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1. INTRODUCTION 

Seismology has experienced major advances in the last twenty years, which 

have resulted in a considerable increase in knowledge concerning the structure 

and properties of the earth's interior. One reason for this is the large 

investments made in the subject in order to detect and identify nuclear ex

plosions due to the political importance of monitoring a comprehensive test 

ban treaty. Some of the associated funding has gone into large seismic 

array construction, and one of these is NORSAR (Norwegian Seismic Array), 

completed in 1971 and located around Lake Mj~sa (Fig. 1.1). The present-day 

NORSAR configuration comprises 42 short periodic vertical seismometers, and 

21 long periodic seismometers directed vertical, horizontal north-south and 

horizontal east-west. They are organized into 7 subarrays, with 6 short 

periodic and 3 long periodic seismometers in each, and with a subarray and 

array diameter of about 7 km and 60 km, respectively • 
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Fig. 1.1 The original NORSAR array. The present-day configuration consists 
of subarrays OlA, OlB, 02B, 02C, 03C, 04C and 06C. 
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From these seismometers the earth motion is recorded with 20 samples per 

second for the short periodic and 1 for the long periodic and transmitted 

via telephone lines to NORSAR data processing center (NDPC) at Kjeller. 

At NDPC the data is recorded on magnetic tapes by the Detection Processor 

(DP), which also processes the short periodic data in real time and decides 

possible signal arrivals in the ambient noise environments. In such cases 

relevant detector parameters are calculated and saved. Later on an off-

line program, the Event Processor (EP) reads the recorded data tapes together 

with the detector reportings and checks more carefully the results from DP. 

The last stage in the process is an analyst checking the EP output before a 

seismological bulletin is published. For more information about the NORSAR 

system, see Bungum et al (1971). 

The signals arriving at the array have been generated either by an earthquake 

or a man-made explosion. The source area is unknown in advance and can be 

everywhere on the earth. To detect them two different methods are employed, 

a coherent detector and an incoherent detector. The former is based on 

phased sums of amplitude traces, or beams, and the latter on phased sums 

of approximated envelopes of the same traces. One beam corresponds to a 

specific area on the earth, and the total number of DP deployed beams 

ensures an adequate global surveillance capability. 

Apart from very local explosions appearing only on some few sensors, the 

goal is to detect as many signals as possible. That is, we want to process 

the incoming data to get as high as possible signal-to-noise ratio (SNR). 

In other words, since the detection process represents a statistical decision 

problem where the alternatives are either noise or signal plus noise, we 

want to maximize the detection probability against a certain fixed false 

alarm rate. As far more small earthquakes occur than large ones (see Fig. 1.2) 

and only a fraction of these are detectable due to poor signal-to-noise ratios, 

the lack of detection capability for small signals has various consequences. 

From a political and military point of view it is important that weak under

ground nuclear explosions can be detonated without being detected. 

• 
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Fig. 1.2 Number of detections as a function of SNR reported by DP 
during the period July-December 1972. Around 10 dB the noise 
detections begin to influence more strongly, indicated by the 
turn-point in the slope. 

The work of this thesis has been devoted to the development of an alterna

tive real time incoherent detector. The essential feature of this is that 

the beams are based on weighted sums of square envelopes, which are obtained 

from complex data traces where the imaginary part has been generated by a 

Hilbert transformer. It is known (Ringdal et al, 1974) that the incoherent 

detector is generally superior to the coherent one in detecting regional 

events, which are characterized by relatively strong high frequency signal 

components of low coherency across the array. 
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Fig. 1.3 Hilbert type envelope and STA type envelope of a seismic signal. 

These regions include the Mediterranean area, Western Russia, the Pakistan

Afghanistan region, and the local area around the array, i.e., with an epi

central distance less than 30 degrees (1 degree ca 111 km). The starting hypo

thesis was that square envelope beamforming should prove to give better detect

ability than the currently used method, although requiring a higher threshold 

due to increased detector output variability in noise environments. Another 

reason to try an alternative lies in the fact that the present-day envelopes 

are generated in an approximate manner, by a running short term average (STA) 

of rectified amplitude samples, partly due to computer limitations when it was 

implemented. Experiments by Wen-Wu-Shen (1974) indicate that beamforming of 

Hilbert-generated envelopes gives better detection performance than STA-envelopes 

in the 1.5-2.5 and 3.0-4.0 Hz passband, and new generations of more powerful 

" 
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computers and decreased hardware prices opens up the possibility for real 

time processing with more complex algorithms. At NORSAR this will be a 

reality when DP has been converted from the old IBM 360/40 IBM SPS system 

to an IBM 4331 and MODCOMP Classic computer. 

The two incoherent detectors, called the square envelope detector and the 

STA detector, have been programmed and tested on continuous short periodic 

data. Chapters 2 and 3 contain theoretical considerations concerning 

seismology, seismic arrays, and statistical methods and models underlying 

detector design. The effort of making the algorithms real time applicable 

was concentrated towards performing the digital filtering as fast as possible, 

and material about this is contained in chapter 4. The necessity of such 

an optimization before a performance evaluation was also partly justified 

by the great a~ount of data to be processed, requiring hours of CPU-time. 

Questions concerning the background noise are treated in chapter 5, 

and data results and performance comparisons in chapter 6. An elementary 

knowledge of probability theory, hypothesis testing and digital signal 

processing will be assumed. The same notation will be used both for a 

stochastic variable and its value at a particular time instant, and seis

mometer, sensor and instrument are used interchangeably. 
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2. FUNDAMENTALS OF SEISMIC ARRAYS 

Some of the energy released by earthquakes or underground nu~lear explosions are 

converted to elastic waves which travel outwards from the source area, following 

different paths according to the laws of wave propagation and conveying information 

about the seismic source and the medium through which they pass. In this chapter 

a basic presentation of seismic wave propagation, array beamforming technique 

and array capability will be given. 

2.1 Seismic wave propagation 

An infinite homogeneous elastic solid can support two wave types, called body 

waves. P waves propagate energy by means of motion normal to the wavefront, 

and S waves have motion in the plane containing the wavefront. Their nondispersive 

velocities are determined by the density and elastic properties of the medium, 

and are given by 

K+4n/3 t 
v = ( ) p 

p 
(2.1) 

V = (n)t 
s 

p 

where K and n are the incompressibility and rigidity, and p the density. The 

conditions in the earth's interior are a good approximation to such a 

medium. In many solid rocks K = 5/3 n, which gives a ratio between VP and Vs 

equal to Ir. Thus P waves reach a seismic station before S waves from the 

same event. They are usually the first to arrive at the array when an event has 

occurred, and have typical maximum energy (at NORSAR) in the l.0-3.0 Hz band for 

teleseismic events. The P and S phase, and other secondary phases generated 

from these by reflection and refraction in the earth are best recorded by the 

short periodic seismometers. In addition seismic events produce surface waves 

travelling along the surface of the earth. These are Rayleigh and Love waves, 

and have longer periods than the body waves. Surface waves are useful together 

with body waves for discriminating between earthquakes and explosions. In this 

thesis, however, we will be concerned with P-waves, as it is most efficient 

for detection of seismic events. 
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For P waves propagating through a set of plane stratified layers, the seismic 

ray, or normal to the wavefront, is subject to Snell's law, i.e., 

sin ii sin in 
= = constant 

V1 Vn 

where ik, k=l, ••• ,n is the angle between the ray and normal to the k-th layering 

and Vk the k-th layer velocity. If we assume the layers in the earth to be 

spherically symmetric, a somewhat modified law comes out. 

0 

Fig 2.1 Successive refraction of a wave in a layered sphere. 
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Referring to Fig. 2.1, from Snell's law 

sin i1 sin if r1sin i1 r1sin if 
= or = --

V1 V2 V1 Vz 

rz r1 ri 
Since = = 

sin ii sin(ir-i2) sin i2 

r1 sin i1 r2 sin i2 
we get = = p (2.2) 

V1 V2 

The constant p is called the ray parameter. Since the velocity usually increases 

with depth down to the core of the earth, the ray will follow a curve with the 

convex side outwards. p can be determined through another relationship. 

0 

Fig. 2.2 Change in parameters for a small increase in ~. 



2-4 

From Fig. 2.2 

r 0 d6sin i 0 dT 
dT = = p d6 or p = (2.3) 

Vo d6 

360 
where r

0 
is the radius of the earth. In degrees (6° = _____Jj,) 

2'11" 
dT dT d6 2lT 

--- = p (2.4) 
d6° d6 d60 360 

Thus p can be found as the slope of a curve giving the travel time as function 

of the angle distance between the seismometer station and surface point above 

the event (epicenter). Such curves are experimentally obtainable from a large 

number of events with known epicenters when the arrival time is observed at 

different seismic stations, and they give important information about the 

earth's inner structure. From Fig. 2.3 there are no observations beyond about 

100°, indicating that at such distances the waves travel through media with 

other velocity properties, the core of the earth. For our purposes it suffices 

to consider the earth as consisting of a crust, mantle and core (see Fig. 2.4). 

2.2 Array beamforming technique 

Knowing the distance to the event and with travel time curves at hand, the ray 

parameter can be determined. Conversely, with an array the ray parameter can 

be estimated and subsequently the distance to the event found. Due to the 

array's capability to filter in the frequency wavenumber space, both the distance 

and the azimuth to the epicenter can be estimated. Let us assume a simple 

harmonic plane wave is crossing the array. This wave model is useful to explain 

some principles and problems related to beamforming. At seismometer location 

.!:.! the wave can be expressed in complex notation as 

S(.£!, t) A e 
j(~·.£t-&"2t) 

(2.5) 
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Fig. 2.3 Travel time diagram for P and S waves and their reflections from the 
core-mantle boundary, PcP and ScS. 
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Fig. 2.4 A simple model of the interior of the earth with modes of propagation 
of seismic waves. 
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where k = (kx,ky,kz) is the wavenumber vector and Q = 2nf the angular 

frequency. The equation of the wavefront is given by k•.E.R,-Qt c, thus 

consisting of the points on a plane normal to k and propagating in the 

in the direction of k. The velocity can be found by 

k • ( r+t.r )-Q( t+t.t) = k •r-nt 

k•t.r = ntit 

Since !J.r is parallel to ~ ( II II denotes length) 

llkll lll'irll = Ql'it -

11/J.rll Q n 
llvll = __ = __ and v = __ k 

Rkll - llkll2 -/J.t 
(2.6) 

If the wave is simultaneously recorded at a number of locations, !_t, R. =l, ••• ,L 

and the outputs averaged, the resulting function will be 

b(t) 
.,..., L 

A e-Jut l 
R.=l 

1 "k• 
- eJ_ !.t (2. 7) 
L 

The sum will have a magnitude less than unity unless the difference between the 

~ • !.R. values are multiples of 2n. But if the sensors are delayed with 

-(1/Q)k • !.t 

b(t) = A 
L 1 j(k•rn-n(t+-1 k•rn)) \ - _,,, Q - _,,, 
l - e A e-jQt (2.8) 

R.=l L 

and no reduction in signal amplitude occurs. It is this technique which is 

called beamforming. By delaying and averaging the sensor outputs as described, 

the array is steered for angular frequency Q and wavenumber k. 
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Fig. 2.5 Illustration of the beamforming. The beam is not averaged on this 
picture. 

l/n ~ points in the direction of the incoming wave, and the length of l/n ~ 

is related to the ray parameter. From (2.6) 

llkll 1 1 1 
= -- or u=_k= - v where v2 = nvn2 (2 .9) 

n n - v2 -Hvll 
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Let ~ be expressed in a three-dimensional coordinate system with origo 

in the center seismometer and x,y,z axes pointing eastward, northward 

and vertical downward respectively. Calling the angle of incidence $ and 

the angle between the y-axis and projec~f u in the xy-plane a 

1 
u = - (sin $ sin a !:.x + sin $ cos a !:.y + cos $ !:.z) 

v 
(2.10) 

Since the aperture of NORSAR is no more than about 60 km, it is a good ap

proximation to assume the array lying the horizontal plane and uzrz equal 

to zero. Thus in the xy-plane 

sin $ 

sin $ 
u = --- (sin a ex + cos a !:.y) 

v 
(2.11) 

is equal to the inverse of the wave velocity as it appears across the 
v 1 

array, called inverse velocity llull = U = __ • In seismology it is convenient 
Vapp 

to use the angle between north and direction towards epicenter p = 9 + n, so 

1 
u = - -V-- (sin p !:.x + cos p !:.y) = -(u~x + uy!:_y) 

app 

= ~u +uy!:_u 
x y 

(2.12) 

What we have done is to move from a three-dimensional frequency wavenumber 

space to a two-dimensional inverse velocity space, corresponding to that of 

a nondispersive wave with velocity Vapp = ll~yll will be represented by the 

line 

n 
~xy 

Ilk 
~xy 
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in the frequency wavenumber space. Now the relation to the ray parameter 

should be clear, since U can be expressed as 

dT dT dl1 p 
u =- =--

dQ dl1 dQ ro 
(2.13) 

where r 0 is the radius of the earth. Thus the ray parameter can be found 

from the length of the ~ vector when the earth radius is known, and ~ points 

in the direction to the epicenter. A preselected set of such ~-space points 

with corresponding del~ys is employed in DP to cover the most interesting 

seismic regions. 

seismogram 

z=O ) x 

t=t+dT 

t=t 

'\V wave velocity = V 
z 

Fig. 2.6 Illustration of how the horizontal component of the wave velocity 
can be measured. 
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From (2.8) and Fig. 2.5 it can be observed that the array beam also acts as 

a signal estimate. Factors which reduce the estimate besides noise may be 

different signal amplitudes and frequency at the different sensors or deviations 

from a plane wavefront, due to inhomogeneities in the earth. In addition, 

signals may arrive from areas not covered by beams in DP. Sensitivity to the 

latter will depend on the lobe pattern or resolution in the frequency wavenumber 

space. Deviation from a plane wavefront is in practice eliminated by 

including regional corrections obtained from empiric accumulation of data. 

Variation in frequency can be compensated by discarding the phase information 

and instead summing the envelopes or square envelopes, i.e., incoherent beam

forming. Intuitively we then lose resolution in the frequency wavenumber space 

due to slower variation of the envelope. However, the beamforming will be less 

sensitive to deviations from the preselected areas, and fewer beams are needed 

to cover the seismic regions. This property is reflected in DP where 180 beams 

are employed by the coherent detector and 64 by the incoherent. 

2.3 Resolution in wavenumber space 

Resolution in wavenumber space is generally dependent on both array geometry 

and processing methods. For a random field stationary in time and space and 

sampled with period T, the power spectrum as function of the wavenumber and 

frequency is expressed by 

Cl) 
m -j m~xrx-iJ"<yry 
ff ~(m,E_) e drxdry P(w,kx,ky) = ~ 

m•-m -m 

where ~(m,E_) is the autocorrelation of the field 

~(m,E_) • E[f(n,x,y)f(n+m,x+rx,y+ry)J 

and w is the discrete angle frequency, w = 2nfT. U sing a very narrow 

bandpass filter centered in w0 = 2nf 0 Ta00 T and inverse velocity 

~o = 1/00 ~0 , we get for the autocorrelation of the beam 

(2.14) 

(2.15) 
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~bb(m) = Elb(n)b(n+m)] 

1 1 1 1 1 1 
= E[}. -Y1Cn +-~·£1) L -Yi(n+m +-~"!.i)J 

R.al 1 T i=l 1 T 

1 1 1 1 
= - l ElY.e. (n + -E.o"£.e.)Yi(n+m + -E.o•.!J.)J 

12 R.,i=l T T 

1 1 l 
= 2 l ~R.i(m+ - u •(r -r )) 

1 R.,i=l T -=o -;., -L 

where YR. is the R.'th sensor output and ~R.i is the cross correlation 

between sensor R. and sensor i. The power spectrum is equal to 

00 

~bb(m) e-jwom Pbb(wo •!.o> "" l 
m•-oo 

1 1 00 1 -jw0 m 
... _ 1 1 ~R.i (m + - ~·(E_t-E.L)) e 

12 R.,i=l m=-oo T 

1 1 j~ • (!_L-!._L) 
=- l Pu (w0 ) e 

12 R.,i•l 

1 1 j~ • ( r . -r ) oo jk • ( r -r . ) j_ 
1 e -L -L JI P(w0 ,.!~) e - -l -~ dk 4it~ 

12 R.,ial -00 

1 1 
OOJ ( k) - 1 ... I p WO'- 12 R.,i=l 

-j (k0 -k) • (£R.-£i) ..L 
e - - d!_ 4TC'l 

-oo 

00 1 

(2.16) 

=ff P(w0 ,~)jB(~0~ )j 2 dk ~~ (2.17) 
-oo 

1 1 -jk•!.R, 
where B(k) = _ }. e - is defined as the beamforming array response pattern, 

1 R.•l 

' 
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and P(w0 ,.!~) is the wavenumber spectrum of the input field at frequency w0 

before processing. In analogy with time domain, since B(k) is a discrete 

Fourier transform (DFT) in space domain, more sensors and larger spacing 

between them gives better resolution due to decreased width of the main lobe. 

This also gives better noise suppression due to uncorrelated noise in 

space domain. On the other hand, large spacing reduces the signal coherency 

and introduces aliasing in space domain. At NORSAR the separation of instru

ments within a subarray ranges from 3.5 to 8 kilometers, and distances between 

the subarrays from 15 to SO kilometers. For this separation the spatial co

herency of the noise field is essentially zero for frequencies above O.S Hz 

(Ringdal & Bungum, 1977), and can be disregarded due to bandpassfiltering 

before beamforming. The signal coherency will vary depending on region, 

but is in general good for teleseismic regions. From (2.17) it should be 

noted that the lobe pattern is the same regardless of ~o· Another method 

exists (the maximum likelihood method (Capon, 1973)) where the lobe pattern 

also depends on the spectral properties of the noise and thus gives different 

lobe patterns for different .!a· This method gives better results if the noise 

is concentrated in the frequency wavenumber space. Note that the bulk of the 

noise energy originates from outside the array and propagates across the array 

as waves, in contrast to antennas where the noise is generated mostly within 

the receiver. But due to the spacing between the sensors, the noise shows a 

diffuse frequency wavenumber spectrum and in practice the conventional beam

forming gives about the same signal-to-noise ratio as the maximum likelihood 

method. 

Fig. 2.7 shows the beam pattern for the sensors used in this thesis, namely, 

the center seismometers from OlA, 02B, 02C, 03C, 04C and one additional 

seismometer from the 02B subarray to get 6 channels. The OlB and 06C subarrays 

were masked out at the time the experiments were done. From Fig. 1.1 it 

can be seen that this sensor geometry has largest extension in the northeast/ 

southwest direction, and this is reflected in the beam pattern with best 

resolution in the same direction. Since the P waves are nondispersive, the 

signal envelope will travel with a velocity equal to the phase velocity. Due 

to lower frequency content in the envelope, the wavenumber spectrum will be 

I\ 
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0.03 
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. ""....., "• 
THEORETICAL BEAM PATTERN 

Fig. 2.7 The beam pattern for the sensors OlAOO, 02BOO, 02B01, 02COO, 03COO, 
04COO. The numbers on the contours are suppresion in dB down from 
the maximum power. 

much more concentrated towards the center in Fig. 2.7. In other words, the beam 

pattern will exhibit a much broader main lobe. This explains why incoherent 

beamforming is relatively insensitive to signals arriving from outside the 

preselected areas and that fewer beams are needed to cover the world. In addi

tion the sample rate can be reduced and the location of the sensors more scat

tered without introducing aliasing in time or space. 
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3. DETECTOR DESIGN 

As mentioned our problem is a statistical decision problem between the 

alternatives noise or signal plus noise, and we want to get the best 

possible signal detection probability against a certain fixed noise 

detection rate. Specially we want to detect more weak signals, as the 

strong ones are detected by most methods. The signal detection problem 

is not simple in seismology as little is known in advance about the signal. 

When an event occurs, energy is radiated over a broad frequency range in 

all directions from the source, and the signal shape in the different 

directions depends on both the earth structure at and around the source 

and the generating mechanism. The signal appearing at the sensors may be 

considered as a convolution between the original signal and a filter with 

impulse response determined from the path through the earth. In addition 

effects from local inhomogeneities are added. So instead of making as

sumptions on the signal shape, signal coherence is assumed across the 

sensors. This assumption leads to the coherent detector, and that of 

coherent signal envelope to the incoherent detector. It is known (Van 

Trees, 2.2) that both the minimum cost criterion (Bayes criterion) and 

a maximum probability criterion (Neyman-Pearson criterion) give likelihood 

ratio tests, so we want to base our detector statistic on such a ratio. 

We will assume the source area known in advance, and the traces delayed 

accordingly. 

3.1 Likelihood ratio testing 

Assume a test statistic n has been calculated as a function of the 

measurement values, n =f(y1,•••,Yn) = f(y), and denote by p(njH0 ) the 

probability density of n when only noise is present, and by p(nlH1) 

the probability density of n when signal and noise are present. If n0 

is the threshold value, the probability of a false alarm is given by 

co 

PF= P(n>n0 IH0 ) = f p(njH0 ) dn 
no 

(3.1) 
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the probability of missed detection, 

no 
PM= P(n<n0 IH1) = f p(nlH1)dn (3.2) _ ... 

and the detection probability or power of the test by 

CXI 

Pn = 1-PM = P(n>n0 IH1) = f p(nlH1) dn 
no 

(3.3) 

a. 

>--
"' c 
Cll 

"O 

>:-= 
.c 
IG 
.c 
0 

ct r--=:= 1.....,.,-r-rl/fl/////f///4 i 

Fig. 3.1 

µo 'to IJ.1 test statistic 'l 

The probability density of n when noise is true, p0 (n)=p(n1Ha) 
and when signal plus noise is true, P1(n)=p(nlH1), assuming that 
n under H0 is normal (µ 0 ,cr) and under Hi normal (µ1,cr). n0 
denotes the threshold, the hatched field to the right of n0 the 
probability of false alarm, and the hatched field to the left of 
n0 the probability of missed detection. 
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Referring to Fig. 3.1 our desire is to construct a test where the densities 

under H0 and H1 have the largest possible separation in order to make both PF 

and PM as small as possible. These are conflicting objectives, so instead we 

constrain PF to be below a certain level and try to maximize Pn· Performing 

the optimization, we get (Van Trees, pp. 33-34) 

P<x.IH1) 

L(y) = p(x_JHo) 
(3.4) 

where p(yjHi) is the joint probability density of the measurement variables 

under hypothesis Hi. n>n
0 

corresponds to 1... being in a subspace s1E!Rn, and 

for n<n
0 

J... E S
0 
=~n-s1 • Intuitively the probability that J_ E s 1 is high 

when H1 is true, and conversely when H0 is true. 

When p(J_) in addition contains unknown paramters ! = (01,•••,em), a 

logical extension is to make two likelihood estimates of !, one for e con

strained to the parameter subspace w1 Etkm corresponding to H1 , and one 

for 0 constrained to w
0 
=~m - w1 corresponding to H

0
• This results in 

the generalized likelihood rato test 

max 
0Ew1 

P<x.1!) 

L(J...) = p(x_ j!) max 
!Ew0 

3.2 Coherent detection 

(3.5) 

For the coherent signal model we may set up the following two alternatives: 

Ho y .e,(n) = v .e,(n) 

H1 Y.e,(n) = s(n) + v.e,(n) c R. = l, ••• ,L n = O, ••• ,N-1 (3.6) 
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Here Yi(n) and vi(n) denote the n'th input and noise sample at sensor 

i respectively, and s(n) the n'th signal sample assumed equal across the 

sensors. The noise field samples are assumed stationary, normal (O,a), 

and uncorrelated in time and space. 

E[vi(n)vi(m)J = [ :2 
i * i or n * m 

R. = i and n = m 

The signal amplitude is treated as the unknown parameter vector ~ = 

(s(O), ••• ,s(N-1)). Under H0 ~will be the zero vector, w0 = .Q_, and under 

H1 ~ E w1 = lRN-o, thus only one maximum likelihood estimate is necessary. 

