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ABSTRACT 

The Nepenthe process and some simple modifications are in- 

vestigated to determine their potential value as offline surface-mode signal- 

extraction techniques.    The techniques have been applied to long-period noise, 

with a known signal added at various strengths.    The processor output is com- 

pared with the known signal input to judge performance.    The results are com- 

pared with a bandpass filter. 
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SECTION I 

INTRODUCTION 

The Nepenthe process, a single-channel technique for sup- 

pressing long-period noise, was developed by Simons,   Weber, and Travis 

| as an attempt to use the stationarity of long-period noise. 1   Briefly, the 

Nepenthe process uses a group of nonoverlapping segments of long-period 

noise to estimate a noise amplitude spectrum which it then subtracts from 

the amplitude spectrum of a segment to be treated. The resulting difference 

spectrum (with negative values set to zero) is combined with the unaltered 

phase spectrum of the original segment and displayed as a time trace, after 

which the entire process advances one segment. Figure 1 is a diagram of 

the processing sequence. / 

The Nepenthe was investigated to determine its value as an 

offline surface-mode signal-extraction technique. 

including: 
In evaluating the process,  various modifications were tried. 

Bandpass-filtering (0.02- to O.ÜL-HZ passband) 
all data processed to eliminate the microseis- 
mic peaks of the estimated noise spectrum and 
concentrate the processes on the signal band 

Applying a 75 percent confidence limit for the 
noise spectrum to determine the process1 sen- 
sitivity to changes in the upper limit 

Using a constant value for the number of degrees 
of freedom and ^rnparing the results with the 
spectrum obtained using maximum-likelihood 
estimators for the degrees of freedom 

Using a comparison process rather than a sub- 
traction process when applying the estimated 
noise spectrum to the treated segment 
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• Trying to prevent discontinuities at segment 
boundaries by -dopting a segment length of 
512 samples composed of 256 samples of data 
(491.52 sec preceded and followed by 128 zeros 
to taper the groups of time-domain data into   , 
one another at the boundaries 

• Shifting the signal in time through the noise 
to determine whether the Nepenthe process 
is sensitive to the location of the signal in 
the segments 

A zero-phase bandpass filter (0.02- to 0.06-Hz passband) was 

applied to the data and output with a difference trace to compare Nepenthe 

with a bandpass filter alone.   Synthetic data were generated so that noise and 

signal spectra were known and so that any distortion of the signal by the vari- 

ous processes would be revealed.    The amount of signal distortion is indicated 

by the difference trace, which is the processed output subtracted from the sig- 

nal that was placed in the noise. 
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SECTION II 

DESCRIPTION OF NEPENTHE PROCESS 

A.    NEPENTHE SPECTRUM ESTIMATION 

As originally conceived,  the noise amplitude spectrum estima- 

tion assumes normally distributed noise with zero mean.    In this case, the 

real and imaginary parts of the discrete Fourier transform S (f) are also nor- 

mally distributed with zero mean.    If 

P (f) =  Real2   [S (f) ] +  Imag2  [S (f) ] 

then P(f) is distributed as a scaled chi-square variable aX  (b) where 

a  =   scale factor 
2 

b  =  number of degrees of freedom for X 
distribution 

The process uses maximum-likelihood estimates for a and b. 

The derivation is given in reference  1,  and the equations are 

u 
a   = 

b   = in 
u 

'""'M  5 
L\i=i 

where 

N = number of nonoverlapping segments in estimation 

P. (f) = sum of squares of real and imaginary spectrum at 
frequency f and segment i 

i    N 

i  =1 

After the calculation of the a's and b's,  the estimated spectrum 

is the square root of the upper 90 percent limit of this distribution. 
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B.    NEPENTHE TECHNIQUE 

The entire Nepenthe process (Figure 1) works as follows:, 

• Discrete Fourier transforms S(f) of N nonoverlapping 
segments of equal length T are computed using the 
fast Fourier transform algorithm 

• At each frequency and segment,  the sums of the 
squares of the real and imaginary spectra are 
computed: 

P.(f) = Real2 [S(f)] + Imag2 [S(f)] 

• The P.(f) are smoothed across segments by a 
Hanning function 

• For each frequency,  the maximum-likelihood 
estimators- a and 6 are computed and aX^ (b:90) 
is estimated, where X^ (£:90) is the upper 90 
percent point of a chi-square distribution with 
b degrees of freedom and aX2,(ß:90) is the Upper 
90 percent point for the P.(f) across N segments 
at freque      r f 

• The Square  .oot of the aX^ (6:90) for each fre- 
quency is then taken as the noise amplitude 
spectrum / 

•   The segment to be treated — which is also of     ^ 
length T and a fixed number of segments ahead of 

