweep 
10315 23:50:25-23:50:35 500-1000 Hz Sweep 
10316 23:51:53-23:52:03 1000-700 Hz Sweep 
10302 23:54:00-23:54:30 Background 
10321 23:55:00-23:56:30 0-2 KHz Noise 
10322 23:56:45-23:57:45 0-500 Hz Noise 
10323 23:58:00-23:59:30 0-200 Hz Noise 
10324 00:00:00-00:01:30 0-100 Hz Noise 
10325 00:02:00-00:03:30 200-300 Hz Noise 
10303 00:08:00-00:08:30 Background 
10331 00:14:00-00:14:30 Vehicle Idle 
10332 00:16:00-00:16:30 Vehicle Fast Idle 
10333 00:17:2J-00:17:30 Engine Off Pass 
10334 00:18:^0-00:18:30 Engine On Pass 
10401 00:19:30-00:20:10 Background 

; 0402 00:21:30-00:22:00 Background (Aircraft 
10411 00:28:35-00:28:45 30-50 Hz Sweep 
10412 00:29:30-00:29:40 50-100 Hz Sweep 
10413 00:31:00-00:31:10 100-20 Hz Sweep 
10414 00:34:00-00:34:10 60-500 Hz Sweep 
10415 00:35:40-00:35:50 500-1000 Hz Sweep 
10403 00:37:00-00:37:30 Background 
10421 00:43:00-00:43:30 0-2 KHz Noise 
10422 00:44:30-00:45:30 0-500 Hz Noise 
10423 00:46:30-00:47:15 0-200 Hz Noise 
10424 00:47:45-00:48:30 0-100 Hz Noise 
10425 00:48:40-00:49:30 200-300 Hz Noise 
10511 00:51:15-00:51:25 30-50 Hz Sweep 
10512 00:52:30-00:52:40 50-100 Hz Sweep 
10513 00:55:05-00:55:15 1000-200 Hz Sweep 
10514 00:56:30-00:56:40 200-500 Hz Sweep 
10515 00:57:55-00:58:05 500-1000 Hz Sweep 
10516 00:59:05-00:59:15 1000-200 Hz Sweep 
10521 01:20:45-01:21:15 0-2 KHz Noise 
10522 01:23:20-01:23:40 0-500 Hz Noise 
10523 01:25:40-01:26:10 0-200 Hz Noise 
10524 01:28:00-01:28:30 0-100 Hz Noise 
10525 01:29:30-01:30:00 200-300 Hz Noise 
10531 01:31:30-01:32:00 Vehicle Idling 
10532 01:34:10-01:34:20 Vehicle Exhaust 
10533 01:34:10-01:34:20 Engine on Pass 
10534 01:34:35-01:34:45 Engine on Pass 
10535 01:35:00-01:35:10 Engine Off Pass 
10536 01:35:30-01:35:40 Engine Off Pass 
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Tap« 

SIGNAL NO. TIME CODE DESCRIPTION 

20611 04:27:45-04:27:55 100-30 Hz Sweep 
20612 04:28:55-04:29:05 30-50 Hz Sweep 
20613 04:29:10-04:29:20 50-100 Hz Sweep 
20614 04:29:40-04:30:10 1000-100 Hz Sweep 
20615 04:31:10-04:31:30 200-250 Hz Sweep 
20616 04:34:00-04:34:10 600-700 Hz Sweep 
20621 04:40:30-04:42:00 0-2 KHz Noise 
20622 04:42:30-04:43:30 0-500 Hz Noise 
20623 04:44:10-04:44:40 0-200 Hz Noise 
20624 04:45:10-04:45:40 0-100 Hz Noise 
20625 04:47:00-04:48:00 200-300 Hz Noise 
20626 04:52:30-04:53:00 0-100 Hz Noise 
20627 04:53:45-04:54:15 0-200 Hz Noise 
20628 04:54:55-04:55:20 0-500 Hz Noise 
20629 04:56:30-04:57:30 0-2 KHz Noise 
20631 05:11:30-05:12:30 Vehicle Idling 
20632 05:13:30-05:14:00 Vehicle Fast Idle 
20633 05:15:30-05:16:00 Vehicle Exhaust 
20634 05:16:40-05:17:10 Vehicle Zooming 
20635 05:18:25-05:18:35 Engine Pass 5 MPH 
20636 05:19:00-05:19:10 Engine Out Pass 5 MPH 
20637 05:19:27-05:19:37 Engine Out Pass 10 MPH 
20638 05:19:53-05:20:03 Engine On Pass 5 MPH 
20639 05:20:25-05:20:35 Engine On Pass 10 MPH 
20711 05:22:00-05:22:10 100-30 Hz Sweep 
20712 05:22:40-05:22:50 30-50 Hz Sweep 
20713 05:23:30-05:23:40 50-60 Hz Sweep 
20714 05:24:20-05:24:30 60-70 Hz Sweep 
20715 05:31:10-05:31:20 1000-100 Hz Sweep 
20721 05:43:15-05:44:15 0-2 KHz Noise 
20722 05:45:00-05:46:00 0-500 Hz Noise 
20723 05:46:30-05:47:30 0-200 Hz Noise 
20724 05:48:10-05:49:10 0-100 Hz Noise 
20725 05:50:00-05:51:30 200-300 Hz Noise 
20731 05:55:13-05:55:23 Engine Out Pass 5 MPH 
20732 05:55:40-05:55:50 Engine Out Pass 10 MPH 
20733 05:56:07-05:56:17 Engine On Pass 5 MPH 
20734 05:56:29-05:56:39 Engine On Pass 10 MPH 
20735 05:57:05-05:57:35 Engine Idling 
20736 05:58:10-05:58:40 Engine Zooming 
20737 05:59:15-05:59:45 Engine Exhaust 
20738 06:00:35-06:01:05 Engine Exhaust Zooming 
20801 06:02:00-06:03:00 Background 
20811 06:05:38-06:05:48 30-50 Hz Sweep 
20812 06:09:30-06:09:40 50-30 Hz Sweep 
20813 06:10:30-06:10:40 30-100 Hz Sweep 
20814 06:16:20-06:16:30 100-200 Hz. Sweep 
20815 06:17:53-06:18:03 200-300 Hz Sweep 
20816 06:18:50-05:19:10 1000-300 Hz Sweep 
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SIGNAL NO. 