Given the measurement vector J_, the function in p(yj~) viewed as a function 

of ~ is called the log likelihood function, and the maximum likelihood 

estimate ~ is found by 

a 
in p (yjs) = 0 (3. 7) 

as 

assuming the function differentiable and a global maximum in the interior 

of 001 exists. Thus inserting in the joint probability density function 

(PDF) for the noise samples and noting that uncorrelated Gaussian variables 

are independent, we get 

in p(J_I_~_) 
L N-1 1 - l/2a2 (yi(n)-s(n))2 

in II II e 
i= 1 n=O lf.rrOl 

NL 1 L N-1 
= - - in 2'1Ta2 - - l }. (yi(n)-s(n)) 2 

2 202 i=l n=o 
(3.8) 

and 
a L 

in p(y j~) = 0 ==> }. ( y i ( n )-s ( n)) = 0 n=O, ••• , N-1 
i=l as(n) 

1 L 
A 

s(n) l Yi(n) (3.9) 
L i=l 
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We see that simple beamforming is a maximum likelihood estimate of the 

signal when the above model is true. For the log likelihood ratio, we 

get 

1 L N-1 

-NL/2 

l l 1 L 
202 R. 

1 
(y.i(n)- _ i = n=o Yi(n))2 

L i=l 

R.nL(l_) (2iro2) = R.n e 
1 L N-1 

l 
(2iro2) -NL/

2 
2

0
2 tsl l (y R. (n))2 

n=o 

1 L 
=- l 

202 R.=l 

1 N-1 
=- l 

2o2 n=o 

N-1 

l 
n=o 

1 L 

e 

2 L 
- Y.t(n) l 
L i=l 

\' 2 
(- l Y.t(n)) 
L R.=l 

and for the test 

N-1 
n = i 

n=o 

L 2 ~l ( l Y.t(n)) < n0 
R.=l 110 

1 L 
Yi(n) - (- l Yi(n)) 2] 

L i=l 

(3.10) 

(3.11) 

where n0 is the threshold determined from the distribution of the test 

statistic when only noise is present to get the desired false alarm rate. 

Note from (3.10) that the log likelihood ratio is proportional to an estimate 

of the power from the point in the u-space corresponding to the selected 

beam. 

For the coherent detector running in DP the squaring in (3.10) is replaced 

by rectifying. This is faster to implement, while simulation of the detec

tion performance showed the difference to be insignificant (Berteussen, 

1972). N is 15 samples, and the sum is repeated each Sth sample for 

every beam, thus giving a running short term average (STA) for each 

preselected seismic area. Another sum is computed from an exponential 

weighted sum of STA's with decreased weights backwards in time, to get a 

running long term average of the noise (LTA). 



N-1 
STAc(n) = 1 

i=o 

L 

1 y i<n-i) I 
t=l 

3-6 

1 
LTAc(n) = - STAc(n-N) + (l-2-5)LTAc(n-N) 

2 

1 OD 

1 (1-2-5)i-lsTAC(n-iN) 
2 i=l 

for each STA calculation, the test statistic 

n = 
STAc(n) 

LTAc(n) 

(3.12) 

(3 .13) 

is calculated and compared to a threshold. The noise field can be considered 

as wide sense stationary for short time intervals, but show both seasonal 

and diurnal fluctuations (Ringdal et al, 1977). The test statistic is in

sensitive to noise level fluctuations, but not to noise variance fluctuations, 

therefore the threshold is floating in order to attain an approximated constant 

false alarm rate (CFAR) receiver (Steinert et al, 1975). When n exceeds this 

threshold on one of the beams, a time window is set up, and the area giving 

the beam with the largest n value in the window is selected as signal 

source area. Prior to beamforming all channels are bandpass filtered with 

a digital third order Butterworth filter in the 1.2-3.2 Hz band. This fre

quency band has been found on average to give the best signal-to-noise 

ratio for the beam (Bungum et al, 1971). 

The model in (3.6) is only an approximation to the real conditions across 

the array for the coherent signal case. Signal amplitude variations have 

been observed above 20 dB within the array (Berteussen, 1975), the noise 

variance varies with the sensor locations, and the noise is not uncorrelated 

in time. Nevertheless the STA/LTA test based on simple beams (DS processing) 
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SIGNt. 

STA ~ 
~ 

STA/LTA L c:: 
10 20 

~ 

30 

SEC --

= 

Fig. 3.2 The principle of the STA/LTA detector. The short line above the 
STA/LTA curve indicates detection state, and the line crossing 
the curve is the threshold. Note that the time window for the 
significant contributing part of the LTA estimate is decreased 
when the threshold is exceeded. 

have been kept in operation because other tests based on more realistic 

models either have required too much computing time or have not proved to 

be any better. Fyen (1978) obtained with the model Yt(n) = his(n)+vi(n) 

better signal estimates, but also higher noise variance, so SNR was not 

enhanced for an STA/LTA test based on this model. Other tests based on 

the same model gave better performance, but are too time critical for real

time operations as the pattern of the amplitude weights will be altered when 

the signal power is about equal to or lower than the noise power. Berteussen 

(1972) tried with a prewhitening filter, but the increase in detection per

formance was not significant. A likelihood test based on correlated noise 
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certainly gives better SNR when the sensor separation is small, but at 

a sensor separation of 3 km the SNR gain with simple beamforming is about 

equal to the more complicated filter and sum (FS) processing (Capon, 1973). 

Both NORSAR and LASA (Large Aperture Seismic Array) in the USA were designed 

so that simple signal processing should be used at the expense of larger 

interelement spacing and thereby larger installation costs. 

3.3 Incoherent detection 

When the amplitude values in (3.6) are replaced with their respective 

envelope values, the incoherent decision model can be expressed as 

Ho : zi(n) = [vi(n)2+V!2(n)]t 

H1 zt(n) = [<si(n)+vi(n))2+(s!(n)+V!(n))2]t 

r(n) = [si(n)2+si(n)2]t 

! = l, ••• ,L 

zi(n) denotes the n-th sample of the waveform envelope at sensor !, 

vi(n) and st(n) the n-th samples of the imaginary part of the complex 

(3.14) 

noise field and complex signal field at sensor !, respectively, and r(n) 

the n-th sample of the signal envelope assumed equal across the sensors. 

If the signal is represented in terms of its instantaneous envelope and 

phase as s(n) = r(n) cos~(n), (3.14) means that the signal phase is not 

longer considered to be equal across the array and therefore discarded for 

detection purposes. It is natural to extend to the complex domain by 

representing the imaginary part of the signal as s(n) = r(n) sin~(n), and 

the envelope is then obtained by r(n) = [s(n)2+;(n)2]t. How to generate the 

complex samples from the real ones is treated in chapter 4 and appendix A. 

The observation interval in (3.14) has been decreased to one sample or to 

the instantaneous value. From Fig. 1.3 and Fig. 3.2 the STA operator can 

be viewed as giving a time delayed instantaneous envelope value, and our 

desire is to try an alternative to the STA operator. From appendix C with 

the same assumptions for the noise as in the coherent case, ZR,(n) is 

Rayleigh distributed under Ha and Rice distributed under H1• So for the 

log likelihood ratio (~(n) = (z1(n), ••• ,zL(n)): 
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p(=.(n) IR1) 
R.nL(=.(n)) = R.n 

p(=.(n) IRo) 

za.(n) 2+r(n) 2 

L za.(n) 2a2 za.(n)r(n) 
n e Io( ) 

a2 a2 R.=l 
= R.n 

z R. (n) 

L za.(n) 2a2 
n e 

R.=l a2 

L za.(n)r(n) L 
l R.n I

0
( ) - - r(n)2 

R.=l a2 2a2 

I 0 (x) is the modified Bessel function of first kind and zero order 

1 211' 
I

0
(x) = ~ J ex cos8 dS = 

211' 0 

x2 x4 
=l+_+_+ 

4 64 

1 211' 00 

I l 
211' 0 ks:o 

(x cosa)k 
----d8 

kl 

(3.15) 

(3.16) 

Since r(n) and a2 are unknown and the calculation of R.nI 0 ( ) requires 

too much computer time, an approximation must be done to (3.15). For 

r(n)<<a, za.(n) wil have a distribution near to the Rayleigh distribution, 

and 
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z1(n)r(n) r(n) r(n) 
E[ ] "' __ fii/2 a "' 1.25 __ 

~ ~ a 

z1(n)r(n) r(n) 2 4-~ 
Var[ J "" _a2 "" O. 43 __ 

a2 a4 2 a2 

r(n)2 
(3.17) 

The argument to !n 1 0 ( ) will be on the quadratic part of the curve in 
Fig. 3.3 

71 l I , I 

I 
I i . v 

6J ' yaln[o(•) I 71 I 
I I I I I I I I i' 7 I 

~ 5 

4!T~¥~~ 
. 

c: 

3 • 

21---------7'~----,--~------; 

0 I 2 3 4 S 6 7 8 9 ~ 

Fig. 3.3 Plot of !n I 0 (x). 

x2 x2 
!n I

0
(x) "' !n(l + -) "" _ 

4 4 

Since our main interest is to improve the weak signal detectability, 

we do the approximation in (3.18) and get 

L z1(n)2r(n) 2 L 
!n L(z(n)) "' l - _ r(n)2 

- !=l 4a4 202 

(3 .18) 

(3.19) 
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The test statistic becomes 

L 2 ~l n = l z~(n) < n0 
~=l Ho 

(3.20) 

Thus our best detector in the weak signal case when the model in (3.lq) 

is true and the memory reduced to the instantaneous value consists of 

beamforming the square envelopes from the individual sensor waveforms. The 

value of the signal envelope has been included in the threshold which can 

be determined independently from the wanted false alarm rate and detector 

distribution for noise input. For stronger signals it can be seen from 

Fig. 3.3 that a linear envelope detector will be a better approximation to the 

optimum deteetor. The square envelope detector was preferred in this thesis 

due to less computing time and theoretically better small signal detectability. 

The incoherent model is not strictly valid either. As in the coherent case, 

the noise variance and the signal envelope strength will vary across the 

sensors. Nevertheless it is more correct to assume equal signal envelopes 

across the array than equal signal amplitudes. Ringdal et al (1975) found 

a significantly higher average correlation for the former, 0.90-0.95 against 

0.50-0.75 units, respectively, and these authors also give a theoretical 

explanation why a high signal envelope similarity can be expected. It could 

certainly be possible to utilize a possible distribution of the signal en

velope values across the sensors to improve the detection performance (the 

signal amplitudes seem to be lognormally distributed (Ringdal et al, 1974)), 

or try signal envelope weights similar to the coherent case, but it will 

not be considered. 

As mentioned in Chapter 2, the spatial uncorrelatedness of the noise field 

will be assured with a bandpass filter with lower cutoff frequency above 

0.5 Hz, and the seismometers are regularly calibrated from a console at 

NDPC to give zero mean value. The correlation in time is no problem since 

only instantaneous values are used. The assumption of normality of the noise 
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is quite natural in the seismic case, as it is composed of many independent 

sources and therefore can be expected to behave according to the Central 

Limit Theorem. In chapter 5 some selected intervals of noise samples have 

been tested to investigate the question of normality more completely. 

The combination of an LTA operator and a floating threshold to control the 

noise variability will not be employed in this thesis. Instead the square 

envelope samples are divided by a time-delayed running variance estimate 

of the noise from the same channel to get equal, normalized noise 

distributions across the channels and stationary detector output for 

noise input. Since the Fast Fourier Transform (FFT) are used for block 

filtering of the data, it is easy to establish a finite time window, 

and no weighting is necessary. The normalized square envelope values 

can be expressed a~ 

tt(n) = zt(n) 2wt(n) (3.21) 

1 1 N-1 
where = ~i(n) = - 1 Yt(n-k-i) 2 is the variance estimate, k the 

wt(n) N i=o 

estimate delay, and N the number of samples in the estimate. Since the 

same estimate is used for all samples in one block, k will be different 

for the different samples in the block and decrease backwards in time. 

If the noise is stationary and normal (O,ot) for the time interval used 

1 N-1 1 
E[St2(n)J = - l E[yt(n-i-k)2J = - Not2 

N i=o N 

so ~t2 (n) is an unbiased estimator of ot2• From Oppenheim, Schaeffer pp. 540, 

'dt2(n) is also a consistent estimator when max correlation lag is finite, 

so with N actually used 
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equal to 1808, we will set ~,e. 2 (n) "' a.11. 2• Thus for the probability density 

of the normalized noise square envelope 

t.11. "' 
ZJl.2 

a.11.2 

' ' 
a.11. 1 

z .. "'wCt1) = 0.e,rt;, Z.e, "' 1'1.e, Ct.e,) = - ft; 
2 t.e, 

a.11.2t.11. 

a.11.lfi 20.11.2 a.11. 1 
' ---Pz (i!i(t.11.))1'1 (t.11.) = 2 e PT.11. Ct.11.) "' 

2 It.II. R. a JI. 

~ f: -t.11./2 
e t.e, > 0 

t.e, ( 0 
(3.22) 

We see that t.11. is approximately chi-squared distributed with 2 degrees of 

freedom when the above assumptions are satisfied. If the shape of the noise 

probability density also changes, the question of robustness will be of 

importance. We will, however, as a starting hypothesis consider our detector 

as an approximate CFAR-receiver. Experiments recently performed by Unger (1981) 

with linear envelope samples divided by a running root mean square (RMS) 

estimate of the noise support this hypothesis, and the method from DP cannot 

be used here since the threshold values are precalculated from an experimentally 

established regression line (Steinert et al, 1975). 

We define the signal-to-noise ratio for the square envelope detector as the 

maximum detector value within the signal window divided by the average 

of the de~tor output in noise, when the source area has been found. 

Since the detector output in noise is expected to be approximately chi

square distributed with degrees of freedom equal to the double of the 

numbers of sensors used, we get 
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L 
SNRSE = max l z1(n) 2 w1(n)/2L 

n R.=l 
(3.23) 

This definition is used since it corresponds to the SNR definitions for 

other detectors used for detection of seismic signals. A better measure 

of SNR is called the detectability of the detector, defined as the maximum 

detector output within the signal window subtracted from the average of the 

detector output in noise and divided by the standard deviation of the de

tector output innoise. A chi-squared distributed variable with 2L degrees 

of freedom has variance 4L, so the detectability for the square envelope 

detector can be expressed as 

L 
~ z!(n)2w1(n)-2L 

1=1 

DsE = max 2./L 
n 

(3.24) 

In the incoherent detector running in DP the beamforming and rectification 

is exchanged, so for the incoherent STA 

L 
STA1(n) = l 

R.=l 

N-1 L 
l IYa.(n-i)j = l STA,t(n) 

i=o 1=1 
(3.25) 

Since we want as much as possible equal detection methods, the LTA-operator 

has been replaced by independent running channel noise standard deviation 

estimates on our off-line ver~ion to get the following detector statistic 

L N-1 
n = l w1(n) L IY1(n-i)j (3.26) 

1=1 i=o 

1 
where = NO'.e,(n) 

w1(n) 
window, M the length 

N M-1 
= - l jy1(n-k-m)j, N is the length of the envelope 

M m=o 
of the standard deviation estimate window, and k the 
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estimate delay. Note that actually two standard deviation estimates are 

performed on each channel, one with a short wind~w and the other with a long 

"' window. Since M also was 1808, we will assume at(n) ~ at• From elementary 

probability calculation, the expectation of the absolute value of a normal 

(O,a) variable is 12/n a, thus for the expectation of the detector statistic 

in noise 

1 N-1 

L N-1 
l IYt(n-i) I 

N i=o 
E[ 1 wt(n) l lYt(n-i) lJ ~ E -----

t=l i=o 

,-.:: 

.fTfT2 at 

l7T/2 at 
= 1 

SNR can therefore be defined by 

L N-1 

/;" ot 

SNRr = max l wt(n) l IYtCn-i) l/L 
n t=l i=o 

(3.27) 

(3.28) 

Since theoretical distributions for sums of absolute values of dependent 

normal variables cannot be calculated (Berteussen, 1972), we do not known 

the theoretical distribution for this detector in noise and cannot establish 

a detectability measure equal to (3.24). This explains the above definition 

of SNR since a running standard deviation estimate for the detector output 

in noise is not usually calculated for an on-line detector. However, in 

off-line analysis denoting the standard deviation estimate of the detector 
~ 

output in noise by ar,noise 

L N-1 
l wt(n) l Jyt(n-i)j-L 

t=l i=o 

n.. = max 'Or noise -i. n ' 
(3.29) 
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Essentially two different methods are used to compare the detectors. 

If thresholds can be established giving equal false alarm rates and the 

detectors have stationary output in noise, the number of signals detected 

by each can be counted and compared. The other method is more indirect and 

consists of comparing the detectability of the detectors on signals detected 

by both. This however requires the detectors to have equal statistical dis

tributions for noise input. Note that it is not possible to do any theoretical 

comparison due to lack of theoretical knowledge about the STA detector's 

statistical behavior. We have assumed that the weighting gives stationary 

detector output in noise, but the answer to this and the performance 

comparisons will be answered from data analysis in chapter 6. First, 

however, we will digress to say more about digital filtering and the 

statistical properties of the complex noise field. 
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4. DIGITAL FILTERING 

Different filters will generally be present in seismic detection systems. The 

seismometer itself acts as a filter, with a characteristic response, and 

the seismometer output is analog lowpass filtered before sampling to avoid 

aliasing (see Fig. 4.1). The digital filter used together with STA-calculation, 

Hilbert transforming, beamforming, etc., in the detection process will have as 

aim to enhance the signal-to-noise ratio (SNR). This is possible because the 

signal and noise spectra will differ from each other. It is known from the 

literature (Helstrom) that a noise prewhitening filter in cascade with a 

signal matching filter maximizes SNR when the signal and noise spectra are 

known. The matching filter has a response identical to the 'whitened' signal 

spectrum. Unfortunately, it is a well known fact for NORSAR and other seismic 

arrays that the noise spectrum is not stationary, and signal spectra may vary 

considerably from one event to another. Thus practical experiments with 

different signal and noise conditions must be carried out to find the best 

choice. 

(o l 

Sen511tv1ty 
5C•OI- mV/nm 

200•-

100J--~~~~~~+-~----:r--~--'l----i 

50 

20 

1or--~~~~---J'--+-~~~~~~-1.-

5 

2 

02 0·5 l·O 2 

"' 
' Garbled by 
, sampil"Q 

" ,. 
Frequency 

5 f6-~ 

Fig. 4.1 Short period system response. The Nyquist frequency is 10 Hz. 
The lAOO, 2BOO, 2COO and 4COO seismometers use nonstandard 
8.0 Hz analog lowpass filters, while the 2B01 and 3COO seismometers 
use standard 4.75 Hz lowpass filters. 
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Bandpass filters have been found to on average give highest detectability 

(IBM Seismic Array Design Handbook). In DP a third order Butterworth filter 

with passband 1.2-3.2 Hz and 1.6-3.6 Hz are used for the coherent and inco

herent detector, respectively, so we will use the 1.6-3.6 Hz band in the bulk 

of the experiments. It is known that the signal coherency across the sensors 

decreases with increasing frequency, while SNR on a single trace increases 

with increasing frequency. Since signal coherency is not critical in incoherent 

beamforming, the passband is moved upwards to take advantage of higher single 

trace SNR. 

The imaginary part of the trace has been generated by convolving the real part 

with a Hilbert transformer. To calculate the filter coefficients, a program 

made by McClellan, Parks and Rabiner (1973) has been used. The program cal

culates coefficients for linear phase finite impulse response (FIR) filters, 

and is based on Chebyshev approximation which is optimum in the sense that 

it minimizes the maximum error in the specified bands. It is capable of de

signing many types of FIR filters, therefore the bandpass filter coefficients 

have been calculated by the same program. The part of the detector algorithm 

which is treated in this chapter is illustrated by Fig. 4.2, and the main part 

is devoted to how to do the filtering as fast as possible. The STA-type envelope 

was described in Chapter 3, so only the bandpass filtering has sense for the 

detector based on STA-envelopes. 

Hilbert y(n) y(n)2 
transformer squarer 

bandpass I y (n) ~ ~(n~2=y(n)2+V(n)2 
filter 

y(n) J squarer I 

z(n)=y(n)+jy(n) 

Fig. 4.2 Block diagram of the system that transforms an unfiltered input 
sequence into its filtered square envelope sequence. 

7 
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4.1 The discrete Hilbert transformer, and discrete representation of the 

real and imaginary bandpass filtered data trace 

The Hilbert transformer for discrete data sequences is defined to have the same 

values in the frequency domain as in the continuous case (see Appendix A): 

-j 0 < (I) ~ 1T 
00 

H(ejW) = 0 (I)= 0 H(ejw) = l h(n) e-jwn (4.1) 
n=-oo 

j -ir < (I) < 0 

w = digital angle frequency = 2irfT. 

If we denote by '(n) the convolution between the Hilbert transformer and a 

bandpass filtered sequence y(n), the representation 

00 

z(n)=y(n)+jy(n)•y(n)+j l h(k)y(n-k) 
k=-oo 

will due to the discrete convolution theorem have the following frequency 

properties: 

{ 

2Y(ejw) 

Z(ejW) a :(ejW) 

0(W(1T 
00 

(I)"' 0 Y(ejW) = l y(n) e-jwn (4.2) 

-ir<w<O n=-oo 

With those properties, the results presented in Appendix A also apply in the 

discrete case. Thus if the bandpass filter pass frequencies in the band 

w0 to w0 + w1, a general expression for y(n) is given by 

y(n) = r(n) cos(w0 n + ~(n)) (4.3) 

and for y(n) 

y(n) = r(n) sin(w0 n+ ~(n)) (4.4) 

where r(n) ej~(n) is a lowpass signal. 
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We see that the Hilbert transformer gives a natural extension into the complex 

domain, since 

z(n) = y(n) + j"'( ) j(w0 n+$(n)) Y n = r(n) e 

The square envelope and instantaneous phase can be calculated as 

r(n)2 y(n)2 + y(n)2 

won+<l>(n) = tg-1 y(n) 
y(n) 

w0n+~(n) E (-n,nl 

4.2 Linear phas~ FIR filters designed with Chebyshev approximation 

(4.5) 

(4.6) 

Because of the discontinuity at w = 0, the ideal Hilbert transformer is an 

unrealizable filter. Likewise from Appendix A the discrete Hilbert transformer 

(DHT) is not suited for block filtering of infinite data sequences. Thus, 

both the bandpass filter and Hilbert transformer must have frequency responses 

which are approximations to an ideal response. The Hilbert transformer will 

have transition bands around w = 0 and w = n. If the lower and upper transition 

widths of the Hilbert transformer are set equal, and equal to the shortest 

stopband width of the bandpass filter, the approximation will still have the 

same effect as a full band Hilbert transformer. This is possible with the design 

technique used in this thesis. In addition, depending on the width and location 

of the passband of the bandpass filter, it is possible to design transformers 

requiring very few mulitiplications per · input sample. It is due both to an 

inverse proportionality relation between transition width and filter length 

for fixed maximum deviation from the ideal response (Rabiner & Schafer, 1974), 

and other properties which will be demonstrated. 

The impulse response coefficients h(n) for FIR linear phase filters satisfy 

the following symmetry condition 

h(n) = ± h(N-1-n) n = O, ••• ,N-1 (4.7) 
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where N is the filter length. Bandpass filters have equal symmetry since 

a real ideal frequency response is approximated, and a pure imaginary ideal 

frequency response gives odd symmetry Hilbert transformers. From a computa

tional point of view the symmetry property is valuable since it reduces the 

number of multiplications in time domain filtering with one half. The linear 

phase property implies no signal distortion, and exactly known delay for the 

filter output. The finite impulse response length further implies stability 

and the option for frequency domain filtering without introducing aliasing 

effects. In addition, efficient algorithms are available to design these filters 

with very good frequency response characteristics. 

These properties also make them interesting from a seismological viewpoint. An 

exactly known filter output delay will eliminate one of the uncertainties in the 

process of determining precise signal arrival times across the array. This is a 

very important task for off-line source localization. Parameters as dominant 

period, velocity, etc. are best determined with an undistorted waveform, and a 

good fit to an ideal frequency response give better control over the frequency 

content in the filtered waveform. 