I the estimator group — is also Fourier-transformed, 
A(f).    For the experiments described in this report 
there was no gap (i.e. , J = 0) between the estimation 
group and the segment to be analyzed.    This caused' 

^ no difficulty because the signal was added at a known 
time.    The amplitude B(f) and phase    0(f) spectra are 

I computed, where ^ 
1 

B2(f)   =   Real2 [A(f)] + Imag2 [A(f)] 

9{f)   =tan       Real tA(f)l 

The estimated noise amplitude spectrum is then 
subtracted from the treated segment's amplitude 
spectrum B(f).    If the difference at a particular 
frequency is less than zero,  that amplitude is set 
equal to zero; the phase spectrum is unchanged 
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•   The difference spectrum and the unaltered phase 
spectrum 6(f) are then inverse transformed and 
displayed as a time-domain trace 

The entire process is advanced one segment 
and repeated 

C.    DATA 

To determine the effects of the Nepenthe technique on a portion 

of data,  a signal with a known spectrum (Figure 3) was inserted unto a noise 

train of known characteristics (Figure 2) at S/N (signal-to-noise) ratios of 

4:1,   1:1,   1:2,   1:4, and 1:8.    (The S/N ratios used are ratios of the mean- 

square amplitudes of both signal and noise.) 

The «ignal is a vertical-trace 32-min-long Rayieigh wavetrain 

from the Rat Islands,  w^ich was recorded at Tonto  Forest Observatory on 

June 22,   1969.    The noise is a 130-min recor^ from TFO recorded by Texas 

Instruments on July 27,   1969. "The sample interval is 1.92 sec/sample.    In 

the noise spectrum estimation,   11 segments of 256 points were used so that 

the estimated noise spectrum would compare with the 11 to 18 segments and 

512-sec lengths used in the original paper.      Figure 4 shows plots of the 

noise and the signal. . \ 

X 

/ 
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0.04 0. 08 0. 12 

FREQUENCY (Hz) 

0. 16 0.20 

Figure 2.    Noise Spectrum of 1024 Samples (1966. 5i sec) 
0 

0.04 0.08 0. 12 0.16 0.20 

FREQUENCY (Hz) 

Figure 3.    Signal Spectrum of 1024 Samples (1966. 08 sec) 
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S/N'1.0 
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SIGNAL* NOISE 
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S/N-1.0        I. SIGNAl cmv 
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SIGNAL +NOISE 

SIGNAL ONLY 

(384 SEC) 

Figure 4.    Signal Plus Noise and Signal Alone at Various S/N Ratios 
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SECTION III 

EXPERIMENT AND RESULTS 

I 
I 
I 
1 

: 

The investigation concentrated on estimation of the noise spec- 

trum and application of this spectrum to the data.    In estimating the noise 

amplitude spectrum,  the upper limit of 90 percent of the chi-square distri- 

bution was arbitrarily chosen.    An estimated noise amplitude spectrum using 

75 percent as the upper limit was generated to determine the sensitivity of 

the estimated spectrum to changes in its upper limit.    Figure 5 compares the 

upper 90 percent and upper 75 percent confidence-limit noise spectra.    Note 

that the noise spectra differ < 1 db over the range of interest,  0. 0 to 0. 15 Hz. 

Thus,   the estimated spectrum is fairly insensitive to small changes in its 

upper limit. 

Calculating the mean and variance of the maximum-likelihood 

estimators for the number of degrees of freedom b gives a mean of 4.88 and 

a standard deviation of 0.26 for these data.    The small range of values indi- 

cates that perhaps a method other than the lengthy maximum-likelihood cal- 

culation can be used.    Appendix A of reference 2 shows that if,  for normally 

distributed white noise,  the cosine transform A,   and sine transform B    are 
2 2 k 

also normally distributed and A,     + B,     is distributed as ar2X2,  where 
k k „ 2 

2 2 
a'    equals the variance of A    and B   ,  then x    equals the chi-square distri- 

bution with two degrees of freedom. 

1 
1 
1 

\ 
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Figure 5.    Estimated Noise Spectra for 256 Samples (491.52 sec) 
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Using this result with 11 segments of data gives b of 22.    This 

is quite different from the average value of 4.88 from the maximum-likelihood 

estimation; however,  the spectrum   resulting from b = 22,  as compared with 

the maximum-likelihood estimation for b shown in Figure 5,  is < 1.0 db from 

0.0 to 0. 15 Hz.    It therefore appears that a simpler spectral bound based on 
2 

assigning the number of degrees of freedom in the X    distribution as twice the 

number of segments would give very similar results. 