20817 
20818 
20819 
20821 
20822 
20823 
20824 
20825 
20831 
20832 
20833 
20834 
20835 
2G836 
20837 

SIGNAL "'0 

3U90I 
30911 
30912 
309 U 
30914 
30915 
30916 
30917 
30918 
30921 
30922 
30923 
30924 
30931 
30932 
30933 
30934 
30935 
30926 
30937 
31001 
31011 
31012 
310i3 
31014 
31015 
31002 
31021 
31022 

TIMIi COl)L 

06:19; 
06:21: 
06:22: 
06:39: 
06:42: 
06:44: 
06:46: 
06:49: 
06:51: 
06:52: 
06:53: 
06:54: 
06:58 
06:59: 
07:01: 

47-06: 
38-06: 
30-06: 
30-06: 
00-06: 
30-06: 
30-06: 
00-06: 
45-06: 
30-Ü6: 
50-05: 
20-06: 
14-06: 
30-06: 
00-07: 

19:57 
21:48 
22:40 
41:00 
42:30 
45:00 
47:00 
49:30 
52:15 
53:00 
54:10 
54:40 
58:24 
59:46 
02:00 

Tape 3 

TIME CODK 

17:46:00- 
17:48:38- 
17:51:50- 
17:55:30- 
17:59:00- 
18:01:52- 
18:06:20- 
18:08:50- 
18:10:30- 
18:16:30- 
18:20:45- 
18:22:00- 
18:28:25- 
18:32:25- 
18:33:40- 
18:34:20- 
18:35:50- 
18:37:20- 
18:39:14- 
18:40:59- 
18:43:30- 
18:46:55- 
18:49:40- 
18:51:36- 
18:53:30- 
18:56:25 
19:01:10- 
19:07:10- 
19:09:00- 

17:47: 
17:48: 
17:52: 
17:55: 
17:59: 
18:02: 
18:06: 
18:09: 
18:10: 
18:18: 
18:21: 
18:22: 
18:28: 
18:32: 
18:33: 
18:34: 
18:36: 
18:37: 
18:39: 
18:41: 
18:44: 
18:47: 
18:49: 
18:51: 
18:53: 
18:56 
19:02 
19:07 
19:09 

46 

00 
48 
00 
40 
:10 
:02 
:30 
:00 
:40 
:00 
:30 
:30 
:55 
:35 
:50 
:30 
:00 
:30 
:24 
:09 
:30 
:05 
:50 
:46 
:40 
:35 
:10 
:40 
:30 

DESCRIPTION 

300-500 Hz Sweep 
500-700 Hz Sweep 
700-1000 Hz Sweep 
0-2 KHz Noise 
0-500 Hz Noise 
0-200 Hz Noise 
0-100 Hz Noise 
200-300 Hz Noise 
Engine Idle 
Engine Zooming 
Engine Exhaust Idle 
Engine Exhuust Zooming 
Engine Out Pass 
Engine On Pass 
Engine On Pass 

DESCRIPTION 

Background 
30-40 Hz Sweep 
50-70 Hz Sweep 
90-100 Hz Sweep 
100-150 Hz Sweep 
200-300 Hz Sweep 
1000-400 Hz Sweep 
400-500 Hz Sweep 
700-1000 Hz Sweep 
0-2 KHz Noise 
0-500 Hz Noise 
0-200 Hz Noise 
200-300 Hz Noise 
Engine Idle 
Engine Zooming 
Engine Fast Idle 
Engine Exhaust Idle 
Engine Exhaust Zooming 
Engine On Pass 5 MPH 
Engine On Pass 5 MPH 
Background 
30-50 Hz Sweep 
50-70 Hz Sweep 
80-50 Hz Sweep 
90-100 Hz Sweep 
200-300 Hz Sweep 
Background 
0-2 KHz Noise 
0-500 Hz Noise 
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SIGNAL NO. 