The method of Chebyshev approximation for linear phase FIR filters is explained 

in Appendix B. Here we will demonstrate it on Hilbert transformer design and 

show that every other filter coefficient can be designed equal to zero. 

Only odd length transformers are considered, since the calculation of the 

square envelope requires the output sequence to be delayed an integer number 

of samples. For NH = 2MIP-l the Hilbert transformer frequency response can be 

expressed as (h(MH) = 0): 

jw N~-1 -jwn 
H(e ) = L h(n)e 

n=o 

-jMHw Mfl -jw(n-MH) -jw(M~n) 
[ h(n)(e -e )] = e 

n•O 

-jMHw MR 
= je L a(n) sin(wn) 

n=l 
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-jMH'l 
= je G(w) (4 .a> 

a(n) = 2h(Mirn) n=l, ••• ,MH (4 .9) 

Assume G(w) = G(n-w). Then 

MR MH 
l a(n)sin(wn) - l a(n)sin[(n-w)n] = 

n=l n=l 

MH 
l a(n)sin(wn)[l+(-l)n] = O (4.10) 

n=l 

This implies a(n) = O, n=2,4, ••• , and 

{

n= 
h(n) = 0 n = 

0,2, ••• ,Nirl Mn even 
(4.11) 

1,3, ••• ,Nir2 MH odd 

For MH even, the actual filter length will be N-2, so these lengths are not 

considered further. 

It is possible to compute Chebychev approximations with the property that 

G(w) = G(n-w). If the lower passband frequency is wL, choose the upper Wu 

to be n-wL, and minimize 

maxjD(w)-G(w)j (4.12) 

where w E [wL, n-wL] and D(w)= -1. 

Then G(w) = G(n-w). Observe that due to the sine functions, G(O) = G(n), and 

G(w) = -G(-w). If G(w) * G(n-w), both G(w) and G(n-w) would satisfy the condition 

for optimality, since Wu = n-wL, contradicting the uniqueness of the optimum 

approximation (Appendix B). 

Thus with NH and MN odd integers, and wu=n-wL, the number of multiplications 

are reduced with one more half for the Hilbert transformer. 
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4.3 Implementation of bandpass filtering and Hilbert transformation 

The bandpass filtering (BP) and Hilbert transformation (HT) are a time-cnnsuming 

part of the square envelope detector algorithm, but also a part where it is 

possible to use different algorithms in order to reduce the amount of compu

tation. It is important to investigate how long these reductions can be carried 

out, both for off-line CPU economy and in later valuation of the square envelope 

detector's usefulness in real time processing. Therefore three different manners 

of performing BF/HT have been compared with regard to the number of floating 

point multiplications and additions involved, and locations needed for the 

filter coefficients. Further, an attempt was made to find a fast FFT algorithm 

for the cases where frequency domain filtering was applied. 

!±.·l·.!._T_!_m~ ~oma_!_n_BF/HT_ 

The most straightforward method is time domain BF/HT. Denoting b(k) and h(k) 

the impulse response coefficients of the bandpass filter and Hilbert transformer 

respectively, the expression for the BF are (NB = 2MB+l) 

NB-1 MB-1 
y(n) = L b(k)x(n-k) = l b(k)x(n-k) 

k=o k=o 

MB-1 
+ b(MB)x(n-MB) + l b(2MB-k)x(n-2MB+k) 

k=o 

MB-1 
= l b(k)[x(n-k)+x(n-2MB+k)]+b(MB)x(n-MB) 

k=o 

NB-1 NB+l NB-1 NB-3 

(4.13) 

This gives -- + 1 = -- multiplications, and -- + -- +l = NB-1 additions 
2 2 2 2 

per sample. 

For the HT, we have 

MH-1 
y(n) = l 

k=o,2, ••• 
h(k)[y(n-k)-y(n-2M1f+k)] 

NH+l Nff+l Nff+l NH-1 

(4.14) 

which gives __ multiplications, and __ + __ -1 = __ additions per sample. 
4 4 4 2 
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The required 
NB+l 

number of real storage locations for the filter coefficients are 

~~ for the bandpass filter, and 
2 

!!_·l·~_FFT_alg~rithm~ 

Nwl 
~~ for the Hilbert transformer. 

4 

The remaining methods apply frequency domain filtering, thus the speed of these 

methods will depend on the speed of the FFT used in the forward and inverse 

Discrete Fourier Transform (DFT) calculations. The fastest software FFT found 

in the literature for N a power of 2 and complex input sequences, was Bergland 

and Dolan's base 8-4-2 routine FFT842 (Programs for Digital Signal Processing, 

IEEE Press). 

The FFT842 performs as many base 8 iterations as possible, and then performs 

one base 4 or base 2 iteration, if necessary. From Bergland (1968) this FFT is 

probably the best choice when N is a power of 2, since the computations are 

nearly minimized while the DFT is still relatively easy to compute. The complex 

input option makes it possible to combine two real data sequences into one, 

thereby saving computations. 

From Bergland again, the base 8-4-2 algorithm requires 4(Nm/3-(N-l)) real multi

plications, and 2(11/8 Nm - (N-1)) real additions when N = 5m/3 = 2m, m=3,6,9 ••• 

and the cosine, sine calculations not accounted for. For N equal to other 

integral powers of 2, the formulas are good approximations. The base 8 FFT are 

explained in Appendix B. 

Before the FFT842 was known, two base 4-2 FFT's were programmed. The bit 

reversing was avoided by letting the inverse FFT routine have bit reversed 

input with normal ordered output. Further stored values of the complex ex

ponentials were used with the number of storage locations reduced to N/2, 

utilizing the symmetries in cos(x) and sin(x). We have sin(2n/N)kn = 
cos(2n/N)(kn-N/4), cos-(2n/N)kn = cos(2n/N)kn, and cos(2n/N)(kn+N/2) 

-cos(2n/N)kn. The two routines were compared in speed with the FFT842 on 

a PDP 11/34 computer, to see the effect of avoiding bit reversing and complex 

exponential computation. The mean elapsed CPU time in seconds for one DFT 
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and inverse DFT computation is presented in Table 4.1. It can be seen that 

the percentage gain for FFT42/ IFFT42 decreases for increasing N, due to the 

increased number of base 8 computations in FFT842. For N = 2048 FFT842 is 

faster. It will generally depend on both storage capacity of the computer, how 

time critical the computations are, and N which choice will be preferable. 

N FFT842 

4 0.01 
8 0.02 

16 0.03 
32 0.06 
64 0.13 

128 0.28 
256 0.60 
512 1.30 

1024 2.86 
2048 6.04 

FFT42 
IFFT42 

o.oo 
o.oo 
0.01 
0.04 
0.10 
0.24 
0.55 
1.24 
2.80 
6.18 

TABLE 4.1 

% GAIN 

66.7 
33.3 
23.1 
14.3 
8.3 
4.6 
2.1 

-2.3 

Mean elapsed CPU time in seconds for one DFT and inverse DFT computation. 

If the sequence to be multiplied by in frequency domain has real impulse re

sponse, the storage space for this sequence can be reduced utilizing symmetries 

in the frequency response. But this implies a more complicated array indexing 

in the frequency domain filtering routine for the FFT42/IFFT42 combination, 

thereby slowing down the computation compared to when FFT842 is used. Due to 

this, the extra data storage requirement for the FFT42/IFFT42 combination, 

and the relatively small time differences for n ) 128, the FFT842 was preferred. 

The program storage was found to be approximately equal. All three routines 

are listed in Appendix E. 
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~·l·l ~ixe~ ~ode_B!/HT_ 

We call frequency domain BF/time domain HT mixed mode BF/HT. Time domain 

BF/frequency domain HT have not been considered, since shorter filter lengths 

and fewer multiplications are needed for time domain HT than time domain BF. 

Let two real sequences x1(k) and x2(k) be represented as one complex: 

x(k) = x1(k)+jx2(k). If NB and B(k) are the bandpass filter length and frequency 

response, respectively, N = 2m, and N-NB+l the block length of the data samples, 

the frequency domain BF can be performed according to the following expressions 

(nulls are inserted in x1(n) and xz(n) from N-NB+l to N-1). 

N-1 
X(k) = 1 (x1 (n)+jx2 (n))W~n = x1(k)+JX2(k) k = 0,1, ••• N-l 

n=o 

N-1 
y(n) = Y1(n)+jyz(n) = 1 lx1 (k)S(k)wNkn+jx2(k)S(k)w;knt 

k=o 
(4.15) 

N-1 
= l X(k)S(k)WNkn n=O,l, ••• ,N-1 

k=o 

where 
N-1 -j(21T/N) 

~ = e , B(k) L b(k)WNkn, S(k) = B(k)/N, and b(n) = 0 
n=O 

for n = NB, ••• ,N-1. Since the filtered output sequences Y1(k) and yz(k) 

are real, two FFT computations will suffice for the BF of the input sequences. 

This gives 8(1/3 Nm-(N-1))+4N multiplications, and 4(11/8 Nm-(N-1))+2N additions 

for one block BF. Per sample the number of multiplications are [4(1/3 Nm-(N-1)) 

+2N]/[N-NB+l], and additions [2(11/8 Nm-(N-l))+NJ/[N-NB+l]. The filter co

efficients b(n) are real. Thus the frequency response B(k) has the property 

B(k) = B*(N-k), k = O, ••• ,N, B(O) = B(N), and the storage requirement for the 

B(k)'s is N locations. 
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~·l·~ _Fre1_U~Il£.Y_dom~in BF.LHT 

When frequency domain BF/HT are used, an unfiltered input sequence x(n) can 

directly be transformed to a filtered complex sequency y(n)+jy(n). Expressed 

mathematically 

1 N-1 1 N-1 
y(n)+,JY'(n) = - l X(k)B(k)WN-kn+j- l X(k)B(k)H(k)WN-kn 

N k=O N k=O 

1 N-1 
= - l X(k)B(k)[l+jH(k)jwN-kn 

N k=O 

1 N-1 
= - l X(k)U(k)WN-kn 

N k=O 
n=O, ••• ,N-1 

N-1 N-1 
where U(k) = B(k)[l+jH(k)], H(k) = 1 h(k)WNkn, X(k) = l x(n)wNkn 

n=O n=O 
x(n)=O for n=N-N~NB+2, ••• ,N-l, and h(n)=O for n=N-NiP-1, ••• ,N-l. 

(4.16) 

Due to the term l+jH(k), it is not sufficient with two FFT computations when 

two real sequences are combined into one complex. Let Y1(n) and Y2(n) in 

(4.14) be replaced with Y1(n)+jy1(n) and Y2(n)+jy2(n). Then 

[y1(n)+Jy1(n)J+j[yz(n)+jyz(n)] = [y1(n)-y2(n)]+j[y1(n)-+yz(n)] 

and there are no means to distinguish the two sequences. But they can 

be commonly transformed to frequency domain, and separated there. 

Let X1(k) = X1e(k)+jX10 (k) and Xz(k) = Xze(k)+jXz0 (k), where Xie(k) and 

Xi 0 (k), i=l,2, are the even and odd DFT parts of x1(n) and x2(n). Then 

X(k) = X1(k)+jX2(k) = (X1e(k)-X20 (k)j + j(X10 (k)+Xze(k)] 

and by utilizing the symmetry properties of X1(k) and X2(k) 
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X1(k) tlX(k)+X*(N-k)j k=O, ••• ,N-1 

= t((X1e(k)-Xz0 (k)+X1e(N-k)-Xz0 (N-k)j 

+ j(X10 (k)+Xze(k)-X10 (N-k)-Xze(N-k)j (4.17) 

= X1e(k)+jX1o(k) 

Xz(k) = -j/2lX(k)-X*(N-k)) k=O, ••• ,N-1 

= -j/2[-2Xz0 (k)+j2Xze(k)J = Xze(k)+jX20 (k) (4.18) 

For frequency domain BF/HT, this gives 12(Nm/3-(N-1))+8N multiplications, and 

6(11/8 Nm-(N-1))+6N additions per block. Per sample the number of multiplications 

are [6(Nm/3-(N-1))+4NJ/ (N-NB-Nn-f-2), and additions 3[11/8Nm-(N-l)+N]/(N-NB-Nn-f-2] 

The term l+jH(k) also destroys any symmetry in the bandpassfilter Hilbert 

transformer frequency response [l+jH(k)]B(k), so the storage requirements are 

2N locations for the coefficients of this frequency response. 

i·l·~ _C~.E_a!_i_!on betwee!!_ !_i!!!_e_domain,_mixed_]llod~ and freque!!_c.I_ ~o~a.!_n_B.!/!!T_ 

In Table 4.3 the multiplications and additions per sample for the three methods 

are presented for four different bandpass filter lengths, and twelve different 

Hilbert transformer lengths, averaging over N=256, 512 and 1024. The least in

tegers greater than or equal to the real numbers are substituted. The unknown 

number of multiplications and additions included in the wNkn computations in 

the FFT842 were not accounted for in Tables 4.2 and 4.3, so actually there 

will be a few more multiplications and additions per sample for mixed mode and 

frequency domain BF/HT. The computation errors due to finite register length 

of the computers were not considered either. On the PDP 11/34 with 32 bits 

floating point arithmetic, the errors were maximum around lo-4 for N = 1024. 

This is very little compared to the seismic noise. 
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It is apparent from Table 4.3 that the multiplication and addition savings 

increase with increasing NB for mixed mode and frequency domain BF/HT, compared 

to time domain BF/HT, due to the logarithmic effect of the FFT. Only for NB=21 

are the computation efforts about equal. 

Multiplications Additions per Storage 
N=2!!!. per sample sample Requirement 

Time domain 2NB+NH+3 2NB+NH-3 2NB+NH+3 
BF/HT 

4 2 --4 

1'.lixed mode (4/3 Nm-2N+4]/ [ 11/ 4 Nm-N+2] I 4N+Nwl 
BF/HT NH+l NH-1 --4 

(N-NB+l]+ -- [N-NB+l]+ --
4 2 

Frequency (2N(m-1)+6]/ [33/8 Nm+3]/ ZN 
domain 
BF/NT [N-NB-NW-2] (N-NB-NW-2] 

TABLE 4.2 

For the same reason, the multiplication and addition increase for increasing 

NH is slower for frequency domain BF/HT than mixed mode BF/HT. Thus for 

large NH frequency domain BF/HT is faster than mixed mode BF/HT. From Table 

4.2 time domain BF/HT needs fewer filter coefficient locations than mixed mode 

BF/HT, which again needs fewer than frequency domain BF/HT. The storage require

ment of the two latter depends on N, which is not the case with the former, 

thus the difference increases with incresing N. 

The advantages of time domain BF/HT are little program and data space require

ments and ease of progrannning. The other two methods require considerably 

more space and more complex algorithms, but the profit in computation is con

siderable for longer filter lengths. In addition, hardware FFT's on VLSI chips 
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Bandpass Hilbert Multiplications per sample Additions per sample 
filter transformer time mixed frequency time mixed frequency 
length length domain mode domain domain mode domain 

NB NH BF/HT BF/HT BF/HT BF/HT BF/HT BF/HT 

7 13 13 17 23 28 40 
11 14 14 18 25 30 40 
15 15 15 18 27 32 41 
19 16 16 18 29 34 41 
23 17 17 18 31 36 41 

21 27 18 18 18 33 38 42 
31 19 19 18 35 40 42 
35 20 20 19 37 42 43 
39 21 21 19 39 44 43 
43 22 22 19 41 46 44 
47 23 23 19 43 48 44 
51 24 24 20 45 50 45 

7 23 13 18 43 30 42 
11 24 14 18 45 32 42 
15 25 15 19 47 34 43 
19 26 16 19 49 36 43 
23 27 17 19 51 38 44 

41 27 28 18 19 53 40 44 
31 29 19 20 55 42 45 
35 30 20 20 57 44 45 
39 31 21 20 59 46 46 
43 32 22 20 61 48 46 
47 33 23 20 63 50 47 
51 34 24 21 65 52 48 
7 33 14 19 63 31 44 

11 34 15 20 65 33 45 
15 35 16 20 67 35 45 
19 36 17 20 69 37 46 
23 37 18 20 71 39 46 

61 27 38 19 20 73 41 47 
31 39 20 21 75 43 48 
35 40 21 21 77 45 48 
39 41 22 21 79 47 49 
43 42 23 22 81 49 49 
47 43 24 22 83 51 50 
51 44 25 22 85 53 51 

7 43 15 20 83 33 47 
11 44 16 21 85 35 48 
15 45 17 21 87 37 48 
19 46 18 21 89 39 49 
23 47 19 22 91 41 49 

81 27 48 20 22 93 43 50 
31 49 21 22 95 45 51 
35 50 22 22 97 47 52 
39 51 23 23 99 49 52 
43 52 24 23 101 51 53 
47 53 25 24 103 53 54 
51 54 26 105 55 

TABLE 4.3 
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are available making it possible to do extremely fast frequency domain filtering. 

In the experiments NB=61 were chosen, and for the 1.6-3.6 Hz band passband 

cutoff frequencies were set at 1.7 and 3.5 Hz to match with cutoff frequencies 

in recursive design, and transition widths were set equal to 0.7 Hz. With a 

stopband/passband weighting ratio of 10/1, this gives -49 dB max. deviation in 

the stopband and -29 dB in the passband. The max. deviation for the Hilbert 

transformer is -26 dB with NH = 15 and cutoff frequencies at 1.0 and 9.0 Hz. 

Mixed mode BF/HT have been applied, since from Table 4.3 this method needs 

less storage space and is faster than frequency domain BF/HT for moderate and 

short length Hilbert transformers. In the current detection system running at 

NORSAR, the bandpass filter algorithm is implemented in microcode, and a third 

order recursive Butterworth filter is employed in time domain requiring 10 

multiplications per sample (IBM Seismic Array Design Handbook). On the new 

system this extra microcode option is not available, so frequency domain BF 

with FIR linear phase Chebyshev approximation filters could be a possible 

alternative to time domain Butterworth filtering, both due to about comparable 

computer load (Table 4.3) and the possibilities for 'better' filtering. If 

Hilbert transforming were added, a third order Butterworth filter has longer 

transition widths than the above-mentioned 61 length bandpass filter, so shorter 

transition widths and more filter coefficients would be needed for the Hilbert 

transformer in combination with the Butterworth filter than in combination 

with the FIR filter. 

4.4 Square envelope calculation 

NH-1 
The output from the Hilbert transformer is delayed by MH =~~samples, so the 

2 
complex samples must be calculated from 

z(n) = y(n) + jy(n+MH) 

and the square envelopes 

r(n) 2 = y(n) 2 +y(n+MH) 2 = z(n)z*(n) = jz(n)j 2 

The sample rate of r(n)2 can be reduced without introducing aliasing due to 

its lower frequency content. If y(n) is bandlimited to [w0 ,w0 -f'fi.l1J, then 

(4.19) 

(4.20) 
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N-1 
= 2jY(ejw)j, w E lwo,wo+w1J 

jz(ejw)j = I l z(n)e-jwnj (4.21) 
n=o 

= 0 elsewhere in [-ir,TI] 

Since w(n)=z*(n) implies W(ejW) = Z*(e-jW), 

N-1 TI 
Rs(ejw) = l r(n) 2e-jwn = .!__ J Z(ej 8 )Z*(ej(S-w) dS 

n=o 2TI_TI 

= .!__ 
wJ+wl 

2TI w 
0 

Z(ejS)z*(ej(S-w) dS (4.22) 

* O when w E [-w1,w1] 

= 0 elsewhere in [-TI,Tij 

Thus r(n)2 will have equal passband width to the bandpass filter shifted 

down in frequency w0 • w1 is about 2.5 Hz with the bandpass filter mentioned 

in 4.3.5. From Steinert et al (1975) the main lobe of the frequency response 

for the STA-operator is down 20 dB at O.S Hz, so this explains the higher 

detector variability of the square envelope detector than the STA-detector. 

If T is the original sample interval, and it is assumed that x(n) have been 

sampled at high enough rate, i.e., at least twice the highest cutoff frequency 

of the analogous lowpass filter, w1 = n1T<TI. Then the new sample interval 

T' can be chosen: 

TI TI 1 
n1 T' = TI T' = - = -- = --

Ql 2nf1 2f1 

w1 
f = ---
1 2TIT 

(4.23) 
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Since FIR Chebyshev approximation filters have ripples in both passband and 

stopband, and the designer has precise control over the transition widths, they 

can be chosen small, and depending on the bandpass width, the sample rate can 

be considerably reduced. Small transition widths will imply longer filter lengths, 

but from Table 4.3 that disadvantage is eliminated by using fast FFT-algorithms 

and frequency domain filtering. In the detection experiments 5 Hz beamforming 

sample rate has been used for both methods. 
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5. NOISE PROPERTIES 

The recordings to be processed by a seismic detector include noise of many 

types. Depending on source, it can be divided into different categories. The 

so-called cultural noise is generated by traffic, machinary, local wind and so 

on. It has its major effect for frequencies greater than 1 Hz, and since it is 

mostly manmade it is expected to show diurnal variations. Fig. 5.1, taken 

from Ringdal and Bungum (1977) shows this variability. It can be seen that the 

short period noise level is higher during the day than night, and also higher 

during workdays than holidays. Noise reductions are achieved by moving the 

recording sites from industrial areas and burying the seismometers a few meters 

below the surface. Rayleigh waves generated by ocean surfs are called microseisms. 

The dominant energy is around 3-10 seconds period and thus outside the peak 

responses for the short periodic seismometers (Fig. 4.1). Ringdal and Bungum 

have found that this noise shows strong seasonal trends with higher levels 

during winter than summer. System noise comes from seismometer amplifiers, 

transmission lines, etc., and is many dB lower than the seismic noise. 

1.0. 
2 

....... 
- ····-- 12-32 Hr 

--- ,.,.-~ . .,. n .i; 
«I 

-- 16-3.2 Hr 0 I 
0 .5 ........ 

_, 
w 
> 

0 tfl r\ w 
w _, 
UJ 0 
V> 

5 ' ,..,_. ·.;.;J 1:-\/ \\,., z 
w -0.5 > -1 

~ _, 
UJ 

-1 .0 Ill: 

0 8 16 24 -2 
1 2 3 

TIME OF DAY (GMT) 
4 5 6 7 

DAY OF WEEK 

Fig. 5.1 Diurnal variations of short period noise level by time of day and 
day of week. 
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As mentioned the signal frequency also increases with decreasing earthquake 

magnitude (Fig. 1.2), and there will always be weak signals from small earth

quakes completely unidentifiable from the noise. 

In this chapter some properties assumed about the complex noise field in 

chapter 3 and appendix C are tested. The question about normality has also 

been examined. Table 5.1 describes the noise samples used in the experiments. 

They were selected from time intervals without detections and plotted to ensure 

that no spikes or signals were present. The noise can be assumed stationary 

and ergodic for the interval considered. 

1 

2 

3 

4 

s 
6 

7 

8 

Date and Start Time SamEle Length 

4/11/79 

4/11/79 

S/08/79 

S/08/79 

13/05/81 

13/05/81 

11/02/81 

11/02/81 

02.16.00 

13.04.00 

03.42.00 

15.42.00 

03.25.00 

11.10.00 

00.10.00 

14.16.00 

4700 

4700 

4700 

4700 

4700 

4700 

4700 

4700 

Table 5.1 

Selected noise samples. 

Channels 

6 

6 

6 

6 

6 

6 

6 

6 

It must be mentioned that the noise could have been modelled differently. 

Tj~stheim (1975) has found that the unfiltered short periodic noise in most 

cases can be satisfactorily represented by a time-varying third order auto

regressive model, i.e., 

y(n) - a1(n)y(n-l) - a2(n)y(n-2) - a3(n)y(n-3) = z(n) (5.1) 

where z(n) is a white noise process. This model acts as a prediction error 

filter, as the residual z(n) will deviate from the expected behavior when 

a signal is present. The method has been tried (Gj~ystdal & Husebye, 1974), 
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but found to give lower SNR than bandpass filtering. However, it is 

excellent for estimating noise characteristics such as power spectral 

density. 