The Nepenthe process,  as originally conceived,   subtracts the 

estimated noise spectrum from the amplitude spectrum of the segment to be 

treated and outputs this spectrum with negative values set to zero.    At the 

lower S/N ratios,  this affects considerably the output amplitude of the signal. 

See Figure 6 for Nepenthe on various S/N ratios. 

To raise the amplitude of the output at lower S/N ratios and 

to compare more favorably in amplitude with the actual signal amplitude,  a 

pass/no-pass technique was tried in which the estimated noise amplitude spec- 

trum was compared point for point with the amplitude spectrum of the treated 

segment.    If the amplitude of the treated segment's spectrum is larger,  the 

entire amplitude value is passed; if the amplitude of the treated segment's 

spectrum is smaller,  the value is set to zero.    The resulting spectrum and 

the unaltered phase spectrum were then inverse-transformed and displayed 

as a time trace.    As can be seen,  this pass/no-pass technique is a zero-phase 

filter with infinite rejection at points where the estimated noise spectrum is 

larger than the treated segments and with a pass at points where it is smaller. 

Figure 7 shows the pass/no-pass technique output for various 

S/N ratios.    Note that this output compares more favorably with the signal at 

the lower S/N ratio and is similar to the bandpass filter (Figure 8).    However, 

the signal output is distorted inasmuch as it is in the subtraction processor. 
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S/N-4.0 SIGNAL-NEPENTHE AT90*LIMIT 

W\/Wv^-M^^yv>^AAVM^^iM^ ********* ******* •V. i .-.-^.. 

S/N-1.0 NEPENTHE AT 90ft LIMIT 

i.^^JtL^Ü^yi.w^v^.  ^^i..   ********* 

S/N-1.0 SIGNAL-NEPENTHE AT90»LIMIT 
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S/N-l/4 NEPENTHE AT90ft LIMIT 
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s/N.l/4 SIGNAL-NEPENTHE AT90»LIMIT 

S/N-l/8 NEPENTHE AT90ft LIMIT 

200 
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Figure 6.    Nepenthe Output and Difference Trace for 
90 Percent Limit at Various S/N Ratios 
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S/N-4.0 PASS/NO PASS AT90»LIMIT 

S/N-4.0 SIGNAL-PASS/NO   PASS 

v^V^»vjyv(A^AV^I>lA^V^>1^^ **mlt¥HltM***i****HM** Hlnfttfti 

PASS/NO PASS AT 90% LIMIT 

S/N-1.0 SIGNAL-PASS/NO   PASS 
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S/N-l/4 PASS/NO PASS AT90»LIMIT 
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S/N-l/4 SIGNAL-PASS/NO    PASS 

'WVVM- ^MWyvA^'^^^il^ ******/* * *•*' y 

^-"i 

S/N-l/8 PASS/NO PASS AT90*LIMIT 

h 
S/N-l/8 

SAMPLES] 

(384 SEC) SIGNAL-PASS/NO   PASS 

Figure 7.    Pass/No-Pass Technique Outputs and Difference Trace 
for 90 Percent Limit at Various S/N Ratios 
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Figure 8.    Zero-Phase Bandpass-Filtered Data and 
Difference Trace at Various S/N Ratios 
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Inasmuch as the signal changes rapidly with time,   some features 

of the Nepenthe output were thought to vary with the position of the signal in 

the time gate,   so the signal was shifted through the time gates and processed 

by Nepenthe; except for the time shifts,  the outputs were identical.    Thus, 

the position of the signal in the time gate is unimportant. 

Because the treated segments are processed independently, 

j a discontinuity may well exist in the waveform between the segments.    To 

minimize this,  an attempt was made to force the ends of the segments to zero; 

the method was to place the 256-point data segments in the center of a 512- 

point window,  filling the remaining 256 points with 128 points of zeros on either 

side of the data.    The data were then processed as if 512 points long.    On the 

time-domain output,  the data were truncated to 256 points again.    It was hoped 

that putting the zero values on each end of the trace during the processing 

would force the output to be near zero at the ends of the segments; however. 

the discontinuities incurred by processing with 256-point segments were not 

i severe and the 512-point segments made very little change. 

From the time-domain output of the various processes,  it is 

evident that the Nepenthe subtraction and the pass/no-pass techniques are at 

least as good as a bandpass filter at the higher S/N ratios.    At the lower ratios, 

however,  this processor also distorts signal waveform. 