31023 
31024 
31111 
31112 
31113 
31114 
31115 
31116 
31117 
31121 
31122 
31123 
31124 
31131 
31132 
31133 
31134 
31135 
31136 
31137 
31138 
31221 
31222 
31223 
31224 
31225 
31231 
31232 
31233 
31234 

TIME CODE 

19:11 
19:26 
20:22 
20:22 
20:23 
20:26 
20:28 
20:30 
20:31 
20:35 
20:37 
20:38: 
20:40: 
20:42: 
20:42: 
20:44: 
20:44: 
20:45: 
20:46: 
20:47: 
20:47: 
20:48: 
20:50: 
20:52: 
20:53: 
20:54: 
20:55: 
20:55: 
20:56: 
20:56: 

:00-19 
:35-19 
:00-20 
:50-20 
:35-20 
:45-20 
:48-20 
:47-20; 
:40-20: 
:35-20: 
:50-20: 
:55-20: 
:00-20: 
:30-20: 
:55-20: 
:00-20: 
:25-20: 
:22-20: 
:07-20: 
:03-20: 
:53-20: 
40-20: 
30-20: 
20-20: 
10-20: 
05-20: 
00-20: 
35-20: 
02-20 
40-20 

:n:30 
:27:05 
:22:10 
:23:00 
:23:45 
:26:45 
:28:58 
:30:57 
:31:50 
: 36:15 
:38:20 
:39:25 
:40:30 
:42:40 
:43:05 
:44:10 
; 44:35 
45:32 
46:17 
47:13 
48:03 
49:40 
51:30 
52:50 
53:40 
54:35 
55:10 
55:45 
56:12 
56:50 

DESCRIPTION 

0-200 Hz Noise 
200-300 Hz Noise 
30-40 Hz Sweep 
40-50 Hz Sweep 
50-70 Hz Sweep 
90-100 Hz Sweep 
400-200 Hz Sweep 
400-500 Hz Sweep 
700-800 Hz Sweep 
0-2 KHz Noise 
0-500 Hz Noise 
0-200 Hz Noise 
0-100 Hz Noise 
Engine Idle 
Engine Zooming 
Engine Exhaust Idle 
Engine Exhaust Zooming 
Engine Out Pass 5 MPH 
Engine Out Pass 10 MPH 
Engine On Pass 5 MPH 
Engine On Pass 10 MPH 
0-2 KHz Noise 
0-1 KHz Noise 
0-500 Hz Noise 
0-200 Hz Noise 
0-100 Hz Noise 
Engine Idle 
Engine Zooming 
Engine Out Pass 
Engine On Pass 
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INITIAL DISTRIBUTION 

Hq USAF/RDQRM 
Hq USAI/SAMi 
Hq USAF/XOXFM 
AFIS/I^TA 
AFSC/DLCA 
AFSC/IGFG 
AFSC/SDZA 
AFAL/DHO 
AFWAL/TECH LIB/FL2802 
ASO/ENFEA 
FTD/PDXA-2 
AFML/LTM 
AFWL/NSC 
AFWL/NSE 
AFWL/SUL 
AUL (AU/LSE-70-239) 
DDC 
OGDEN ALC/MMWM 
Plcatlnny Arsenal/SARPA-TS-S#59 
Army Mat Sys Anal Agcy/DRXSY-J 
Amiy Mat Sys Anal Agcy/DRXSY-A 
Redstone Sei Info Ctr/Ch, Doc Sec 
USAE Waterways Exp Stn/WESFE 
NRL/Code 2627 
NavAir Sys Comd/Tech Lib/AIR-954 
NavSurWpnCen/Tech Lib 4 Info 

Svs Br 
NavOrdStn/Tech Lib 
NavAirTestCen/CT-176 TlD/Tech 

Pubs 
USNWC (Code 533) 
Sandia Lab/Tech Lib Div 3141 
The Rand Corp/Libr-D 
TACTEC, Battelle Col Lab 
TAWC/TRADOCLO 
AFATL: 

OL 
DLOSL 
DLY 
DLJ 
DLJC 
DLJF 
DLJK 
DLJM 

2 
2 
2 
1 
1 
1 
2 
1 
1 

2 
1 

2 
1 
1 
1 
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