5.1 Properties following from the Hilbert transformer 

The most important results in this section are that the output sequence from 

the Hilbert transformer has autocorrelation similar to the input sequence, and 

that corresponding real and imaginary samples are uncorrelated. From chapter 

3 the real noise field has zero mean, and since the expectation is a linear 

operator the same will be true for the imaginary part. 

Using (4.8), we get for a sequence being Hilbert transformed twice 

1 N-1 
'(n) = - l H(k)H(k)Y(k)WNkn 

N k=O 

1 N-:1 2MHk 
= N ~ -WN G(k)2Y(k)w-kn 

k=O N 

At those k's where Y(k) is not approximately zero, G(k) ~ ± 1, hence 

1 N-1 2MHk 
J(n) ~ - l -WN Y(k)wNkn = -y(n-2MH) 

N k=O 

(5.2) 

(5.3) 

Thus J(n) is approximately equal to -y(n), delayed 2Mi! samples. Further the 

cross covariance between input and output is the Hilbert transform of the 

autocovariance of the input sequence. Let v(n) = y(n+MH), µy = E[y(O)j = O, 

µv = E[v(n)j = O. Then 
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Yyv(m) = E[(y(n)-µy)(v(n+m)-µv) J = E[y(n)v(n+m)] 

NJi-1 NH-1 
E(y(n) l h(k)y(n+M~-k)J = l h(k)Yyy(M~-k) 

k=O k=O 

= Yyy(M~) 

Due to the antisymmetry of the Hilbert transformer, the following property 

for the cross covariance is valid 

Yyv(-m) 
NH-1 NH-1 
l ' h(k)yyy(MH-ID-k) 

k=O 
l h(khyy(m+k-MH) 

k=O 

NH-1 
= l h(2MH-i)Yyy(m+MH-i) = 

i=O 

NH-1 
l h(i)Yyy(m+MH-i) 

i=O 

(5.4) 

= -Yyv(m) (5.5) 

From (5.5) y(n) and v(n) are uncorrelated at the same time instant, since 

Yyv(O) = -Yyv(O) = O. Since a 1.6-3.6 Hz band is used, the complex noise 

samples from the different sensors are therefore spatially uncorrelated. 

Now, utilizing (5.3), (5.4), (5.5), the fact that Yyv(m) = Yvy(-m), and 

E[x(n)(-x(n+m))j = -E[x(n)x(n+m)], 

,., 
Yvv(m) = YV"V(m) ~ -Yvy(m-MH) = Yvy(MH-m) = Yyv(m-MH) 

= ryy<m> (5.6) 

We see that the Hilbert transforms of the autocovariances of the imaginary and 

real sequences are approximately equal. Hence the autocovariances themselves 

and particularly the variances are approximately equal. This property is not 

difficult to imagine, because the Hilbert transformer only shifts the phase 

on each frequency component -(n/2). 
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Fig. 5.2 shows autocorrelation estimates of the real and imaginary samples 

from the first channel and time in table 5.1. As can be seen the curves 

are almost indistinguishable and show a decaying sinusoidal shape. From 

ca. lag 30 the fluctuations are more or less constant. Assuming zero cor

relation at this lag and calculating the standard deviation for larger lags 

(large lag standard error), the curves are within twice this value from 

lag 30. The same was seen from autocorelation listings of the other samples, 

thus the correlation length for the filtered noise samples was set to 1.5 

seconds. 

t.o 

o.s 

0 

-o.~ 

-1.o 

Fig. 5.2 Autocorrelation estimates of the real and imaginary part of the 
noise samples from sensor lAOO, starting at 4/11/79 02.16.00. 'nte 
horizontal lines at each side of the time axis indicate ± 2 large 
lag standard error. 
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5.2 The probability density of noise 

In chapter 3 Gaussian distributed noise samples were assumed in the derivation 

of the square envelope detectora If the real samples are Gaussian, the imaginary 

samples will also be Gaussian since the Hilbert transformer is a linear operator 

(Van Trees, chapter 3.3.3). To check the Gaussian assumption, the data were 

therefore resampled at 2/3 Hz rate to get uncorrelated samples, and then tested 

with two different tests, the Kolmogorov-Smirnov test and the skewness test. 

Let {y(i)} be a resampled sequence, and denote by {y1 } this sequence sorted in 

nondecreasing order. Then the empiric cumulative distribution function of y(i) 

is equal to 

0 Y < Yl 
i 

FM(y) = 

' M 
Yt( Y < Yt+l i=l, ••• ,M (5. 7) 

1 YM ( Y 

If F(y) is the cumulative distribution function for the known distribution to 

test against, in the Kolmogorov-Smirnov test the two alternatives are 

Ho : F(y) = FM(y) for all y 

H1 : F(y) * FM(y) for at least one y (5.8) 

and Ho is rejected if D ) k, where 

D = sup/FM(Yt) - F(yi)/ (5.9) 
Yi 

and k the critical value chosen to given the test the desired significance level. 

Since F(y) in this case is a normal cumulative distribution function, it depends 

on the parameters µ and a2. As a2 is unknown, estimated values must be used. 

Then the standard tables will not give correct values. The mean and variance 

were therefore estimated from each of the resampled sequences, using 
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Probability histogram of the real part of the noise samples 
from sensor lAOO, starting at 4/11/79 02.16.QO. The samples have 
been scaled by 10, and the numbers are frequency values and pocket 
limits. 

1 M 
y = - l 

M i=l 
y(i) and -a2 = 

1 M 
l (y(i)-y)2 

M-1 i=l 

and substituted as parameters in F(y) to be able to use simulated values from 

Lilliefors (1967). 
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Se is- 04/11/79 --~- 04/11/79 05/08/79 05/08/79 
mometer 02.16.00 13.04.00 03.42.00 15.42.00 

K-S Skewness K-S Skewness K-S Skewness K-S Skewness 
Test Test Test Test Test Test Test Test 

lAOO R 0.043 0.003 0.095* 0.581* 0.040 0.111 0.047 0.118 
I 0.064 0.094 0.041 -0.165 0.064 0.218 0.046 0.105 

!BOO R 0.045 0.236 0.048 0.334 0.031 -0.110 0.048 -0.181 
I 0.067 o.940* o.048 -0.044 0.054 -0.144 0.044 -0.139 

2BOO R 0.046 0.001 0.081* 0.014 0.066 0.091 0.062 0.587* 
I 0.060 1.024* 0.058 -0.235 0.046 -0.193 0.056 -0.006 

2COO R 0.045 0.044 0.039 0.112 0.044 0.068 0.047 0.265 
I 0.080* 1.823* 0.048 -0.341 0.072* -0.256 0.062 -0.197 

3COO R 0.042 0.246 0.043 0.180 0.053 0.234 0.072* -0.508* 
I 0.054 -0.138 0.061 -0.024 0.067 0.266 0.059 -0.259 

4COO R 0.031 0.124 o.o4o 0.041 0.041 0.332 0.051 -0.076 
I 0.044 0.093 o.099* 0.523* 0.085* o.754* 0.039 -0.226 

Averas_e 0.051 0.297 o.058 -0.024 0.055 0.168 0.053 -0.022 

0.886 0.805 
K-S : a=0.05 k = = 0.011, a=0.10 k= = 0.064 

m IM 

Skewness: a= 0.05 k=±~ uo.02s =±0.383, a=0.10 k =±A uo. OS =±0. 322 

Table 5.2 

The amount of skewness in a population is given by the average of (x-µ)3, divided 

by o3 to get a measure independent of scale. Since a normal distribution is 

symmetric about its mean, it will have a skewness equal to zero. The coefficient 

of skewness was estimated by (Snedecor & Cochran, 3.13) 

1 M 
lbj_=- l 

M i=l 

1 M 
(y(i)-y) 3 I<- ~ 

M 1=1 
(y(i)-y) 2)3/2 (5.10) 
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Seis- 13/05/81 13/05/81 11/02/81 11/02/81 
mometer 03.25.00 11.10.00 00.10.00 14.16.00 

K-S Skewness K-S Skewness K-S Skewness K-S Skewness 
Test Test Test Test Test Test Test Test 

lAOO R 0.050 -0.043 0.041 -0.027 0.060 -0.459* 0.048 0.115 
I 0.039 0.120 0.061 -0.039 0.052 0.181 0.031 0.140 

lBOO R 0.043 0.235 0.047 0.394* 0.057 0.066 0.060 -0.113 
I 0.043 -0.078 0.044 -0.160 0.047 -0.218 0.056 -0.109 - -

lBOl R 0.043 o.ooo 0.040 0.043 0.057 1.340* 0.066 -0.533* 
I 0.042 o.ooo 0.037 -0.137 0.061 0.251 0.073* -o. 611* 

2COO R 0.073* 0.282 0.065 0.065 0.051 -0.147 0.052 0.119 
I 0.052 0.064 0.045 -0.129 0.040 0.092 0.050 0.143 

3COO R 0.036 0.179 0.033 -0.184 0.036 -0.010 0.053 0.088 
I 0.074* 0.037 0.062 -0.303 0.068 -0.320 0.050 -0.088 

4COO R 0.054 -0.025 .0.046 -0.078 0.049 0.189 0.053 0.375 
I 0.040 -0.088 0.036 -0.039 0.042 -0.953* 0.051 -0.212 

Avera_g_e 0.049 0.051 0.046 -0.109 0.052 -0.004 0.054 -0.072 

Table 5.3 

If the samples are from a normal population, and M exceeds 150, lb1 will be 

approximately normally distributed with zero mean and standard deviation 

16/M. Since M=l57, this was used to get critical values equal to± 16/M Ua/2 

for an a-level test, where Ua/2 is the a/2 quantile in N(O,l). 

The results from the K-S and skewness testing are shown in Tables 5.2 and 5.3. 

The values exceeding the a = 0.05 level are marked with a *· With this level, 

there should be about 5 (96 • 0.05 = 4.8) significant values for each test if the 

samples were from normal populations. The numbers are 10 and 14, so the data 

does not satisfy the zero hypothesis completely. Nevertheless the Gaussian 

assumption is quite good, which is also confirmed from probability histograms 

(Fig. 5.2). The reason for non-normality due to too heavy tails can for instance 

well be hidden signals in the noise • 
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6. DETECTOR RESULTS 

In chapter 5 the assumption of normality of noise was shown to be acceptable, 

and the uncorrelatedness and equal statistical properties of corresponding 

real and imaginary samples followed from Hilbert transformer properties. The 

further things to be tested are the statistical properties of the detectors 

for noise input and possible differences in detection performance. The square 

envelope detector is expected to be chi-squared distributed with degrees of 

freedom equal to twice the number of sensors in noise. For the STA-detector 

no theoretical distribution can be calculated, but according to the Central 

Limit Theorem the detector output will approach a normal distribution when the 

number of sensors increase. Nor is it possible to draw theoretic performance 

curves, but since the STA-detector approximates a linear envelope detector, 

the square envelope detector is expected to show a better small signal detect

ability due to the argumentation behind (3.18). First, however, program imple

mentation of the detectors will be commented. 

6.1 Programming considerations 

Due to use of the Fast Fourier Transform, it is convenient to process the in

coming data stream in blocks. In a real time environment three data buffers 

can be used in a cyclic manner, as illustrated in Fig. 6.1. One buffer is 

occupied by the A/D converter, while data from the other two are processed 

by the detector. Since time displaced samples are required in the beamforming, 

the last half in the one buffer and the first half in the other buffer are 

used by the detector routine. To be real time applicable, the data processing 

of these two halves must be finished within the AID-converter has filled 

up the next buffer. The program was tested offline, therefore no third buffer 

was used. 

The weights are calculated from buffers of previous data indicated by the broken 

lines in Fig. 6.1. Only buffers processed without giving any detection trig

gerings are used, therefore data from the nearest previous buffer are skipped. 
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samples used for weight estimates beamforming and 

samples used for weight estimates 

Fig. 6.1 Illustration of data buffering of the detector program in a possible 
real time environment. The overlap area is the temporary storage 
area for filter output samples to be added with the first filter 
out put samples in the next buffer. A buffer length of 512 and a 
bandpass filter length of 61 gives an overlap area length of 60 and 
data area length of 452. 

Four data buffers are used in the weight calculation, and with a buffer length 

of 452 every weight value is calculated from 1808 samples. The number of 

four was conveniently determined due to giving small fluctuations in the 

updating of the weights for the square envelope detector. When the threshold 

is exceeded, the weight updating is stopped and not continued before the de

tector has left detection state and a new buffer processed without giving 

any detections. In detection state a time interval is set up and a sliding 

window of 2 seconds duration moved through the interval. The beam having 

highest energy within this window is selected as the beam pointing at the 

source area for the event. The same beam set was employed as for the inco

herent detector running in DP, but extended with 24 new beams to take better 

care of local events. In detection state also the energy for each channel 

is calculated. These energy values are compared to check whether the detec

tion was caused by spikes and not real seismic events. The spikes come from 

communication errors due to electrical discharges or breaks in the data trans

mission. Fig. 6.3 shows an example where the test failed since spikes occurred 

at all the channels. 
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When detection state is left, a certain time interval must be processed without 

giving any detections before an eventual new event can be declared. Large 

events can have a duration of many minutes, so the interval is necessary to 

prevent multiple detections of the same event. Also for every buffer read 

the array status block must be checked because channels can be masked out. The 

square envelope detector program is listed in Appendix E. 