^ The ability of the Nepenthe or pass/no-pass processor to detect 

and output the signal depends on the relative noise levels during the signal 

period and the estimation period.    If 5. 00 degrees of freedom are assumed at 

a frequency f,  for example,  and the mean value"of P(f) = P(f) in the estimator 

J[ group,  the noise amplitude spectrum estimator N{f) for the 90 percent upper 

1 ■p„ limit is 

J/2 ,    ,.   r^,,.-1l/2 N(f)   =   [1.85  P(f)]   '      =    1.36 [P(f)] 

15 services group 

\ 

MMMIkfeikäHMMiMMHWi ■*- 



. . j  i Miimnmmmu} ■■_  laap   .. i   . .  u^ viqi ^^^^^P^W^^^"— l1" ^ | 

If,  when the sign?! occurs,   die noise N  (f) equals the mean value 
s 

—     1/2 
N  (f)   =   P(f) s 

then,  for the signal S(f) to be passed or detected, 

S(f) + N (f) >N(f) 
s 

must be true and 

S(f)   +   [P(f)]1/2 >   1.36 [P(f)]1/2 

S(f) >0.36[P(f)]1/2 

S(f)    . ^(f). > 0  ^ 

Ns^   '[?(£)] 1/2 

If the noise amplitude is at the lower 25 percent limit of the distribution, 

1/2 

4/2 

N  (f)   =   [0.532 P(f)] 
s 

=   0.73 [P(f)] 

S(f) + N  (f) > N (f) 

/ 

i: 

i 
i 

1 
i 
T 

S(f) ^   1.36[P(f)]1/2        j 

0.73[P(f)]1/2        0.73[?(f)]l/2; 

m   > 1.86-1   =   0.86 

For the noise at the lower 10 percent, 

S(f)     ^    1.36 
N  (f) 0.322 

s 
1   = 4.23-1 = 3.23 
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However,  for a 0. 02- to 0. 06-Hz signal window using 256- 

j sample-point time gates,  20 frequencies must be considered.    If the 90 percent 

criterion is used,  the probability that all frequencies (if they are independent) 

| lie below the 90 percent level is (0. 9)20 « 0. 122.    Thus,  the probability of 

detecting at least one signal frequency is > 0.878 - but this is also the prob- 

ability of passing any frequency,   including noise. 

If the entire transform of 129 frequencies were used,   the prob- 

ability of passing at least one frequency approaches 1.0.    In the pass/no-pass 

technique,  passing a high microseismic noise peak would either give a false 

event or completely overwhelm the signal energy.    In the Nepenthe process, 

this noise would be attenuated.    For example,  using a value of b = 5. 50 percent 

of the noise above the 90 percent limit in the Nepenthe subtraction processor 

would result in an output amplitude of < 1. 2 times the mean noise instead of 

2.2 times the mean noise as provided by the pass/no-pass technique. 

_ Figure 7 shows the occurrence of a false event in the pass/no- 

pass technique for an S/N ratio of 1:8.    At the point marked * on the record, 

the bandpass filter.  Figure 8, and the pass/no-pass outputs display a noise 

burst that is only slightly evident on the Nepenthe output.    The Nepenthe sub- 

traction process thus appears the best of the three outputs for detection - but 

distortion of the waveform must also be considered. 

The Nepenthe process was not compared with matched filtering. 

The matched fUter would be the theoretically best linear filter for predetection 

processing. 

» ' i 

Distortion in the Nepenthe process is the result of suppressing 

the various frequencies comprising the signal (by differing amounts).    If the 

signal is to be passed completely, all noise components must be at or above 

the upper 90 percent level, thus, a weak signal will almost always be signifi- 

cantly distorted. 
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The pass/no-pass technique also incurs some distortion due to 

zeroed-frequency values but, since the passed signal amplitudes are not subject 

to subtraction as in the Nepenthe processor, distortion tends to be less, depend- 

ing on the noise level and the S/N ratio.    See the S/N ratio of 1 in Figures 6, 7, 

and 8 as an example of this tendency. 

^ 

' 
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\ SECTION IV 

CONCLUSIONS 

I The use of a constant value for the number of degrees of free- 

dom rather than a maximum-likelihood estimator in the noise amplitude spec- 

1 trum estimation will reduce the noise-estimation calculation time while only 

slightly affecting the noise spectrum obtained.    The noise amplitude spectrum 

I estimation appears to be insensitive to changes in the upper limit from 90 

percent to 75 percent. 

The Nepenthe technique tends to distort the signal.    The pass/no- 

pass technique probably distorts less but is more susceptible to fals^ detection. 

The bandpass filter would be similar tc the pass/no-pass techniques if the signal 

fell within the passband.    The Nepenthe and pass/no-pass techniques are not / 

bandlimited as is the bandpass filter, but their use with a bandpass filter for     / 

obvious noise areas seems reasonable. ,/ 

Because of its signal distortion,  the inclusion of Nepenthe iri the 

repertoire of long-period processing programs at SAAC is not recommended. 

The bandpass filtering and matched filtering capabilities should be sufficient. 
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