BEAM 1.0 

4COO 0.0013 . ·t-· --
3COO 0.0011 ----~- • ~-·o--
?COO 0.0015 ~-~-~ 
2800 0.0015 . ~---°" ---· ---
2801 0.0016 

lAOO 0.0008 ' . - ~. .... . .... 
TlME SCALE = 5.1 SEC/INCH AMP SCALE• 3071.50.U./INCH 
S f,\R7 f!MF •40./ 13i 2./ 42. 1. TRIG TIME •40./ 13.l 2./ se. 1. 

~~~?~m~ ~dR0 ·19~f. s'fA~ 6~4: i.~H"R3 ·Uzo~r: M!hJFi 027:o0 o~z 
EfN 17. SOUTH SANDWICH IS. REGION 4 

Fig. 6.2 Spikes detected by the square envelope detector. The detector 
output is plotted on the top and the unweighted data channels 
below. Channel codes and weight values are plotted to the left. 
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Fig. 6.3 Histogram of the steady state square envelope detector output in 
noise. The input is from 4/11/79, 02.16.00, sensor lAOO, and the 
number of samples are 4700. 

6.2 Detector output in noise 

To check the statistical behavior of the detector outputs in noise data 

from the same times as in chapter 5 were used, but longer time intervals 

were selected to permit the detectors to get out of the initiation phase. 

Since the noise across the channels is uncorrelated, the channels were not 

beamformed but straight-summed. The detector output was sampled at 2/3 Hz 

rate and tested for equality in distribution by the Kolmogorov-Smirnov 



6-5 

test to check the assumption of stationarity. The samples are assumed in

dependent, since the weight estimates have little variability compared to 

the square envelope samples and can therefore be treated as approximately 

constant. To check the assumption of chi-square distribution for the square 

envelope detector, independent chi-square distributed samples with 12 degrees 

of freedom were generated from a pseudo-random generator existing in the Nag

li brary at the IBM 4341 computer and tested with the same test. When D is 

calculated as in (5.9) and the number of samples to be compared are equal 

and large, an approximate expression for the significance probability can be 

calculated (H~yland, 18.3.3): 

P( D > z/H
0

) ~ 2 l (-l)k-le-2(kz)
2 

~ 
Q) 

2 k=l 
(6.1) 

The results from the tests are presented in Tables 6.1 and 6.2. All the data 

sets are compared to each other, and to the chi-squared generated samples 

when processed by the square envelope detector. As seen from the tables, 

only three significance probability values for the square envelope detector 

and one for the STA detector were below 0.2. Thus according to the Kolmogorov

Smirnov test, the assumption of stationary output in noise for both detectors 

seems to be valid. Also the square envelope detector output in noise seems 

to fit a chi-square distribution with degrees of freedom equal to twice the 

number of sensors. Again histogram checks supported the calculated results. 

6.3 Threshold setting 

To compare the performance of the detectors, thresholds were first tried to 

be established giving equal false alarm rates. The histograms from Figs. 6.3 

and 6.4 are not adequate for such a task since 64 beams are performed and 

the detector triggers if one of the beams exceeds the threshold. Therefore 

it is correct to use the maximum value of these 64 values, and from H~yland 

(Chap. 7) the max. value will have another statistical distribution than 

indicated in Figs. 6.3 and 6.4. It is possible to draw histograms for the 
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2 3 4 5 6 7 8 x12 

1 0.012 0.508 0.451 o. 734 o.508 0.734 1.185 0.621 
0.200 0.959 o.987 0.655 o.959 o.655 0.121* 0.836 

2 0.903 0.846 0.734 0.959 0.790 0.790 o.677 
0.389 o.471 0.655 o.316 0.560 0.560 o.749 

3 0.564 0.621 o.564 0.790 1.411 o.734 
o.908 0.836 o.908 0.560 0.037* o.655 

4 0.734 0.395 0.677 1.072 0.621 
0.655 o.998 0.749 0.200 Q.836 

5 o.so8 0.903 1.072 0.959 
o.959 0.389 0.200 o.316 

6 0.621 1.242 0.734 
0.836 o. 092* o.655 

7 0.959 o.508 
0.316 o.959 

8 0.190 
0.560 

Table 6.1 

Square envelope detector output of the 8 noise sets compared to each other 

and to the chi-squar~tribution~e Kolmogorov-Smirnov test. The 

number pairs are y = D and P( ~2~ D) ylH
0

), and the asterisk denotes 

significance probabilities below 0.2. 
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----- --- -------- --- - ---

2 3 4 5 6 7 8 

1 0.734 0.621 0.790 o.564 0.903 o.734 0.903 
o.655 0.836 0.560 0.908 0.389 0.655 0.389 

2 0.621 1.016 0.846 0.564 0.903 0.564 
0.836 0.253 0.471 0.908 o.389 0.908 

3 0.677 0.451 0.903 0.564 o.846 
0.749 0.987 0.389 o.908 o.471 

4 0.451 1.016 o.734 1.185 
0.987 0.253 0.655 0.121* 

5 1.012 o.734 1.012 
0.200 o.655 0.200 

6 0.677 0.564 
o.749 0.908 

7 1.016 
0.253 

Table 6.2 

STA-detector output of the 8 noise sets compared by the Kolmogorov-
Smirnov test. 
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Histogram of the STA-detector output for the same data set as in 
Fig. 6.3. 

max. values, but it is not easy to set thresholds because they must be far 

out on the tail in order not to give too many false alarms. 

Instead the detectors were tested on a tape with 4 hours continuous recording, 

and the max. beam values within certain SNR windows where the noise was assumed 

dominating accumulated. Beam values exceeding the upper limit of these windows 

were processed as signal detections in usual manner to prevent beam values 
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Fig. 6.5 No. of square envelope detections for SNR between 3.0 and 8.0 dB 
to the left, and no. of STA-detections for SNR between 2.5 and 
7.5 to the right. 

from the signals to occur. To get comparable SNR values, the SNR defi

nitions for the square envelope detector and the STA detector from chapter 3 

were expressed in dB 
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L 
SNRsE = 10 log 1 z1(n) wt,sE(n)/2L 

R.=l 
(6. 2) 

L N-1 
SNR1 = 20 log l w1,1(n) l IY1(n-i)j/L 

t=l i=o 

respectively, where the channels are assumed delayed according to the beam 

giving highest SNR. Histograms of accumulated SNR values are shown in Fig. 

6.5 with 10 log frequency value as abcissa axes. Apart from the frequency 

values in the lowest SNR pockets, it can be seen that the histograms both 

for the square envelope detector and the STA-detector seems to have a quite 

linear slope. A least square fit of form x = A + Bt to the histograms dis

carding the lowest pocket gave A = 63.22 B = -6.89 for the STA detector, 

and A= 67.28 B = -6.90 for the square envelope detector, thus the slopes 

were treated as equal and the fitted straight lines were used to set 

thresholds. Interpolating on the lines with a threshold of 8.0 dB for the 

square envelope detector and 7.4 dB for the STA-detector there should be 

about 12 detections for both within the preselected windows, or 3 every 

hour. 

Note that there are also signal detections included in the histograms in 

Fig. 6.5, and that the signal detection rate will increase with increasing 

SNR. Therefore the actual noise detection slopes will be steeper and cross 

the ordinate axes for lower SNR values than it seems from the figures, so the 

method above is an approximation for determining equal false alarm rates. 

Yet it was the best approximation found, since the selected noise data had 

too few samples to be able to obtain proper slopes. The SNR windows in 

Fig. 6.5 were determined through a trial and error procedure. Fig. 6.6 shows 

a histogram of STA-detections within a larger window, and it is obviously 

influenced by signal detections. 
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Fig. 6.6 No. of STA-detections for SNR between 2.5 and 9.0 dB. 

6.4 Detector performance comparison 

Using the tresholds determined from the last section, the detectors were 

tested on some selected data tapes with 4 hours continuous recording for 

each. Such recordings exist 9 months backwards in time, and tapes were 
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selected from time intervals where the NORSAR bulletin showed a relatively 

high density of detected seismic events. The routine processing at NORSAR 

is kept on a high level of automation, and strong criteria are set by EP 

to accept an event for further processing. This diminishes the human inter

action, but also non-noise detections are discarded. Thus more weak events 

can be detected by processing long intervals of raw data than selecting 

intervals only around bulletin-reported events. But this also poses a problem, 

it may be difficult to classify correctly events as signal or noise." Also 

for weak events, there are seldom bulletin reports from other seismic instal

lations to compare against. To check the detection reportings from the square 

envelope and STA detector, event plots and the NORSAR bulletin mostly were 

used. Doubtful cases were decided by help of the NORSAR analyst. Fig. 6.7 

shows a plot of a teleseismic event nearly correctly located by both detec

tors, and Fig. 6.8 shows local events where the beamforming failed to give 

proper signal alignment. In table D.l the classified signals are listed. 

Of a total number of 123 events classified as signals 115 were detected by 

the square envelope detector, 112 by the STA-detector, and 104 by both. 

The events which occurred at 56 1/7/58.5, 63 23/12/0.2, 64 0/7/46.5 and 

640/55/51.6 were not detected by any detector due to spike detections or tape 

read problems. Discarding these events one more event was detected by the 

square envelope detector than by the STA-detector. Thus with a difference of 

only 0.9 per cent in favor of the square envelope detector, the experiment 

indicates the detectors to have the same performance. 

Equal detection slopes with difference between zero crossings equal to 0.6 

were obtained by defining SNR according to (6.2). This suggests another 

method to compare the detectors. Plotting (SNRsE' SNR1 ) according to (6.2) 

for events detected by both detectors, any performance difference between 

them should appear in deviations from the straight line y = -0.6 + x. Fig. 

6.9 shows this plot where max. SNR obtained within the signal window is used. 
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Fig. 6.7 A teleseismic event determined to Near East Coast Kamchatka by 
both the square envelope detector (top) and STA detector (bottom). 
According to the NORSAR bulletin the right source location is 
Komandorsky Islands in the Aleutians. 
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Fig. 6.8 Cases where the beamforming failed to give proper signal alignment. 
The top picture shows signals coming from a local explosion, 
possibly from Glomma since the 2B and 3C subarrays are located near 
to this river (Fig. 1.1). 
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10 20 30 40 50 
SQUARE ENVELOPE DETECTOR OUTPUT(OB) 

Fig. 6.9 Max. SNR from the square envelope detector versus max. SNR from 
the STA-detector for signals detected by both. The equation for 
the straight line is y = -0.6 + x. 

No trend away from the straight line is observed. Nor can any expected theo

retical better small signal detectability for the square envelope detector 

be inferred from Fig. 6.9. The average SNR for the square envelope detec-

tor was 15.03 and for the STA detector 14.24, subtracting 0.6 from 15.03 
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gives 14.43 or 1.3 per cent in favor of the square envelope detector. 

Thus the last experiment indicates the same as the first experiment, namely 

that the square envelope detector seems to have about the same detection per

formance as the STA detector. The conclusion is that no significant SNR enhance

ment is observed for normalized square envelope beamforming contra normalized 

STA beamforming of rectified amplitude samples in the 1.6-3.6 Hz band. 

6.5 Detection performance for different frequency bands 

So far the online incoherent detector operating band has been used. This band 

is chosen to match both teleseismic and regional events, since teleseismic 

events mostly have lower frequency contents at the sensors than regional ones 

due to longer ray paths. In the introduction it was mentioned that the online 

incoherent detector is best suited for detecting regional events, and from 

chapter 4 the single trace SNR increases with increasing frequency. This 

suggests testing the detectors on regional events for different bands, both 

to find the band giving highest detection performance, and to see if other 

bands may introduce a difference between them. 

Therefore one of the former used tapes with relatively many detections from 

the Mediterranean area was tested for three new frequency bands, 2.0-4.0, 

2.4-4.4 and 2.8-4.8 Hz. Table 6.3 lists the results from the experiment, and 

more information is found in table D.2. Average SNR is the average over 11 

events detected by both detectors in all the bands. As can be seen, the 2.0-

4.0 Hz band gives best average SNR and most detected events for both detectors. 

For higher bands the average SNR decreases, due to decreased energy in the 

corresponding frequency components of the detected signals, but it seems to 

decrease faster for the STA-detector. This indicates that the square envelope 

detector is superior to the STA-detector for very high frequency bands, 

however, for such bands the many detections due to local disturbances are 

troublesome. So from the experiment the 2.0-4.0 Hz band seems to be the best 

one for detecting regional events, and the detection performance in this 

band is about equal for the two detectors. 

• 
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Frequency 1. 6-3. 6 Hz 2.0-4.0 Hz 2.4-4.4 Hz 2.8-4.8 Hz 

Bands S-E STA S-E STA S-E STA S-E STA 

No. of detected 19 19 22 22 19 16 17 16 
events 

Average SNR 19.13 18.58 20.90 20.14 20.78 19.69 19.70 18.45 

SNR difference 0.55 0.76 1.09 1.25 

Table 6.3 

• 
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7. DISCUSSION 

To summarize, the channel normalization seems to give stationary noise 

detector output for both the square envelope detector and STA-detector. 

The former is more statistically tractable, while the latter has faster 

processing time. The detectors seems to have about the same detection 

capability. The explanation to this is that the gain in signal enhancement 

obtained with square envelope calculation relative to STA-calculation has 

been lost in a corresponding increase in noise variability. Compared to 

Hilbert-generated envelopes, square envelope beamforming was preferred to 

linear envelope beamf orming due to better small signal detectability and 

lesser computing time. With 6 channels and 8.0 dB threshold, the beam 

value must exceed 75.7 for the square envelope detector to be triggered. 

Assuming equal signal envelopes across the sensor outputs, each envelope 

amplitude will be about 3.6 and the argument to ln I 0 (x) is probably 

out on the linear part of the curve in Fig. 3.3 when the threshold is 

exceeded. Thus a linear envelope detector is a better optimum approximation 

for the threshold used, and also for other realistic thresholds to be 

set, and this explains why no better small signal detectability was 

observed. However, theoretical work on pulsed radar detection has shown 

a quadratic detector to be roughly as efficient as a linear one (Helstrom, 

VII, 2c), and the relatively slow operation of square root extraction 

makes a linear Hilbert-generated envelope detector less interesting for 

real time applications. 

The square envelope detector and STA-detector were compared from a detection 

point of view. But in a real time detection processing environment also 

other potentials included in the methods must be valued, since automatic 

parameter measurements are performed for detected events. The square en

velope calculation involves Hilbert transforming to get complex waveforms, 

and thus makes it possible to separate the amplitude and angle information, 

while from the STA-method only approximated envelopes are obtained. The 

square envelopes and instantaneous frequencies may serve as a valuable tool 

for automatic determination of arrival time and secondary phases (see 
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Farnbach, 1975), and thus indirectly for source location. In all the cases the 

square envelopes may be used for a first rough determination, and the cor

responding spikes in the instantaneous frequency spectra, due to inclusion 

of a new component in the rotating complex waveforms, as a second refinement. 

Of particular interest in this connection is the proposal of a global seismic 

network for surveillance of a comprehensive nuclear test ban treaty (see 

Ringdal, 1981). In this proposal international data centers are thought 

to process data from a world network of seismic stations, and envelope 

beamforming is specially suited since the broad main lobe makes the method 

more robust than coherent beamforming against explosions occurring at 

unpredictable sites, and also against spatial aliasing due to large sensor 

separation. One of the remaining problems for such a system is the need 

for better algorithms for automatic parameter measurement, and complex 

signal processing maf represent a potential improvement. 

This thesis is the result of one of the first explorations on complex signal 

processing performed at NORSAR, and it was natural to employ it on detection 

processing. Much research about the method remains, but it seems clear that 

a possible extended potential of the method does not lie particularly within 

detection processing, but rather with detection processing combined with 

automatic parameter measurement. 

# 
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APPENDIX A 

The Hilbert transform. 

We want to transfer a real waveform x(t) to complex representation, in such 

a way that x(t) becomes the real part: z(t) ·= x(t)+j:l(t). Generally we can 

represent x(t) in terms of a time varying envelope and angle as x(t) = R(t)cos0(t), 

and by 1C'(t) we will think an expression of formX'(t) = R(t)sin0(t). We then 

get z(t) = R(t)cos0(t)+j R(t)sin0(t) = R(t)ej0(t) where R(t) = [x(t)2+X°(t)2]t 

and 0(t) = tg-1 ~(t)/x(t) 0(t) E (-'IT,n] 

,,., 
Mathematical x(t) is obtained from x(t) by means of the Hilbert transform. 

It is defined by: 

ao 

'5t(t) = H{x(t)} = 1:. f x(-r) d-r = _1:. * x(t) (A.l) 
n -ao t-T nt 

where the Cauchy principal value is used. All waveforms considered here are 

assumed to have both Fourier and Hilbert transforms. We see that x(t) is convolved 

with h(t) = l/nt. The frequency response of h(t) can be evaluated by help of a comp 

contour integral. Let rz be the contour in the upper complex half plane drawn 

in Fig. A.l. Then (z = t+iy, y ) O, n > O, n=2nf: analogous angle frequency) 

ejnz 
fr -- dz= 

z nz 

-e: 
lim[ f 
R+00 -R 
e:+O 

ejnt dt + fr 
-- e: nt 

R ejnt ejnz 
f - dt +fr - dz] = o 

e: nt R nz 

ejnz 
--dz+ 

nz 

-R 

Fig. A.1 

y 

r l 

-E E R 

Integration path 

t 
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ejQz 
um Ir __ dz = o 
R+oo R irz 

ejnz e-ny 
since lim I Ir -- dz I <; lim Ir -- dR = 0 

R+oo R irz R+oo R irR 

ej'2z 
limlf r -- dz] = 
e:+O e: irz 

Since when Q ) 0 

F{.....!.} =
00 J e-jnt 

1Tt -- dt 
-oo 1Tt 

R ejnt 
- J _ dt] = -j 

e: 1Tt 

and when n = O, 

00 

ej'2z 
lim[-f_r ~dz] = 
e:+O e: irz 

lim[- ~ 2j•l] 
e:+O 

oo ejnt -e: ejnt 
= - J __ dt = um[-J __ dt 

-oo irt R+oo -R irt 
e:+o 

= -j 

1 
FL}= 

1Tt 
I --..!. dt 

-oo 1Tt 

e: R 1 
= um U --..!. d t + J _ d t J = 

R+oo -R irt e: irt 
lim[o) = o 

e:+o 

and when n < 0 

"" e-jnt oo ej/n/t 
I dt = J dt = j 

-oo 1Tt -oo 1Tt 

we get: 

F{h(t)} = F{--..!.} 
1Tt 

- ) .... -j 
- 0 L j 

n > o 
n = o 
n < o 

R+oo 
e:+o 

(A. 2) 

.. 
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-jX(jO) = IX(jO)lej(argX(jS1)-1T/2) 

F{X'(t)} = 0 

jX(jn) = IX(jG)lej(argX(jO)+rr/2) 

Ill 

where X(jQ) = J x(t)e-jntdt, and z(t): 
- Ill 

F{z(t)} = {

2X(j0) 
X(jQ) 
0 

n > o 
n = o 
n < o 

n > o 

n = o (A.3) 

n < o 

(A.4) 

We see that the effect of Hilbert transforming is to change the argument values 

- n/2 for positive frequencies, and n/2 for negative frequencies. Specially for 

x(t) = cos(S10 t+4>)( 00 > o, 4> E (-n,n] ): 

jS14>/S'lo 
F{x(t)} = n[o(S1-S10 ) + o(S'l-+00 )] e 

where o() is the Dirac delta function. 

0 jS1(t+4>/S10 ) 

1t(t) = F-1 {~(jn)} = .:!!..___ [f jo(n+o )e dS'l + 
2n _.., 0 

111 jS'l(t+$/S10 ) O jS'l(t+4>/00 )+rr/2 
f -jo(n-n

0
)e dS'l] = !. [ f o(n-Kl0 )e dn + 

0 2 _.., 

111 jO(t+$/G0 )-n/2 -j(00 t+lj>-1T/2) j(S10 t+4>-n/2) 
J o(Q-Q )e dn] = !. [e +e ] 
0 0 2 

= cos(G0 t+lj>-n/2) = sin(00 t+$) 
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We are now in a position to give a general expression for any real band-limite~ 

waveform x(t), in terms of a lowpass waveform y(t). Let y(t) be limited to 

[ --01,n1], n1>0. Then w(t) = y(t)+jy(t) will be limited to [ o,n1], 

and w(t)ejno to [n
0

,n
0

-H'2 1], n
0
)0. If y(t) has the same 

frequency shape from 0 to n1 as x(t) from n 0 to n 0 -H'21, and the Fourier 

transform of x(t) is 0 elsewhere on the positive frequency axis, x(t) can be 

expressed by: 

jn 0 t 
x(t) = Rel w(t)e ] = y(t) cosn 0 t - y(t) sin\2 0 t = 

r(t) cos(n0 t+$(t)) (A.S) 

r(t) = [y2(t)+;2(t)) t (A.6) 

$(t) = tg-1 y(t) Ht) E (--rr ,ir) (A. 7) 
y(t) 

This corresponds to single sideband modulation (SSB) in communication theory 

context. 

.,,,.,, 
The question to ask now is if x(t) is equal to r(t) sin(n 0 t + $(t)). We will show 

that the answer is yes, because x(t) is band-limited. Our desired complex 

representation is: 

u(t) = r(t) cos(n 0 t+$(t)) + jr(t) sin(n 0 t+$(t)) (A.8) 

and any differences d(t) between z(t) and u(t) must be in the imaginary part: 

d(t) = 1C'(t) - r(t) sin(n 0 t+1j>(t)) (A.9) 

We have 

r(t) sin(n0 t+1j>(t)) = r(t) siru2 0 t cos$(t) + r(t) cosn 0 t sin$(t) = 

y(t) siru2
0

t + y(t) cosn
0

t = Im[ w(t)ejnot] 



and 

where 
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F{Im[ w(t)ejrlot]} = .:i [M(jO)-M*(-jn)] 
2 

F{ Re[ w( t)e jrlot]} = ..!. [ M(jn)+M*(-jn )] 
2 

M(jn) = F{w(t)eJnot} 

Then if D(jO) = F{d(t)}: 

-jM*(-jO) 

D(jC) ~ ~ 0 

jM(jO) 

ao 

n > o 

n = o 

n < o 

d(t) = .!___ f D(jO) eJOt &'l = 
211' -00 

0 
..L [f 
211' -00 

co 

M( jO )e jrltdn - f 
0 

M*(-jO )e.Jltdn] 

(A.10) 

(A.11) 

Since M(jn) = O for n f [n 0 , n0 -K21] , 00 )0, n1>0, we see that the above 

expression is equal to zero. Further, since all waveforms considered in this 

thesis will be band-limited, the Hilbert transform will give the 'right' expression 

for the imaginary part. 

A discrete version of the Hilbert transform is needed, in order to be able 

to implement it on a computer. One algorithm has been given by Cizek (1970), and 

it has been used in some seismological applications. It is the so-called discrete 

Hilbert transform (DHT), and has the following values in the frequency domain: 

-j k=l,2, ••••• , N - 1 
2 

H(k) = ( 0 k=O,N 
2 

(N even) (A.12) 

j k=~l, ••••• , N-1 
2 
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Note we must require H(k) = H*(N-k), k=O, •• ,N, and H(O) = H(N) to get a real 

filter. We evaluate what this becomes in the time domain: 

1 N-1 
h(h) = _ l H(k)ej(2n/N)kn = 

N k=l 

1 N/2-1 N-1 _ [ l -jej(2n/N)kn + l jej(2n/N)kn] = 
N k=O k=N/2+1 

j N/2-1 N/2-1 _ l l -ej(2n/N)kn + l ej(2n/N)(k+N/2)n = 
N k=l k=l 

j N/2-1 
_ [ ejnn-1] l eJ(2n /N)kn = 
N k=l 

j [ j ] ej(2n/N)n-ej(2n/N)N/2 
- e nn-1 N = 

l-ej(2n /N)n 

-j N [ejnn-l] l-eJ(2n/N)(N/2-n) 

1-e-j (2n /N)n 

-j l+e-j(2n/N)n -1 cos n/N n 
_ [ ejnn-1] = _ [ ejnn-1] 
N l-e-j(2n/N)n N sin n/N n 

= r: n=0,2, ••• ,N-2 

cotg n/N n n=l,3, ••• ,N-1 
(A.13) 
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There are some disadvantages in using this filter for block filtering of big data 

sequences. To get the frequency response above, the number of filter coefficients 

must be equal to the number of samples used in the FFT algorithm to calculate the 

Discrete Fourier Transform (DFT). Shorter lengths will gi~e unsatisfactory 

oscillations between the ideal values, and these oscillations will increase 

with decreasing lengths. When the ideal DHT is used in frequency domain filtering, 

the convolution will then be circular, not linear, and the imaginary sequence 

will vary depending on the length used in the FFT. So we conclude that the DHT 

is not suited for block filtering, and an approximation must be tried. This 

will imply a smoother crossing between j and -j, but that does not necessarily 

matter, since we will be occupied by band-limited waveforms • 
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FIR linear phase Chebyshev approximation 

and the base 8 fast Fourier transform 

B.l FIR linear phase Chebyshev approximation 

APPENDIX B 

We want to find the unit-sample response for a causal FIR system with linear 

phase, i.e., h(n)=O, ••• ,N-1 such that 

h(n) = h(N-1-n) (B.l) 

Assume we want a lowpass filter of odd length, N=2M+l. Applying the Chebyshev 

approximation method, the passband and stopband cutoff frequencies can be 

specified in advance, O<wp<ws<n, and the approximation error to the 

wanted frequency response is spread out uniformly in frequency with a maximum 

defviation given as a function of N,w8 , and Wp• The frequency response 

of the filter is 

2M •l M~ 
H(ejW) = l h(n)e-jwn = l h(n)e-jwn + l h(2M-n)e-jw(2M-n)+h(M)e-jwM 

n=O n=O n=O 

M-1 
= e-jwM[ 1 h(n)(e-jw(n-M) + e-jw(M-n) + h(M)] 

n=O 

M 
= e-jwM l d(n) cos wn = e-jwM G(w) 

n=O 

where G(w) is a real function and 

d(n) = {2h(M-n) 

h(M) 

n=l, ••• ,M 

n=O 

(B.2) 

(B.3) 
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We see that the symmetry property in (B.l) implies linear phase. To determine 

the d(n)'s, we define an error function E(w): 

E(w) = W(w) [D(w)-G(w)] w E F 

M 
= W(w) [D(w)- l d(n)coswn] 

n=O 

F = {wjw E [o,wp] u [ws,nJ} 

W(w) is a weighting function and D(w) the desired frequency response 

1 Q ( W ( Wp 
D(w) 

0 ws <: w <: n 

The design procedure then requires an algorithm for minimizing: 

maxlE(w)I 
wEF 

(B.4) 

(B.5) 

(B.6) 

When G(w) is expressed as a finite linear sum of cosine functions as above, 

a necessary and sufficient condition for this is given in a theorem formulated 

by Parks and McClellan (1972): 

E(w) must exhibit on Fat least M+2 alternations, i.e., 

E(wi) = -E(wi-1) = ±maxjE(w) I, i=l, ••• ,M+l 
wEF 

and 0 <: w0 < ••• <~+l <: n. Then G(w) will be the unique best weighted 

Chebyshev approximation to D(w) on F for a given choice of N, Wp and Ws• 

.. 
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H(ei"') 

Fig. B.l Possible optimum lowpass filter approximation for Ma7. 

If a computer program can determine values of the d(n)'s so the condition above 

is satisfied, the problem will be solved. The minimizing problem can be solved 

either by linear programming technique, or by using an iterative Remez exchange 

algorithm. The McClellan, Parks and Rabiner program uses the Remez method, which 

is far more efficient than the former (McClellan and Parks, 1973). 

In the cases we want an odd symmetry filter (Hilbert transformer), or a filter 

with N an even integer, it is possible (McClellan and Parks, 1973) to express 

G(w) as G(w) = Q(w) P(w) where P(w) is a linear combination of cosine functions. 

The error function can then be rewritten in the form: 

E(w) = W(w)lD(w)-G(w)] 

F' = F - {wjQ(w)=O} 

D(w) 
= W(w)Q(w)[ ~ - P(w)] 

Q(w ) 

and the new problem is solved as in the first case • 

w E F' 
(B. 7) 
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B.2 The base 8 fast Fourier transform 

The expression for the discrete Fourier Transform (DFT) is 

N-1 
X(k) = l x(n)WNkn k = 0, ••• , N-1 

n=O 

where WN = e-j(Zn/N). The 'fast' computational algorithms which perform 

the DFT and inverse DFT are generally known as Fast Fourier Transform or FFT. 

To explain what is meant by a base 8 FFT, let N = SP. The following formulas 

will be valid for N = rP, r = 2,4,8,16, ••• , if rand r-1 are substituted for 

8 and 7. The time index n and frequency index can be expressed as 

p-1 p-2 n = np_18 + np_28 + ••• + n0 (np-1' np-2, ••• ,no) 

k = kP_1sP-l + kP_2sP-2 + ••• + k0 = (kp-l' kp_2 , ••• ,k0) 

n,k E [0,1, ••• N-l], and nj,kj E [0,1, ••• ,7], j=O, ••• ,p-1 

Then 

N-1 
X(k) = X(kp_1 , ••• ,k0 ) = 1 x(n)W~n 

n=o 

(B.6) 

(B. 7) 

7 7 7 
= l . . . l l x(np-1' 

(kp-1, • • • ,k )(n np-2,•••,no)WN o p-l,np-2,•••,no) 

n0=o Ilp-2=0 Ilp-1=0 
I 

7 

= l 
7 
1 

np-2=0 

7 l x(n k (n n 

1

- p-1,•••,n )W 0 p-1, ••• ,n) 
p--o o N o 

[ 
n 0 =o 

(kp-l,•••,k1)(np-2,•••,no) 
WN 

J 

(B.8) 

" 

• 
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Remark that 

(kp_1 , ••• ,k1 )(np_1 , ••• ,n0) np_1aP(kp_1aP-2+ ••• +k1) (kp_1 , ••• ,k1)(np_2, ••• ,1 

WN = WN WN 

(kp-l,•••,k1)(np-2,•••,no) 
= WN 

Let us denote 

Ai(ko,np-2'•••,no) 
7 = l x(n ko(n np-1"" p-1' .. .,no) llN p-1' ••.•Do) 

Then for the next stage of computation 

7 ? ? A k18(np-2,•••,n0) 
X(kp-1, ••• ,ko) = l ••• l [ l A1(ko,np-2'"""'no)WN 

or 

A 

n0=o np-3=0 np-2=0 

(kp-1,•••,k2)(np-3,•••,no) 
WN 

7 
AzCko,kl,np-3'•••,no) 

= L A
1

(k n k18(n 
np-2=0 o' p-2" .. ,no)llN p-2,. • .,no) 

Generally for the t-th stage 

A 

A1(ko,•••,kt-l'np-i-l' 000 'no) = 

i-1c > 7 A k1-18 np-t,•••,no 
L A1-1Cko,•••,k1-2,np-t' 000 'no)WN 

np-1=0 

t =l, ••• ,p 

A 

A0 (np_1 , ••• ,n0) = x(np_1 , ••• ,n0) 

A 

Ap(k0,k1 , ••• ,kp-l) = X(kp_1 , ••• ,k0) 

(B.9) 

(B.10) 

(B.11) 

The t-th stage can be written as an 8-term Fourier transform multiplied with 

a twiddle factor. 
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,.. 
Ai(ko,•••,kt-l,np-i-l' 000 'no) = 

k1-18t-lcnp-i-l'"""'no) 7 
WN l 

,.. 

A1-1Cko,•••,kt-2'np-i' 000 'no) 
np-1=0 

k 81-1 i-1 n 8p-i 
WN p-i = 

1-1c > k1-18 np-i-l' 000 'no 7 ,.. ki-1~-i 
WN l A1-1Cko,•••,k1-2,np-i' 00 •,no)Ws (B.12) 

np-t=o 

Now it is easy to understand why the base 8 FFT is so effective. Let the values of 
k1-1np-i 

Ws be drawn in the complex plane. From Fig. B.2 the only numbers 

to multiply with in the sum are ±I0.5. When programming the algorithm, there 

will be 4 multiplications in each 8 term Fourier transform. In addition 
1-1c > k1-18 np-i-l'"'''no 

WN = 1 for ki-1=0, or (np-i-l,•••,n0 ) = o. 

wJ = - lo.S(l+j) 

4 Wa = -1 

w5 
8 ~(-l+j) 

w2 
8 -j 

' / ' / ' / ' / ' / ' / ' / ' / ' / 
' 

/ ' 
/ ' 

/ ' 
/ ' 

/ ' 
/ ' 

/ ' 
/ ' 

/ ' 

w~ j 

' 

w~ = /o.5(1-j) 

w7 
8 

w~ = 1 

/Q.S(l+j) 

Fig. B.2 Illustration of the data points arranged on the unit circle in 
the complex plane. 

.. 

"" 

~ 
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Some more comments must be given to (B.12). Since the k1_1 term in A1 has 
A 

the same position as np-t in A1_1 , the computations can be done 'in place'. 

When the recursion is finished, X(k) where k = kp_1sP-l+ ••• +k
0 

will be in the 

relative position k
0
8p-l+ ••• +kp-l in the array. If X(k) is desired in the k-th 

position, the X(k)'s must be reordered, called generalized bit reversing. The 

twiddle factor 

1-1( ) kt-18 np-1-l'"""'no 
WN 

kt-l(np-1-l'"""'no) 
= W8p-1+1 

can be interpreted as a frequency rotation due to a time shift, in analogy with 

with that the DFT of x(n-m) is W~X(k) when the DFT of x(n) is X(k). If 

N = 2M = 8 ••• 8•4 or 8 ••• 8•2, either a base 4 or base 2 iteration must finish 

the DFT computation. 



.... 
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APPENDIX C 

Detection probability of the square envelope detector 

From (3.14) the noise and signal and noise alternatives for the incoherent 

signal model can be expressed, leaving out the time indication, as 

Ho : zt = [vt2 +vt2Jt 

Hl Zt = [Cst + vt)2+(st + vt)2]t 
(C.l) 

t=l, ••• , L 

rt = [st + st]t 

~ ,JV 

Vt, Vt, and st, st denote the real and imaginary part of the complex 

noise field and complex signal field at sensor t respectively, and Zt the 

waveform envelope at sensor t, all sampled at the same time instant. L is the 

number of sensors and rt the instantaneous value of the signal envelope at 

senor t. The noise samples Vt are assumed uncorrelated and identical Gaussian 

distributed across the array, i.e., 

o2 i = t 
Vt ~ N(O,o) t=l, ••• , L E[vtvi] = 

0 i * 1 

,.., 
From chapter 5 Vt is uncorrelated with Vt and also Gaussian (O,o) when 

~t is generated from the real samples with a Hilbert transformer. Since 

Gaussian distributed variables are independent when they are uncorrelated, 

the real and imaginary noise samples can be considered as independent and 

identically distributed at the same time instant. 

We will first find the probability distribution for Zt when a signal is 

present. From the above the joint probability distribution of Vt and Vi is 

given by 

(C.2) 



C-2 

Pv v (vi,vi) = Pv (vi>Pv (vi) 
t t t t 

1 -l/2a2 (vi2+Vi2) 
= __ e 

2na2 
(C.3) 

By changing to new coordinates 

Vt = h(zt,6t) 

vi = ijlz(zi,ei) 

where the variables are related by 

Zt COS 6t = St + Vt 6 E (0,2n] 

"' l'V zi sin 6t = si + vi zi E [o,oo] 

the joint probability distribution for zi and 6t is given by (Sverdrup, II) 

Cl$1 Clh 
- -
Clzt aet 

Pztat(zi,ei) = Pvtv't<w1<zi,ei),w2<zi,ei)) 
I aw2 aw2 

(C.4) 

- -
Clzt Cl6t 

Since 

vi2~t2 = zi2+st2+;t2-2zi(si cos ei+St sin 6i) 

... 

we get 

, 
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1 -1/202 lz12+rt2-2zt<st cos eR.+sR. sin eR.)] 
Pz e (zveR.) = -- e 

R. R. 2;ro2 

cos et -zR. sin eR. 
• 

sin eR. Zt COS eR. 

ZR. -1/2o2 lzt2+rt2J Zt/o2[sR. cos et+ St sin et] 
= __ e e (C.5) 

2;ro2 

Setting 

sR. = rR. cos µR. 

'SR. = rt sin µR. 

and noting that 

sR. cos e1 + ;R. sin eR. = rR. cos (e 1-µR.) 

the probability density for ZR. can be found by integrating over eR. 

Pz (z 1 ) 
R. 

z -1/202 [z 2+r 2] R. R. R. 1 
=-e 

o2 2;r 

ZR. -1/2o2 [zR.2+rR.2J 1 

ZR,rR. 
2;r -;;r- cos(e 1-µR.) 
J e 0 deR. 
0 

z.ir.i 
2;r J e--;;.- cos eR. 

deR. =-e 
o2 21T 0 

ZR, -1/202 [z12+rR.2J z 1r R. 
zR.>O, r 1 ;;.o I(-) -e 

0 2 o2 a 
= I 

0 Otherwise 
(C.6) 
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1 2n 
J eacosS d8 is called the modified Bessel The function I

0
(a) = 

2n o 
function of the first kind and zero order, and the probability density for ZR, 

the Rician distribution. Setting r = O, it reduces to a Rayleigh distribution 

zR,2 
z -

R. w 
- e 
a2 

ZR, ) Q 

I 

Pz (z R,) = (C.7) 
R. 

I 
0 

Our test statistic is given by 

n 
L 
l ZR,2 

R.=l 

Otherwise 

where the source area is assumed known and the sensor waveforms delayed ac

cordingly. We will further assume the variance normalized, i.e., a= 1. A con

venient method of finding the probability density function (PDF) of n is to 

use the characteristic function. For a random variable x with probability 

density p(x), it is defined by 

m 

(C.8) 

~(z) E[ejzxJ = J p(x) ejzx dx (C.9) 
-m 

for all values of z where the integral exists. It is simply the Fourier 

transform of the PDF, and if it is known, the PDF can be found by the inverse 

transformation 

1 m 

p(x) = - J 
2n -m 

~(z) e-jzx dz (C.10) 

Since the sum of two independent random variables x and y is equal to the con

volution of their PDF's, the characteristic function is by common Fourier 

transform theory equal to the product of the individual characteristic function 

hx+y(z) = hx(z)hy(z). 
., 



.. 

• 

C-5 

The square envelope detector resembles the quadratic threshold detector 

used in pulsed radars. We will therefore closely follow the derivation for 

this detector described in Helstrom (1968). Under Hi the test statistic is 

L 

Tl = l 
R.=l 

zR.2 .. 
L 
l [y R. 2qR. 2 J = 

R.=1 

L 
l [<sR.+vR.)2+(6R.+VR.)2] 

R.=l 

L 
= l [(rR. cos µR.+vR.) 2 + (rR. sin µR....;;"R.)2] 

R.=1 

,,; ""' where YR.+jyR. is the complex input sample at sensor R.. The PDF of YR. and YR. 

is given by 

Py 

1

(y1l ~ ~ e -t(y 1-r 1 cos µ1)2 

.f2n 

1 -t _, 
Py (yR.) = _ (ycrR. sin µ )2 

R. ili e R. 
21T 

and the characteristic function of n is 

L L 
h 11(z) = rr h (z) rr h (z) 

.e.=1 yR.2 .e.m1 'Y.e.2 

L 1 m [-t(x-r,e.cos µ,e.) 2+izx2] 
=IT_fe dx • 

R.= 1 v'!if -m 

L 1 m (-t(x-r,e.sin µR.) 2+izx2J 
rr - f e dx 

R.=l ffn -m 
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izr.e,2cos 2 ll.e, 
( ) 

L l-2iz 
II (1-2iz)-t e 

R.=l 

L 
iz }. r .e,2 

R.=l 
( ) 

l-2iz 

L 
II (l-2iz)-t e 

R.=l 

izr.e,2sin2 ll.e, 
( ) 

1-2iz 

= (l-2iz)-L e (C.13) 

L 
Note that the ll.e,'s have disappeared in the calculation }. r.e,2 =Sp is equal 

R.=l 
to the sum of the i11stantaneou square envelope values of the signal across the 

sensors. Looking up in a transform table (Erdelyi, 1954), the PDF for n under 

Hi is 

n+Sp 
-(_) 

n 
p(njH1 ) = t(-)(L-1)/2 e 

2 

Sp 
1L-l (/nSP) (C.14) 

l1-1(x) is the modified Bessel function of order L-1, given in series expansion by 

DO (x/2)1-1+2k 
r

1
_1 (x) = }. 

k=o k! (L-l+k) ! 
(C.15) 

Inserting (C.15) in (C.14) and setting Sp equal to O, the PDF for n under H0 is 

p(nl H
0

) 

n+Sp 
-(_) 

n 
= H-)(L-1)/2 e 

2 

Sp 

DO 

}. 
k=o 

nS (L-l)/2+k 
(~) 

4 

kl (L-l+k) ! 
Sp=o '" 

ii 
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n+Sp 
-(_) 

2 OCI 

C-7 

= t e L 
(t)L-1+2k nL-l+k S k 

p 

k=o k! (L-l+k)! 

1 
= --- nL-1 e-n/2 

zL(L-1) ! 

Sp = 0 

(c.16: 

We see that n is chi-squared distributed with 2L degrees of freedom. That could 

have been predicted in advance, since x2 is chi-squared distributed with 1 

degree of freedom when x is normal (0,1). The mean and variance of n under H0 is 

then 

E[nlHoJ = L 

Var[njH0 J = 2L 

and the false alarm probability for a threshold n > 0 

CO OCI 1 
nL-le-n/2 dn PF= f p(njH0 ) dn = J 

2L(L-l) ! no no 

We see that PF is a function of the number of sensors and n0 • 

Similarly for the detection probability 

00 

Pn = J p(njH1) dn 
Tlo 

PD is a function of Sp = 

00 Tl 
f t<-)(L-1)/2 e 

n+Sp 
-<~> 

2 

n0 Sp 

L 
\ ' 2 l rR. , L, and Tlo• 

R.=l 

IL-1 (/TiSP)dn 

(c.11 · 

(C.18) 

(C.19 
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Sp can approximately be estimated from the data by 

Sp ,,. max 
n 

L 
l (zt(n) 2-2) =max 

t=l n 

L 

l zt(n) 2-21 
t=l 

(C.19) 

where 2 is the expectation of zt(n)2 when only noise is available. max means 

the sample time which gives highest SNR within the signal window when the correct 

beam has been determined. Note that the PDF's for the test statistic in (C.8) 

have been derived completely independently of the assumption made in chapter 3 

of equal signal envelopes. Our only requirement is independent, normalized 

Gaussian distributed noise samples. 

• 

.. 
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APPENDIX D 

Event listing 

The table D.l lists the events detected by the square envelope detector 

or STA detector in the 1.6-3.6 Hz band, and classified as signals. In 

the cases where corresponding entries existed in the NORSAR bulletin, 

NORSAR estimated arrival time, magnitude and source area have been inserted. 

The SNR values are max. SNR within the signal window taken over all 

beams. Table D.2 lists events detected from tape 9218 in the bands 1.6-

3.6, 2.0-4.0, 2.4-4.4, and 2.8-4.8 Hz • 



"'E vrn oav 'ow 
I 1 74 1981 
IJ74t 1981 
ll74t 1981 
I l74 1981 
13 74 1981 
1374 1981 
1374 lq81 
1374 1981 
1374 1981 
ll74 1981 
1374 lq8l 
1374 1981 
2919 1981 
2919 1981 
2919 1981 
Z919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
2919 1981 
9069 1981 
9069 1981 
9069 1981 
9069 1981 
9D69 19111 
9069 1981 
9069 1981 
9069 1981 
9069 1981 
9069 1981 
9069 1981 
9069 1981 
9069 1981 
901>9 1981 
9069 1981 
9069 1981 
q069 1981 
9069 1981 
9069 1981 
9218 1981 
9218 1981 
9218 I 981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9218 1981 
9211 1981 
9218 1981 
'218 1981 
9218 1981 

12511 1981 
12511 1981 
12511 1981 
12Hl 1981 
12511 1981 
12511 1981 
12511 1981 
12511 1981 
12511 1"81 
12511 1981 
12511 1981 
12511 1981 
12511 1981 
12511 1981 
12511 1981 
12511 1981 
12511 1981 
12511 1981 
12511 1981 
12511 1981 
12517 1981 
12511 1981 
12517 1981 
12517 1981 
125 IT I 981 
12517 1981 
12511 1981 
12242 1981 
12242 1Q81 
122'2 1981 
12242 1981 
12242 1911 
12242 1981 
12H2 1981 
1221ii2 1981 
12242 191U 
12242 1981 

lbOO 1981 
lbOO 1981 
1600 1981 
lbOO 1991 
1600 1981 
1600 1981 
1600 1981 
1600 1981 
1600 1981 
1600 1981 
1600 1981 
1600 1981 
1600 1981 

) 0 7/ll/55.• 
) 0 8/22129.1 
l O 9/ 3/33. 7 
l O 9/llt/12 .9 
JO 9/23/12.5 
JO 9131152.6 
30 CJ/37/2CJ.2 
30 9/421 4.b 
30 9/lt5/ 3S. 3 
30 10/2213b. l 
30 10/48/41t.B 
30 11/ CJ/ 5.9 
•o 12110110.a 
40 12/20/ O.O 
.iltU 12123/15.1 
ltO 12/33/59.8 
40 1214)/55.6 
40 12152152.1 
40 12158/21.2 
40 13/ 9/5).) 
ltO 13/1'9/4-lt.4 
40 13/)6/29.9 
40 13/39/53.9 
40 U/40135 .! 
40 ll/41/ 9. 9 
40 ll/45142.1 
40 14/ 0140.4 
40 14111113.5 
ltO 15/ 3/49.1 
40 15/ 6128.B 
40 15/10/21.8 
40 I ~/26117 .o 
40 15143/ 8.3 
40 15/54/ 3.3 
55 21/58140. 7 
55 22120/56.9 
55 22/ll/32.5 
55 22/34154.5 
55 22/)9/ 12.0 
55 22147/ 7.5 
55 22/55/55. l 
55 23/ 11 5.1 
55 23115/17.1 
55 23/22/29.1 
55 23/59/ 15.• 
56 0/ 2142.0 
56 014)/16.6 
56 1/ 5134 •• 
56 I/ 7158.5 
56 1120/H.2 
56 1/30/53.3 
56 1/36/28. 8 
56 1/45/ 2.2 
56 2/ 3/ 8.3 
56 2112/35.2 
56 2/20/33.5 
56 2/35/U.9 
56 2141/ 6.) 
56 2/56155.9 
56 3/ 1152.8 
56 l/2)/JT.6 
56 3/)7147.0 
56 )/44/10.0 
56 )/~l/Jl.8 
56 4/11/)5.4 
56 4/)0/ 2.0 
56 4/35/29.2 
56 4/43/32. 3 
56 4/52137. 3 
56 5/ 0/55. 7 
56 5/ 7/16.5 
56 5/ 7/39.5 
56 5/ll/2b.9 
63 20/49/19. 7 
63 22/ 3/18.3 
63 22/19141.5 
63 22/20/52. 2 
63 22/36/20.8 
63 22/3CJ/"i3.9 
63 22/ltl/28.8 
63 22/48/2).4 
6) 22/52/'92.0 
6) 23/ 1/57.5 
63 21/ 4/46.9 
63 23/10/ 0.1 
63 23/12/ 0.2 
63 23/15/45.3 
63 23/23/ 2.8 
6) 23/27123.6 
6.\ 0/ 4/ll.l 
bit 01 7/46.5 
64 0/24159. 7 
64 0/40/)6.4 
b4 0/55/10.3 
.. 0/55/51.6 
6• 1115/27.6 
64 11211 o.4 
bit 2/10/38.9 
64 2/58/59. 7 
64 3/10/50.lt 

115 5/32153.3 
115 5/49121.4 
115 5/51/ 4.~ 
115 5/54158.2 
115 6/ 6/17.6 
us 6117/l"i.5 
115 6/)1/16.2 
115 6/33/54. 3 
115 6/18/ll.2 
115 6/50/25.3 
123 13/ 7146. 5 
123 13/10/ ••• 
12) 13/10/45.0 
123 13/35/16.8 
123 13/56/49.8 
123 14/ 3/'1.6 
123 141 5/12.4 
123 14135/16.0 
123 141•0137.2 
123 14/'tQ/ 0.4 
123 14153130. 7 
123 14/56/ l.l 
123 15/IT/55.6 

Ir-2 

s-t 
SNR 

14.I 
•1.0 
11.2 
24.0 
10.5 
9.6 

14.5 ... 
10.1 
9.6 

20.a 
•• 4 

14.1 
12.5 
24.1 
9.8 
8.6 

36.4 
12.1 
14.1 
11.2 
22.1 
11.1 
10.4 

11.7 
10.0 
10.4 
34.4 
17.4 
14.4 
19.5 
9.6 
8.5 
a.5 
8.9 

11.a 
11.4 
•• 8 

11.6 
1408 
1•.2 
16.2 

9.4 

9.0 

11.1 
8.1 

18.0 
H.2 
9.8 

10.1 Z4.• 
42. 7 
10.3 
10.) 
11.0 
a.1 

19.7 

11.3 
9.5 

23.9 
a.2 
•• 7 

10.7 
9.9 
9.) 

33.0 
10.1 
ltl.D 
17.4 

8.5 
19.5 
12.3 .. ) 
9.5 

18.8 
10.5 
13.6 
21.1 
13.0 
a.5 
9.1 

13.0 
13. 7 

8.3 
11.0 
11 •• 
13.5 
23.8 
21.1 

B.4 
11.1 
9.3 

17.l 
20.2 
12.0 
37 .0 
9.6 

l<lt.4 
8.J 
9.5 
9.3 
9.5 

26.2 
9.0 

14.3 
18.6 
IJ.O 
IB.4 
8.9 

11.1 
8.5 8.• 
8.o 
a.2 

14.6 

SU 
SNR 
1.1 

11.0 
lt2.Q 
10.6 
23.1 
9.8 
9 •• 

13.8 

a.a 
9.2 

18.7 
7.8 

13.6 
11.4 
23.8 
e.1 
a.o 

35.9 
10.a 
16.1 
10.2 
21.9 
1, .6 
10.1 
7.6 

11.9 
9 •• 

10.0 
3•.2 
15. 7 
11.1 
19.2 
a.9 
7 .5 

8.3 
17.9 
10.5 
9.1 

11.z 
13.8 
12.9 
16.3 

1 •• 
a.9 
7.6 
8.6 

19.4 
13.1 
7.8 
7.8 

11.0 
23.5 
9.8 
9.7 

24.2 
41.9 
9.• 
9.6 

10.3 
1.1 

19.l 
1.1 
9.9 
8.1 

23.8 

8.5 
10.0 
9.0 
1.1 

32.2 
7.6 

42.2 
16.8 
1.1 

19.6 
11.2 
a.4 

••• 18.9 
9.9 

12.3 
20.5 

1.8 
9.3 12.• 

13.6 
a.4 

10.3 
11.5 

22.6 
23.6 
8.1 

11.1 
8.1 

14.2 
1•.1 
10.2 
35.6 
9.~ 

12.5 
7 . B 
8.1 
9.0 
8.8 

2!5.• 
7.8 

11.9 
IT. 3 
12 ... 
11.1 

13.2 

11 ... 

Mlt.H s<iuu" LUC.\rltlN 

LOCAL 
4.3 ALEUfUN ISLANDS RCGION 
6.l 1ur ISLAND!. 
'-•4 RAT ISLANDS 
5. 1 ALEUT lAN I SL ANOS 
6.3 RAT ISLANDS PKPPKPB 

UNKNOWN SOURC.E 
4.4i> A.AT I SL ANOS 
4.0 AU I SL ANOS 

UHIUllOWN SOURCE 
4.3 RAT JSLAKDS 
4.2 Off EAST coi.st . HOt.SHU JAPA Pl 

UNKNOWN SOURCE 
LOCAL 
LDC.AL 

lt.8 NEAR EA.ST C.OAST KAM(.HATKA 
4.4 KOMANOOASKY J SLANDS 

LOCAL 
5. 7 KDHANDORSkY ISLANDS 
:J.9 NEAR. EAST C.OAST KAMC.HATKA 

LDC.Al 
4.Z NEAR EAST COAST KAMCHATKA 
<lt.6 KOMANOORSKY ISLANDS 

kOMANDORSKY ISLANDS PC.P 
KOMANDORSKY I $LANDS 
LOCAL 

4.3 NEAR EAST C.OAST KAMCHATKA 
lt.O KOMANOORSKV t SL ANDS 

LOCAL ,.2 NEAR EAST COAST KAMCHATKA 
It. l NEAR EAST COAST KAMCHATKA 
4.5 TONGA ISLANDS 
4.6 KONANOOASKY ISLANDS 

LOCAL 
J.1 GREECE 
3 . 3 VUOGOSLAVIA 
l.5 GREECE 
3.9 tEGAN SEA 
3 •• GOEECE-ALBANll 80ROER REG. 
3.5 SOUTHERN GREECE 
'J.J ROMANIA 
3.7 GOEECE 
4.~ SOUTH OF FIJI ISLANOS PKP8 
3.9 YUOGDSLAVIA 
3.2 GREECE 

LOCAL 
MEDI TERANEAN AREA 

3.3 GREECE 
4.1 SOUTH OF KERMAOEC ISL. PKPB 
4.0 GREECE 

MEDI TERANEAN AREA 
MEDI TERAHEAN AREA 

4. 5 EASTERN KASHMIR 
4.B GREECE 

LOCAL 
3.3 GREECE 
4. 3 A.EGAN SEA 
5.8 lEGAN SEA 
J. 7 GREECE 
3. ft YUOCOSLAVIA 
3. 7 GREECE 
J.9 OOOECANESE ISLANDS 
3.8 GREECE 

UNKNOWN SOURCE 
LOCAL 
LOCAL 

4.0 VUDGOSLAVIA 
3.2 CR!:ECE 

UNKNOWN 
3.5 GREECE 

LOCAL 
3.4 TURKEY 
4.4 YUOCOSLAVIA 

LOCAL 
6.1 AECAN SEA 
4.0 GREECE 
3.9 SOUTHERN GREECE' 
lt.1 YUOGOSLAVIA 
J.9 GREECE 
3.5 VUOGOSLAVIA 
3.6 YUOGOSLAVIA 
4.1 GREECE 
4.0 AEGAN SEA 
3.9 YUOGOSLAVIA 
4.5 VUOCOSLAVJA 

MEOITERANEAN AREA 
3.0 GREECE 
3.6 VUOGOSLAVIA 
4.0 GREECE 
3.9 GREECE BULGARIA BORDER 
3.5 VUOGOSLAVIA 
J.5 GREECE 
3. 7 YUOGOSLAVIA 
4.1 KURlLE ISLANDS 
•·1 GREECE 
4.1 GREECE 
4.9 WESTERN MEDI TERANEAN SEA 

MEOITERANEAN AKEA 
4.0 GREECE-BULGARIA BORDER 

LOCAL 
't.2 LOVAL TY ISLANDS REGION PKPO 
5.0 VANUATU ISLANDS PkPD 
4.lt SOUTH OF FIJI ISLANDS PKP8 
5.3 CAROLINE ISLANDS PKPCJ 
5. l CAROLINE I SLANGS PKKPA 
J.b IRAN 
5.3 CAROLINE IS.LANDS PSKP 
3.9 COOk STRAIT NEW ZEALAND PKPB 

LOCAL 
4. 7 VANUATU IS.LANDS PkPO 
It.& SOUTH OF FIJI ISLANDS PKPK 

UNKNCWN !.OURCE 
4i>.6 SOUTH OF FIJI ISLANDS SKPB 
3.9 CRETE 
4.3 OAXACA MEXICO 
3.9 CRETE 

UNKNOlitN SOURCE 
3.9 OAXACA MEXICO 

UNKNOWN SOURCE 
UNKNOWN SOURCE 
UNKNOWH SOURCE 
UNKNOWN SOURCE 

J.5 CRETE 

Table D.1 

.. 
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1.6-3.6 2.0-4.0 2.4-4.4 2.8-4.8 
YEAR DAY TIME S-E STA S-E STA S-E STA S-E STA MAGN SOURCE 

SNR SNR SNR SNR SNR SNR SNR SNR 
81 56/1/49/42.5 8.3 7.4 8.9 0.1 9.6 8.7 3.6 KIRGHIZ SSR 
81 56/2/ 3/ 8.3 24.2 23.5 27.6 26.4 26.l 24.9 23.7 22.9 4.8 GREECE 
81 56/2/11/58. l 9.4 12.2 9.2 LOCAL 
81 56/2/12/35.2 9.B 9.8 14.7 13.3 17.8 14.8 18.6 16.8 LOCAL 

" 81 56/2/2C/33.5 10.l 9.7 10.9 10.5 10.8 10.6 9. !l 9.2 3.3 GREECE 
81 56/2/35/13.9 24.4 24.2 25.7 25.6 24.0 23.5 22.2 21.0 4.3 AEGAN SEA 
81 56/2/41/ 6.3 42.7 41.9 44.7 43.8 46.5 45.4 44.9 43.5 5.B AEGAN SEA 
81 56/2/56/55.9 10.3 9.4 11.7 10.6 11.3 10.3 10.8 10.4 3.7 GREECE 
81 56/3/ 1/52.8 10.3 9.6 12.7 11.5 13.0 12.l 11.9 l~.6 3.4 YUOGOSLAVIA 
81 56/3/ 8/41.l 10.4 10.4 12.7 12.3 12.7 12.2 3.0 GREECE 
81 56/3/23/37.6 11.0 10.3 13.5 12.2 13.4 12.4 12.4 10.6 3.7 GREECE 
81 56/3/37/47.0 8.7 1.1 9.8 9.8 10.0 9.6 0.1 3.9 DODECANESE ISLAND 
81 56/3/44/10.0 19.7 19.l 22.6 22.0 24.3 22.7 20.J 3.8 GREECE 
81 56/3/51/31.8 1.1 10.3 1.1 10.0 11.3 1.1 LOCAL 
81 56/4/18/35.4 11.3 9.9 12.6 11.2 LOCAL 
81 56/4/21/12.5 8.9 0.0 LOCAL 
81 56/4/3(./ 2.0 9.5 0. 1 11.3 9.8 LOCAL 
81 56/4/3~/29.2 ~3.9 23.8 25.8 25.7 26.5 25.l 25.l 23.l 4.0 YUOGOSLAVIA 
81 56/4/43/32.3 0.2 9.1 9.5 0.0 0.0 8.4 7.5 3.2 GREECE 
81 56/4/52/37.3 8.7 0.5 10.5 9.7 8.7 0.0 8.) UNKNOWN 
81 56/5/ U/55.7 10.7 10.0 11.7 11.5 10.7 10.0 11.J 9.7 3.5 GREECE 
Bl 56/5/ 7/16.5 c;. 9 9.0 10.9 9.4 LOCAL 
81 56/5/ 7/39.5 9.3 7.7 9.9 8.7 8.3 3.4 TURKEY 
81 56/5/13/26.9 33.0 32.2 30.9 30.4 28.5 27.5 26.3 25.2 4.4 YUOGOSLAVIA 

Table D.2 
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APPENDIX E 

Program listing 

This appendix lists the source code of the square envelope detector 

program, the routines FFT42 and IFFT42, and the routine which generates 

the coefficients to FFT42 and IFFT42. The STA-detector program is not 

listed, as it is quite analogous to the square envelope detector pro

gram, apart from the square envelope routine and the Hilbert transforma

tion routine • 



c 
C Fl 
C Fl 
t Fl 
t Fl 
t Fl 
t Fl 
C Fl 
t Fl 
t 

ACAL Xll512.11 ,Yl l512t 1 J.XZl rl2t 11tY21512111 t 

• tu.or RI C:51J.ACDF112,7'. tiC OF '"~' 
I ~h GER UPC.OD 
l'JGICAL•l LSCNSl .. EJ/LIJ•.F.\LSf./ 

cn..-... ONtrlTPI ITRT 12:." 1, r:.11 """ J' E2 I 20" I ,ES Tl"' z J4 I ,SNR I 2'l" I' KUit,K2'1 t 
· ~ HT68 I 2 ", 71, AT ABI 8, 2w4 It I BS T, I WSS t SP IM.E, INS,NWS,NE5.1L ff t lPC t 
• lt M. r. ne, TRIG ,GROUP, TltR' DBTHR' I EPL,NBMt I ESC t I fRC ,ENL' SMJ, 1 YR, NTSHD. 
•l'llTRI G,wr 171,VFS117 J. VES217 I ,VESll 7J 'VES417 I' VESSI 7' t THE I 71 

JNT[GER PMTA1' 
LOGICAL TRIC.tGROUP,PRINTl.TRUE.I 

tOHHOt~ /TYPE/ NAHEI 1321,CttANI132) tCOHP 1132) t IAATE ,QPTION,NCHt 
• ( JI( P[( T, FOUNO, I NC, RAD, ET IHE, T APEOP, NTCH, ST I HE, FLAG, l I HDTC, 
·~EWLAS, NS AMP, NCHAN,FRS TI M,ux,uv' TAU,DELAY1 BEAM, IF IL TI JSAHP ,NU.Pt 

M(AL•& flAME 
lhh GER CHAN,COMP,OPT ION, EXPECT' FOurrn, ETJME, TAPfOP, STJ ME ,FRST JM 
INTEGER•2 TAUi 1321 
LOGICAL FlAG1NEWlAS10ELAY,BEAM 
EQUI VALrnCE INSA~P, JAL I, I JN, NCH I 

COH~ON/~ORKER/ INPUT, BLOCK 
ltlTCGER•2 JNPUTl274411BLOCM. 

COMHON/SAMPLE/SAMPI 132 J 
JtHEGER•4 SAHP 

CUHMON/STATUS/ SENS 
LOGICAL•l SENSI 1381 

;: OMMON /CMSUP/ TAPl,TAPY,UPZ 
INTCGER•4 TAPX,TAPY,TAPL 

DATA IAL/512/,IA2/Z51>/1JJ/7/ 

3 PR INTCR I BLCCM. 132 
8 DISK HILB CCF 
9 DISK RANDP COF 

1) DISK DLTTAB DATA 
11 TAPl 
lZ DISK DETEC DATA 
13 DISK EVENT DATA IPECFM VS LRECL 28 8lOCK 36 
1" DISK SN"- DATA IRECFM VS LRECL It BL OCK 12 

t READ FILTER COEFFICIENTS AND OTHER DUA VAlUES 
t 

DOZ l•l,15 
N2PDW• I 
IF( IAL.EQ.Z .. N2POWI GO TO It 
CONTINUE 
STOP LC.DO 
C. ALL GENCOF IXll l, 11, Yll l, 11,BCOFR,BCOFI ,HCOF t 

•tAL 1N2POW, JAL ,NOEl,NOleNHCJ 
WM I TE 13, llO 1 JAL,NZPOW, IRL,NDEltNOL ,NltC 
WRITE 16, 11~ I IAL ,NZPOW, IRL,NOELtNOL1NHC 
lflttOl.GT.tRL.OR.NHC.GT.NDl1 STOP 1020 
CALL SETPIR IKTAPE, TAPCOD, IHC,JJ 1 
N08 • 2•lRl 
NTSMP•NOB 
SMl • 10.C'/FL OAT I IRATE I 
I FTO• INDL/21 •SMI 
WRltE t lZ, 1701 KTAPE, tYR,NOB, SMl , DBTHR 

t 
C READ DATA ANO SET DATA DEPENDENT PARAMETERS 
t 

IU 

t 

CALL PRESET IX 1, tAL1JJ 1l1UL,11 JJ,D.DJ 
CALL PRESEffX21 IAL1JJ,l,tAl,ltJJ,0 .. 01 
CALL PRESET tYl, IAL,JJ, l r UL, 1, JJ,0.0) 
CALL PRES ETI v2, JAL ,JJ1 lt IAL t l, JJ, o. n) 
CALL PRESETIWT,JJ1l1l1JJ,l,l1l•D1 
CALL SPOLESI xt, UL ,JJ1KTAPE, IYRt TAPCOD, '2001 
CALL BMINPI PRJNTJ 
WR ITElb, 130 I IAL1NCH,NTCH, IFTO,N8M 

~~! ~~~~ :~:~!f !AU,N~~ ·;TCH, IFTO,N&M 

WRITElb,UOJ 
WMITEl31UOI 
CALL OUTPlb1ltl tXl,Xl 11AL,JJ1l,S111JJJ 
CALL OUTPl3 t 11 l rXl rX l t IAL, JJ, 1, 5, 11 JJ J 
fl'RlNT • .FALS E. 
IYC• IRL/2+1 
NBL • l 
LTT•O 
HtlG•.FAL SE. 
GROUP•.FAL S E. 
l&Tl•SllME-IFTO 
EVAA•NCH•4.0 
ENL•NCH•Z .O 
THR• I l~.O .. IOBTHR/ I 'll .OJ J•ENL 
WRI re lb 1140 J ENL, evu .• THR,OBTtlR 
WRITEl3,l4JI ENL1EVAR1THR1DBTHR 

C TOP OF 1 Ht LOOP 
t 

15 

•• 

17 

l• 

22 

t 
2J 

,5 
lO 

,. 
>1 

t 

" 
c 

11< 
i:;. .1 
14 ,j 

'"' 1'u 
2 ... ~ 

00 Lb J•l1JN12 
CALL HFIL Tl Xll l,J J ,YU l ,JI ,x111,J+U 1Yll l 1J+l1,XZI l 1J) ,v211,J1 • 

••2111 J+l I ,Y2111J•l), BCOFR,eCOFI 1HCOF, I ll,N2POW, IRL ,NOL1NHC ,2 J 
IF (HOO( Jf4 ,2 I .NE.01 

•CALL MF IL Tl lll 11,JNJ,Yl 11,JNI rYll ltJNI 1Yll l1JNI tX211,JNI ,Y21 l,JNI, 
•Y Z 11,JN1, Y2 I l ,JN) 1BCOFR ,BCDFI ,HCOF' I Al ,N2Pow, I RL,NOL1NHC, l) 

IFltlBL.GE.31 GO TO 19 
CALL SENV I •2· Y2' Xl I Yl ,wr 1YESl' JAL,J-., l ft l ,NOELi 
nu 17 J 2 1 ,Jt.1 
v t:S .ilJl•VESllJI 
VFS4IJJ•VES11JI 
VESJIJl•VESllJI 
v e s:::IJl•VCSllJI 
CALL WTCALCI IRL,NCHI 
GO TO 22 
IFl.t.IOT.TRIGI CALL WTCALCI I RL,NCHI 
CALL SENV u2, v2.x1.n ,WT I vest' I AL. J"I, IRL,NDEL I 
C.J.Ll DEJECT I Y2. Yl. x2, u ,COMP, I Ali JN, IRL, l'tCt INC t I BT2, 18Tl J 
IF I. NOT. TR JG J CALL AC HECK IX l 1 X2t Yl ,yz 1CHAN,COMP,SENS1 LSENS, 

•I Al, JJ, Jth t200, c.tJ J 

CJ.LL SP OLES I x2, IAL ,JJ1k tAPE' I YR t IAPCOO ,uo1 
IRT:?•ST IME-IFTO 
NKL.1:.Nel+l 

UU 10 J•l ,JN, 2 
CALL MF ll TI X21 l ,JJ ,v211,J I ,x2c J ,J+l I 1Y2C l 1J•l I ,Jl(ll I 1JI 1Yl 11,JI I 

•Xl C ! , J• 11, Y 1 Cl t J+ l I, ftCOFR,8COF I, Ht OF, JAL,NZPOW, IRL ,NOL ,NHC, 21 
JF lt' OOIJN, 21.NE.OI 

• CAL L ,..FIL Tl ll:l l ,JNI ,Yi'l l,JNl,YZ 11,JNI 1YZI 1,JNI1Xl1 l,JNI ,Y! 11 1JNJ, 
•Xl I : , JNJ, Yl 11,JNI, BCOFR, P.COFI ,HCOF, I Al 1NZPOW, IRL,NOlr NHC, 1 J 

I F(liP L.loT .21 GO HI , ,. 
CALL S (t~V 1w1, YI I Xi' .v 2 ,wT .ve s t .1 Al,JN, I RL,NOEU 
1.. IJ TU l7 
IFt.NOf.TRJGI CALL WTCALCllRL,NCHI 
CALL SF"-V tx i, Yl, xz ,v, ,wT ,vest, UL ,JN, lRL,NDEL J 
CALL O':: TEC TI y 11 Y2, XI' X2 ,COMP, JAL,JN, lRl' IYC' INC, 1 BTl t IBT2 I 
Ir I .NUT. TRIG I CALL o\CHECKU l rXZ, Yl, Y2: 1CHAN1COMP •SENS t LSE N$, 

•I AL, JJ, Jt4. t z:ic,1.1 JI 

t ~ll SP Olf S 1111IAl1J J,k T £PE, I YR, TAPCOO, ti)) 

i. ' -·~ 11,.1:.1rro 
"tl l' L" NPL+ I 
.. u T 0 • ~ 

r 11 R~ ATC 
r Jk i .". 1 I 
fl' "' All 
f 111.i• A 11 
I• I( ~ A I I 
t.Ull l ' ' l' 
I •0 

X/ 1 I Al '"' ~ P~IW, I Rl tNOCLt NOL.NH(• 1 , l> l"' I 
11' IAL,'iCt1,,,TC H1 IFT D, 141:0'1 • 1 ,;1:;1 
XI' f)(lfl"' ~l l :.f J,V1'P:IDl1 NnJSEJ,Tl1H. , l f!T~ R ',4F9.2J 

11 1 1!: ~ 1 ll ~ TW f"l .i\TA Se.MPLf~ 1 1 
I l V , ?rt J . ' I 

E-2 

Hit £, tJ l . 
H r · " . 
H E H .. 
h .iC •J "..1 
HrE , - •5 1 

H) E ., b~ 

HJE .1 .ll ,• 
HL E 108(' 
H"I E1 J'.l ~J 

HlE • t .. ~ 
H'J E 111 . 
Hl• E ·~-. 12 u 
HtlE I ;13_ 
H!'>E 14 . 
H)f 115 l 
Hf E. ~lbt.• 
HOE il ll,, 
HJE 18 ~ 
ri)E H 9J 
HI E '•2Ul 
HOE t 121 ... 
HJE 22 ... 
HJE , jl),.1 
ttUE ~ 240 
HO E l l 25J 
HC'E lb .. 
HJE r·27J 
HOE .,, J280 
HOE J , 290 
HJE ,,3::,, 
HJE • J )l,., 
HnE J 32Ci 
HDE) '\ ));) 
HOE .. . )4,, 

H'lE .1 1350 
ttue 1:.1bo 
HOE J .i37J 
HOE • 18~ 
HDEJ ) 39.;) 
H[•f (HJ 400 
H11El ')41J 
tme. ' •ZJ 
HOE' .llt3' 
HOE~Olt4J 
HOEJ:'iltSIJ 
HJ E .. '." ltbu 
HDElD47U 
HOE:.0410 
HOEl:J.\90 
HJE. ; snu 
HOEJC510 
HOE:;'1 1 5ZO 
HDEJJSlO 
HOEJJ,lt.., 
HDE l'l550 
HDE:>OS60 
HOEJ'l570 
HOE . JSBCI 
HQf,,.JS9!'> 
HOEo0600 
HOEJ0610 
HDE .. J612..1 
HOEJ0630 
HOE , •1640 
HDEJJ650 
HOE J66J 
HOE1067D 
HOE:'IDH:> 
HOE,.1~690 

HDE;07u0 
HOEJ071U 
HDE :'.1 072" 
HOE J07l0 
HJEulltJ 
HDE"'J7SO 
HDE ) 0760 
HDE1'77.J 
HDE 4 ,., 18~ 
lilJfj:J790 
HOE ,10&0Q 
HDEJ08ll 
HDE JBZ ., 
HDE•OUO 
HOE 138.(1) 

HOE .. '85J 
HIE )8b.J 
HOE 1087!> 
HOE 10880 
HOE')')l9'J 
HJE '90 .. 
HJE •J91J 
HOE hJ92:.1 
H'>E 1093J 
HJE )91t.., 
HJE •J9SJ 
HOE..1,;196_, 
HOE • "'970 
HlE ~ 98u 
HDE )99~ 

HOE HJO:J 
HOE J l~lJ 
H?E lJZ.1 
HOE ; l030 
HOE 11')4J 
HDE 1V50 
HJE I.lbw 
HOE lJl..i 
HOE I 1!18J 
HOE• lJ9,j 
HJE llu _. 
HIJE lll.1 
ttDE1UZJ 
HOE •113 J 
HOE 114. 
HOE 115 1 

HOE 1116.1 
HOE Ill"' 
HJE 118 .. 
HllE 119 l 
HOE • lZJ J 
H'lE 121J 
Hn e 122 , 
HOE 121 .. 
HUE •lZiltJ 
HOE !25J ' 
fPE !ZD 
H'IE 127u 
HUE •l28J 
Hfl E 129 J 

ti.IE 13. 
H"I E lllu 
HL E ll2 I 
H E l33J 
H IE l l't 
tt ~ E ns ... 
h l E 136 I 
Hre tH. 
II)( 119. 
H E lH ..1 
H E 
rl F ., 
rP ( <l 
t1 J f 4 ~ I 

H E ... 
" ( 

.,_ 
•·"E ... .. ,. ·' 

t 

t 

sutu-.. o u r INE HF IL Tl I .11(1/ ,/Yl / ,/XZ/ ,/Y2/ rlSXl / ,/SYl/ ,/SXZ/ ,/SYZ/, 
•/8CUFR/ 1/BCOF I/ 1 /tiCOF/ I If AL/, /N2POWI ,/ JRL/ 1 /NOL/1 /NHC/, /IS/ I 

REAL Xl l l I rY1111,X21 ll rY211),SXlll11SYl '111 
·~x2111,SY21l1.BCOFRI l J. etOfl 11) ,HCOF t 11 

THIS KDUTJ r~L PERF ORMS eANDPASS FILTERIN G JN FREQUENCY DOMAIN 
AND HILBERT TRANSFORMING JN TIME DOMAIN WJTM ONEllS• ll C:. TWO 
( IS•ZI INPUT TRACES 

K•lRl•l 
IAl l •IAL/2 
IALP • IAl•Z 
IAL3 • 1ALZ+l 
DO 10 lsK 1 1Al 

lil Ulll • O.O 
lFI lS .EQ.11 K•l 
00 20 l•k,JAL 

i J XZlll•J.O 

CALL FFT842101N l P OW1ll1XZ) 
JU l 1I•JI(11U•BC OFRI11 
Xl I ! l •X2l l I •BC OFRI U 
DO JO 1•2,JAL2 
J • IALP-1 
STR • XlllJ 
Xl 111 •STR•BCOFRI l ) • XZI l l•BCOFI 11 I 
ICZ 111•STR•BCDFIII1+121I1•8COFRI 11 
SJRe.Xl t Jl 
XllJl•STR•BCOFRI t hX21Jl•BCOFJl I I 

JO xz IJ I •X2 I JJ •BCOFRI I J-STR•BCOFlt JI 
Xl C IAll l•Xl 1 IAL31 •BCOFR I IALJI 
XZ I JAL3 I •X2 I J AU) •BC OF RI IALll 
CALL FFT81t2fl1N2POW1Xl1X2J 

00 80 l•l,NOL 
80 Xllll•XlllhSXlfl+IRlJ 

CALL HF IL Tl Xl, Yl ,SYl I IRL•l I 1HCOF , IRlrNHCt 
IFllS.EU.11 RETURN 

OU 110 l•l,HOL 
110 X21J1•X2llJ+SXZll+IRll 

CALL HF IL Tl lilt YZ,SY Z 1 IAL•l I ,HCOF1IRL1NHC, 
RETURN 
END 

SU BR DU Tl NE HF IL TI/ X/, /Y /,/SI 1/HtOf-/1/ I RL/, /NHC/I 
REAL Xlll,YllltSlll,HCOFlll 

C THIS ROUTINE PERFORMS HILBERT TRANSFORMING IN TIME 
C DOMAIN WITH A NEGATIVE SYMMETRI Hll9EftT FILTER 
t 

t 

t 

t 

NCl•NHC-J 
NC2 • 1NHC+ll/2 
lRl • IRL•l 
MMM • IRL+NCl 

DO 20 l•l1HCl 
Ylll•SILJ 
DO 10 K•l ,NC2 1 2 
l•L- .11(•1 
IFll.LT.11 GO TO ZO 
l••C I I 
l•L-NHC*K 
IFIJ.GT.01 l.,.l-Xlll 

hi YIU•YILJ•HCOFIKl•l 
20 CONTINUE 

00 30 L•NHC I 1Rl 
YI l I •HCOF l 11• I XIL 1-X IL - NHC• l l 1 
DO 30 K•J,NCZ12 

30 YI LJ • Y IL) •HCOFI Kl •IX IL-K•l 1-X 1 L-HHC•KJ I 

DO 50 L•IRl,l'IMM 
YI ll • -HCOF l l I •XI L-NiC• 11 
DO 40 K•J,NCZ1Z 
I • L- NHC•K 
IFll.GT.IRU GO TO 5lJ 
l •-XI I) 
I • l llC+l 
IFll.LE.IRLI l•HJl(lll 

"Cl Ylll • Y(ll•H tOr CKl•Z 
50 torH IUUE 

RETURN 
ENO 

SUBROUTINE GE NC OF l /XI, /YI, /BCOFR/ t / &COF J /, lt4COF f, 
•I I Al/ I /NZ:PO .. /, / IRL/ ,/NOEL/' /NOLI, /NHC/ I 

THIS ROUTINs; GENERATES THE COEFFICIENTS TO BE "1.JLTIPLIEO 
WITH IN SUBROUTINE MFIL T,FFT , IFFT 

Rt:Al 8CUFRI l I 1BCOFI 111,HCOFC l l 1 
•Jl(llJ,Ylll,STR1STI 

00 .: o lrltlAL 
XIII•:. 

2'> Vt I J •-J. -' 

WR l TEl31 IOO I 
(All COFLESIHCOF,8, NHC I 
NOEL • lt'4HC - l l/2 

WP 1 I EI31 l L::I I 
CALL COFLESCX,9, .. BCI 
CAl t FFTB42IO,N2POW,X,YI 
IRL • IAL-NBC•l 
NOL•IAL - IRL 
S•l.U/FL OATllALJ 
1u : •1At 12•1 
DO "'O l • l 1 1AL2 
BCOFAI I ) • XI I J•S 

"i ., ltCOrtllJ • YIJl•S 
RCTtJA.N 

l.JJ FORMAT l lX/' HI l8EU TRANSFURMER U4P ULSE RESPONSE 1 J 
111) FUR~•ATllX/ 1 BANdPASS FILTER IMPULSE RESPONSE ' J 

P IO 

SllBI OU T INE COFL CS I /X/ 1/NO/ ,/NFL Tl) 

ll !J S RUll TI UL fh:ACS FILT [ R COEFFICIENTS 

! • 

F\ EAL XI ! I 
J.: ! Al•li ~ 

R: Al 1'101 'iFLT 
wH.l f El3,lOJJ fl.FLT 
[10 _O l • l,NFLT 
~LI.{ ll1U I S 
•IC Jl fl ) , l'JJ I I iii 
X l ll •S ~ ullSJ 
FU RrA I I 1X,J4,flc,7J 
"i TIJA t1 

'" 

t'I J C l .. , ., 

HOE •llt8 J 
HOE l49•J 
'i)EJ15::1 .1 
HOE 151 0 
HOE 1152J 
HDE 1 lS30 
H~E 151t'"' 
HOE 155U 
HOE J 156J 
HOEJ157J 
HJE.158' 
HOE 1590 
HOE ll6'l) 
HDEHblCI 
liJE . UZ"' 
tiOE 1630 
HOUU4l 
HDEllUO 
HJE ·16'" 
HDEOUTO 
HOEJ168J 
HDEJ1690 
HOE .: l TDO 
HOE'll 710 
HOEJl 721) 
HOE)l73..1 
HJE_ l 7«1> ~ 
HDE.Jl750 
HOEJ1760 
HnEll771l 
HOE_! 181) 
HOE~•l 790 
HDEJ180i) 
HOEHUO 
HJE.· 182:l 
HDE~l830 

HDEJU't.:I 
HOEJ1850 
HlE.>18bU 
HOEJ1870 
HOE11HO 
H['tEJ189D 
H>E 190\I 
HDE0191D 
HDE'Jl920 
HOEJ1930 
HJE .. 194" 
KDEU1950 
HDED1960 
HDEll970 
HJ E .. 198" 
KDE01990 
HDEJ2000 
Hoe:. 2010 
Hi>E .. Z021J 
HDE02030 
HOE l201t0 
HDEJ2050 
HJEJ20'i) 
HDE02D70 
HUEJ2080 
H!JE12090 
HOE'2100 
H~E:J21 l0 
HDEJ21ZO 
HDEJ2U.) 
H'.>E,2HD 
H0Ea2150 
HOEJ2l60 
HDE•2170 
HBEJ211.J 
HOE)ll9'°' 
HUE >2200 
H0El2210 
HDEJ222P 
HDE'J2230 
HOE.'22\'J 
HDEJ225J 
HlE JZ260 
HUE~ZZTO 
HDE12ZISO 
HJE .., 2290 
H9EJ230J 
HDEJ23lt) 
HOElZ32•J 
HJE1 233L' 
HJE ' 2)4') 
HJE .'2350 
H'>E"'2360 
H~E .. 2370 
HJE •238Ci 
HOE .1Z39J 
H>E J Z'iD~ 
H!JE 2"1 J 
HJE .. 242..1 
HUE ·~ Z43CI 
W''E •Zlt'iO 
ttOE •ZltS .· 
HJE- 2.\6 .. 1 

HOE ZltlO 
HOE •Zlt80 
H'lE •2lt91J 
tOE •Z50J 
HnE ZSlO 
HOE .. 252 .1 
HJE . 253.1 
H'lE Z511t..i 
HOE •2550 
HOE 256..r 
HOE 251..: 
HJE ·258 :1 
HDE .•Z59U 
HOE Z6C .1 

H)E 261 .. 
HJE 2b2 .J 
HOE _ Zbl i) 
~h.! E ZbltJ 
H'lE Zb5w 
H)f 26f> r} 
HIJE Zb70 
HOE 2b8J 
H'.JE Zb9.,. 
tn E Z7.J 
H lE 27,,,i 
H•JE 272 J 
HJE 211 .. 
H E 271t I 

H 1E ;: 75J 
H"lE 27b I 

H:J E 277. 
H E 278 
HJI E ::'l l9'l 
Hl 'E 28(1 
H1E 281J 
~JE 282~ 
Hlt E 283J 
Hf1£ 284:1 
11 IF :Jiiii,, 

" 



' 

t' 

'• 

c 

SUBROU TINE OETEC TI /Y 11 t /Y2/ t1Xl/, /X2/, /COMP/, 
•/I AL/, I JJ/ t / IRLl t /I/,/ INC/, /IBT 1/, /I BT2/ I 

REAL Yll I AL ,JJJ, Y2 I UL ,JJ J, Xll UL,JJ) ,X2( J,U ,JJ) 

COHHON/DTP/ ITRT I 2w't I , E 112\l't It E2 I 204 I , EST 14, 2?41 t SNR I 20.ft I , K lH, K2M, 
•AHTAB 1.2 .. '4, 7), I.TAB 18,204 I, ISST, I "'SS, SP IKE 1 INS ,NWS,NES, L TT, I PC, 
•PM 1!'408 1 TRIG 1G ROUP, THR, 08THR, 1 EPL, NBH, I ESC, IT RC, ENL, SMI t I YR r NTSMP t 

•fo.ITJU G ,WT 17J rVESl( 7 J,VES217) I VES3171 ,VES4171' VES5111tTME171 
JNTEG i:R fHH AB,FTT 1511COHPI 111BL Tt 51 
LOGICAL HUG,GROUP 

THIS ROUTINE COMPARES THE NBM BEAMS AGAINST THE THRESHOLD. FOR 
TRIGS lbTL SAMPLES AFTER LAST PRECEEDING TRIG ,MXBEAH ARE CALLED 

1R2•1RL/2 
I BTL•4rJ 
ISL•O 
JCST•llHl 
IFWT!:.MP.EQ.NOBI GO TO 4 
L"'NUB-NTSHP 
CALL OUTP' 13 ,o, l ,xz, X2' IAL,JJ, 1, L1 lr JJ I 
NTSHP:sNOB 
lf(GROUPI 

•CALL MXBEAH CYl r Y2t JAL,JJ, IRLt I, 11 IBL t UHl r 1BT2 t &50t &1Ji>1&1 lO I 
TRIG•.FALSE. 

10 DO 40 K"l tNBM 
BH•.,.U 
DO 35 J•l ,JJ 
tt•l+BMTABCK,JJ 
IFllI.GT.JRL1 GO TO 30 
BM•bM+Yl 111,JI 
GD TO 35 

30 BM•BM+Y2111-IRL,JI 
35 CONJ JNUE 

IFCAM.LT.THRI GO TO 40 
TRIG•. TRUE. 
llt•C 1-ll•SMl+0.5 
NTT 2 IBTl+ITI 
IFOITT.GE.IBTL+LTTI GO TO 120 
l TT•NTT 
GO TO ~O 

40 CONTINUE 
50 l•l+JNC 

JFU.tE.tRLI GO TO 10 
I•l-IRL 

l!L:rl 
ICST• I BT2 

70 00 90 K•l 1NBM 
BM•o.o 
OU 85 J•l ,JJ 
I l•l+BMTABIK,JI 
IFllJ.LT.11 GC TO 1!10 
BM•eM+YZI 11,J) 
GO TO 85 

80 BM•BM+Yl 111 +JRL,JI 
85 CONTINUE 

IFCBM.l T • THRI GO TO 90 
TRIG•. TRUE. 
ITl•l 1-ll•SMl+0.5 
NTT•JBT2+1Tl 
JFUHT.GE.JB'tl+LTTI GO TO 12J 
L TT•NTT 
GO TO 100 

90 CONTINUE 
100 l•l+INC 

IF(l.LE.tR21 GD TO 70 
llO RETURN 

c 
C A POSSIBLE EVENT IS DETECTED 
C MOVE DATA TO DISK ANO CALL MXBEAM AND SPIKET 

r 

120 GROUP•. TRUE. 
JTRC•JTRC+l 
L JTaNTJ 
KlM•l 
El IKlMI •O.O 
JNS•40 
NWSa40'l 
IESC•v 
NTRIGau 
I PC al 
CALL PRESETITME,JJ,1,l,JJ,l 1 lr0.01 
CALL PRESET( EST 1't1NBM1 l t41 l tNBM,D.OI 
CALL PRE SE TC SNR,NSM, l 1l tNBM1 l t l ,0.01 
00 :30 J•l,Nefll 

130 ITRTIJl'ZO 
S•l 1e1.i•ALOGlOIBM/ENt I 
tALL CHANGEllCST,SLTI 
CALL CHANGE I L TT, FTT I 
WRITEI 312JJ1 ITRC,K,IBL,1,s,oeTHR,BLT,FTT 
WRITEI b1ZOul ITRCrK1IBLrl,SrOBTHR,BLT1FTT 
WRJTE1121211JI ITRC,JJ 
WRITE1l2,2101 ICOMPIJ),J•l,JJJ 
WRITEll2122JI IWTIJl,J•l,JJI 
I• 1-IEPL 
J l:zl-IR2 

140 IFllBL.CQ.l.ANOol.GT.,:'IJ GD TD 150 
IFllBL.EQ.11 GO TO 142 
lFlll.LT.lJ ll-=l 
CD TC i.'iS 

l1t2 I •I+ IRL 
11•1 l+lf(L 

~"~ CALL OUTPl131(11l1XlrXl11AltJJ,ll'1IRL1ltJJI 
NTSHPztRL-11•1 
IT l:s I I l-l l•SMI+,1.5 
113ST:zlBTl+ITI 
IWS~ 2 l-ll+l 

CALL OUTPI 13,o, 11X2, X.2, IAL ,JJ, lo IRL, l,JJI 
NT S~IP•t4 r SMP+l RL 
IBL:i:J) 
::.u ,..X(\E AMI Yl 1 Y2 t I \L 1 JJ, IRL, 1 t lr IBL 1 ISTl t I 8T.C:1 L5" t tlOOt &lll)J 

!SC ll~IRL•ll 

CALL our Pt 13,t;, li x1,x1' IAL1JJ, 11 t IRL 'l t JJI 
NTSMP•IRL-11+1 
Jwsr,•IK2• l 
lflzlll-U•Sf'!J+ 1,5 
IP.SfzlfHl+lTI 
CALL UUlP I l 31C'1 l tX2rX2, IAL,JJ, l 1 IRL,l ,JJ I 
NTS,..P•tlTS,..P+ IRL 
CALL 1'X[ EAHIYl .v~. tt.L,JJ, JRL, t' lr IBLt lBTl' IDT2t ts~. UJ.:-,&llC I 

2J:'I fURttATllX/ 1 TPIG1~!:~"',Bll.1CK,Sl,.PLF1SNRIOBl,THRIOBJ', 
•4J5,2f9.2/' PLOC"- S.TAkT Tl,.E. '• 
•515 / 1 UIG START Tlf'E 1 15151 

:>t.1 FURHAlC!l.IJ . J 
22!.< FC'R'"ATl7FlJ.bl 

fNO 

HClE 281tJ 
HJE 285.1 
H1E •28bJ 
HUE 21!170 
HOE .. 288J 
HOE . 21!19"' 
HJE 29Uj 
HOE 1291\.1 
HOE 292v 
HJE 293 
HOE •2940 
HOE ~295•.) 
HJE 29bJ 
HDE 297 
H!IE.1298:J 
HOE 12990 
HOE 1 30thJ 
HJE. 301 
HDE •302U 
H0E ' 303U 
H:>E' 304-:I 
HJE 305 
HOE.•3060 
HOE 13070 
HJE:308J 
HJE .., 3::>9., 
HDE .. •3100 
HOE 13llil 
HJE ! 312D 
HJE1313 . 
HOEw3lltO 
HOE 13150 
HJE J 3UD 
ttDE. 317.1 
HOE .·3180 
HDE.13190 
HDE:320J 
HDE.•321. 
HUE.>3220 
HLlE1323ll 
HJEJ324U 
HJE:.325_ 
HDE'i 32bO 
HDE'.13270 
H'.JE , 328J 
HOE: 329U 
HDE :J 3300 
HOEl33lO 
HDEH320 
HJE. 333.1 
HIJ E .. · 3340 
HOEJ335ll 
HDE'336) 
HJE 3370 
HOE~ 3380 
HDEJ339U 
HJE;340u 
H'.>E 31tl0 
HDE:•342D 
HOEl31t30 
H'.JE)341t0 
H'.>E 31t50 
HDEJ31t60 
HDElY.70 
H'.>El31t80 
HJE 3.ft90 
HDE;,3500 
HDE'J3510 
HJEJ3520 
H!>E 3530 
HDE03540 
HDEJ3550 
HJE i3560 
H)E 357:J 
H0Ej358v 
HOE )3590 
H'JE J360::> 
HOE 3610 
HOEJ3620 
HOE13630 
HOE~364~ 
H'.JE 3650 
Ht.lEl 3b60 
HllE'l3670 
t·nE J3b80 
HJE 369;) 
HOE\.13700 
HDEl3710 
HOf )372J 
HOE 3730 
HUE:'371t0 
HC'IE'.13750 
H'JE ·376;) 
HJE 377J 
Hi>EJ3780 
H"E 1)790 
HJE JlSOO 
HJ E l810 
H0£,.ol820 
HrJElJaJ-:1 
HJEi]SltJ 
HJE 385:1 
Hbf:i)BbC.. 
H0E')87D 
H1E •l88J 
HJ( 389" 
tt"E •l9J(1 
HOE 1J. 91..t 
HJE 1392J • 
HJE 3931'..1 
HOE •l91t!.t 
HOE 1195U 
~J I! 1)9b':· 
hJE 3 97J 
HDE~·l98\J 
HOE 1) 99U 
HJ E ·'HflJ 
HJE .. Jl.:'t 
t' IE •'-02 1.1 
HUE 14')3 J 
11.:i E •'-J4.) 
ri .... E 1.:,,5: 
HL.i! •' llbu 
hfl f 14J7J 
t- JE .. _,9.,, 
H) £ .. tl9w 
HDE •4 10 \J 
ttr•E ·li. 110 
ttJE 4.U ._ 
HJE '-llJ 
HilE 41•1{, 
H ~·E 1415 '1 
l !~•f '-lb I 

E-3 

SUBHOUT I NE SP I KETI IT ME/ .INW S/, / JJ/ ,/SP IKE/l 
REAL TMEIJJl,T"4Pl71 

THIS ROUTINE CHECKS FOR POSSIBLE SPIKF DETECTIONS 

SPIKE• J 
00 !OJ J•l1JJ 
TMEIJl•TMEIJJ/NWS 

lUO TMPIJl•Tf1ElJI 
c 

c 

c 

c 

JM•JJ-1 
DO 120 J•l,JM 
T•TMPIJ1 
L•J 
JP•J+l 
00 llC K•JP,JJ 
JFITMPIKl.LE.TI GO TO 110 
T•THPIKI 
L•K 

lllt CONTINU[ 
TMPILJ•TMPIJI 

120 TMPIJl•T 

T•O.O 
DO lJI,) J•3,JJ 

130 T•T+HIPIJI 
T•hB .J/FLOAT I JJ-21 
WRITEl3r240J tTHEIJlrJ•l,JJI 
WRITElb,2401 ITMECJl,J•ltJJI 
lFITMPllJ.LT.TJ RETURN 

SP IKE=l 
WRITEl3,25JI 

250 FORHATI' TAM DECIDED TO BE SPIKE'/1 
240 FORMATI' MEAN POWER 1 ,7F8.ll 

RETURN 
E . ...,O 

SUBROUT JNE MXMAMI /Yl/,/Y2/ 1/ IAL/ 1/JJ/ t 
•I IRL/ 1 / l / t /INC/ ti IBL/ t II 8Tl/ ,/ IBT2/ 1 •1 •••I 

REAL YllIAL,JJl,Y2CULtJJI 
COMMON/OTP/ ITRT 12~.ft) ,El 12041rE212041,ESTI4, ZU'tl, SNR l204J ,K1Mtlt211f, 

•BM TAB I 2'.>4, 711 AU818,204 J, JBST, 1WSS,SPIKE1 JNS,NWS,NES,L TT, IPC, 
•BH,NOB, TRIG,GROUP, THR 1DBTHR, JEPLrN!M1 lESC, JTRC, ENL,SMJ, IYR ,NTSMP t 
•NTRIG,WTC7 I 1VESl I 71.YES2l71rVES3C71,VES.ftl 7J tYES51711 TMEl7 I 

INTEGER Bf4TA8 1TIMTABl51 
LOGICAL TRIG,GRDUP 

THIS RCIJTIHE DETERMINES THE DIRECTION OF THE POSSIBLE EVENT 

IR2•1Rl/2 
ISBL•IBL 
ISSS•I 
18Tl•41,,1 
IFI IBL.E0.11 GO TD 70 

10 DO ZO J•l,JJ 
20 TMEIJJ•TMECJJ+Ylll,JJ 

OD 40 K•l 1NBM 
8M•r).0 
00 35 J•l1JJ 
I l•l+BMTABIK, JI 
IFCll.GT.IRU GO TO 30 
BM•BM+YllJl,J) 
GO TO 35 

3i. 8M•8M+Y21 IJ-1RltJI 
35 CONTINUE 

ESTI IPC,KJ•ESTI IPC,KJ+8f4 
IF(BM.GT.SNRIKJ I SNRIKl•BM 
IFllTRTIKl.NE.DJ GO TO itO 
tFCBM.LT.THR1 GO TO 40 
ITl•I J-ll•SMl+o.s 
tTRT IK) •lBTl+ITI 
NTRIG•NTRIG+l 

40 CONTINUE 
IESC•IESC+l 
IF IHOO I IESC, I EPL 1. EO.OJ lPC•IPC+l-C 1PC/.ftl•4 
JFllESC.LT.INSI GO TO bO 
INS•INS+JEPL 
K2M•l 
00 50 K•l 1NBM 
E21Kl•G.0 
00 't5 J•l14 

45 E20c.J•E21KJ+ESTIJ,KI 
ESTI IPC,Kl•O.O 

Sil IFC[21Kl.GT.E21K2Mll K2M•K 
IFIC21K2Ml.LE.ElCKlMll GO TO 51!1 
KlM•K2M 
IWST•IESC 
DO 55 Kzl ,NBM 

55 ElCKl•E21KI 
58 IFllESC.EC::.NWSI GO TO 200 
60 J•l+INt 

IFlt.LE.lRLI GO TOH 
l•l-lRL 
IBL"'l 

7U DO 75 Jal ,JJ 
75 TMEIJl•TMEIJ1+Y.2111JI 

00 90 k•l,Nl!M 
8M•J•\.J 
~o b5 J•l,JJ 
I l•l•BMTABIK,JI 
IFllJ.LT.11 GC TO 81 
IH°'•l'H+YZI I I ,JI 
GO I 0 85 

'10 l\Jhr.~+Yllll+IRL,J) 
8 5 CONTINUE 

ES.Tl IPC11Cl•ESTI IPC,Kl+BM 
IFlt'M 0 GT.SNRCKIJ SNP.IKl•BM 
IFllTRTIKl.N!:.01 GO TO 90 
IFlf;H.LT.THR) GO TO 90 
JTl:sll-ll•SMl+0.5 
ITIUIKl•IBT2+1TI 
NTRIG•fHRIG+l 

1 J tUNT INUE 
IE.SC•IESC+l 
IF IMDDI IESC 1 IEPLI .EO. I IPC•IPC+l-l IPC/41•4 
IFllESC.LT.INSI GO ro 150 
INS :r. INS+I FPL 
K~Mz l 

00 ! Cw K:r.l,NAp.i 
ti 111. I zr.1.0 
DD ?5 Jo:l ,4 

.f5 !:20.l•E?IKl•ESTIJ,KI 
t:S TI IPC,Kl•l.C' 

ion IFl 1. 21"-l.GT.E211<2~11 K2H•K 
IFL .. 21K2MJ.LE.El1KlHI I GO TO 123 
"-lM ~ K2M 

IWSTz IESC 
00 : 05 t'•l,Nf'~ 

l)S EllU•t:ZIKI 
: 2J IFllESC.EO.~WSI GO TO 2-:IC 
15 ... I • I+ INC 

IFCl.L!:.JR21 GO TO'?') 
~ l TltF.N 3 

HOE 417& 
HOE,,.ltlBO 
HtiE t419:J 
HJE 1tZ:'.'l.1 
HJE 42Ui 
HOE~ 't22li 
HOE.11t23.1 
HJE 424., 
H1E "1425J 
HOE .. •'r2bU 
HOE l427'J 
H!JEJ42BJ 
H)E ..,o\290 
HDE:•4300 
HDE )431\l 
HOE .ft32u 
HJC 1433~ 
HDE:·'r31tO 
HDE i'r35 J 
HJE. 436~ 
HOEi4370 
HOEC·'r380 
HDEJ"390 
H!lE_440J 
HJE J4410 
HDE1..>442Ci 
HDEJ443J 
HJE ... 444 .. 
HJEJ41t50 
HOEJ4460 
HOEJ41t7..t 
HDE .. .ftltB!J 
HOEJ449D 
HDE~14500 
HOE J451J 
HOE .. i\52J 
HDEJ453J 
HDE:t.ft51t0 
HDE•1.ft550 
HOE .. 456.1 
HJEJ4570 
HOEO.ft580 
HOE~4590 
HJEJ«t60:> 
H0E04610 
HDE:l4620 
HDE .. 4630 
H!l'EJ464\J 
HJE0465\l 
HOEJ.ft660 
HOEJ4670 
HJEJ46BO 
HlE,1t690 
HOE J4 700 
HOE .. 471-:1 
H!JE.14720 
HOEJ4730 
HOE 14740 
HOE •4750 
HJEH7b0 
HDEJ4710 
HOE Jit7BO 
HDE..14790 
HDEJ410'l 
HDEO.ftllO 
HOEJ4820 
HDEJ493J 
HOE llt840 
HOE04150 
HOEl.llt86!:> 
H!>E '4970 
HlE.HHO 
HOEIJo\190 
HOEJ1t900 
HDEJ4910 
H!JEJ.ft921l 
HOE04930 
HOEJ4940 
HDE'!4950. 
H)EJ4960 
HOE'l4970 
HOE.>491!10 
Hr>EJ4990 
H~E .'50::>0 
HllEl"l5010 
HOEJ502:i 
H0fJ5030 
HOEJ5040 
HDEIJ5050 
HDEJ50b0 
HO( .15071) 
HOfJSOl!IO 
HDE.1509U 
HOE 1510'J 
HDE . Sll1.1 
HOEJ512J 
HOE' ... 513-J 
HOE 151"J 
H'lE 515~ 
H0[}5lb0 
HDE'l517.• 
HOEJ5180 
H!J! 519~ 
H1EJ520J 
HO!'J521C. 
HIJe:-'5220 
HJE 523J 
HOf.•5240 
HUE 1525~ 
HOE '526U 
HlE 527 J 
H 1E ... 5281l 
HDE.15290 
HOE +53D'l 
HJE 531J 
HOE 532J 
HOE .533 .. 
HOE• 53'tJ 
HlE~ 535.1 
HOE .53bj 
HOE.·537J 
HOE 538 > 
HJ.E. 539\j 
HOE 151tl3 
HOE.·5.ftl(• 
Hr"! 1542!) 
HOE 5-U.• 
H1I E 5441"1 
HOE 154$(J 
HDE· S4b'° 
~" E ~itl-· 
Hr>E SUJ 
HOE 1s1i•o 
HOf · S,:!'J 

HJE. ''I.; 
~!JE 552:· 
H:J E l551J 
HC-- £ S5"'"" 



zvu 

ZIO 

zzo 

'" 

250 

.as 

260 

:ALL SPIKETIHIE,~"S,JJ,SPlJC.El 
WRI TEI lZ,3001 KlMt IBST, IWSS,NWS,SPIJC.f 
Jf( ~ Pfl(C".£0.01 CO TO 210 
l8L • IS8l 
I• IS SS 
LTT • LTT+IBTL 
GO 1 0 lbO 
WRITE13,31".H 
WRlf£16,310J 
00 250 l • l, s 
ll • l 
no Zt,O K • ZtNf'~ 
lFl~llKl . GT.Eltllll ll • K 
S• 10 .i)•AlOGlO I SNR I LL I /ENL) 
CALL CttANGfflfRllllJ t llMTABJ 
WRI I El J, 320 I l ,LL,E ! I LL 1, S , llMU!lt I AU!llktllJ ,k • l,81 
WR I re I b,3231 Lt llt El I LL I, s, T IMTAB, I ATAB IK ill 1,K • l181 
Elllll • O.O 
LL• ! 
DO ~ 55 K•2tNBM 
lF U NRIK).GT .. SNRILUI ll • K 
S• l ') .O•ALOGlO I S"IR Ill I /ENL I 
IT J -. I IWST-NES - IEPL J•SHI 
IWST • LTT+ITI 
:ALL tHANGE l IWH, T IMUB I 
WRITE tl, 1301 NWS 1 f1ES, TIMU! ,NTRI G, S, ll 
WR I TE 16, HOJ NWS,NESt T JMTAB ,NTR 1c ,s,LL 
IT I • INNS-IEPL 1 • SMI• : .S 
L TT • L TT+ITI 
GROUP•.FALSE. 
JFI IBL.EQ.01 A.E fU RN 1 
RETURN Z 

100 FORHATllOllOI 
310 FORMATIU:/' THE 10 BEANS WITH MU ENERGY'/ 

•' N0 18 f A,.,ENEA.GY,HlX SNRIDBJ,TRIG TIME1AREA' J 
321.1 FORMAT 1u.12. H1Fll. lt F6. l, 14,1,u, U,8A"1 
330 FORIUH' WINDON ANO ENERGY LENGTH1NINOON START,TRIGS,MAl 

•I U:, 815,F6. l t 15/ I 
ENO 

SUAROUT INE SENV I IX l/ t /Yl/, /X2 It /Y2 /,/WT/ 1 /YES/ t 
•/NN/, I JJI, / IRL/, /NOEL/ I 

HJI:. ))~J 

Hl1E 556:> 
H!JE J557 J 
H!>E. 558() 
HIE 559.., 
HIJE ·561)(., 
HOE J561'1 
HOE •Sb1.J 
HIE 563\J 
HJE 56t,0 
tfOE 15650 
H~E 566J 
H, E 567J 
HDE 15680 
HOEJ569D 
H'>E •57013 
H'lE ... Hl.1 
HDEJ5120 
HOE 15730 
HOEJ571t\> 
HlE . 5150 
H.JE)5760 
HOE JS770 
HOEJ 5780 
HJE ,579c, 
Hi:>EJ5800 
HOEJ581U 
HOEH82~ 
H'JE ' 583C. 
HOE.J581t0 
HDE05850 
H0E.J5860 
H>E •587., 
HOEJ58BD 
HDE:>5890 
HDE.J590:> 
HJE.05910 
HDE.0592& 

SNR,8EAM'HOE05930 
HDE..159"0 
H1E :0 595U 
H0E J 59bU 
H0E ) 5970 
HOEJ5980 

Rf Al Xl INN,JJ I, Yl INN,JJ J.X21NN, JJI ,Y2CNN,JJ) ,WTCJJ) ,VESIJJ) 
REAL lll71 

H>E . 5990 
HDE~•6i>OQ 

HOE.)6010 

THIS ROUTINE CALCUlATE.S THE NORMALIZED SQUARED ENYElOPE 

IUl•IRL-NDEL 
JU2•JU1+1 
kOEL•NOEl-1 Rl 

00 100 J • l.JJ 
VESIJJ • o.o 
DD 40 l • IUZ .tAL 
Sallll 1 J} .. 2 
VESIJ1•VESCJ1+S 

•O 
c 

Yl I I, JI • I S+Y2 I I +KOEl,J J .. 2 t •WTC J J 

c 
•• 
100 

)00 

DO bO l • ltlUl 
S • X21 J,JJ .. 2 
VESIJ) • YESIJ)+S 
Y21 l ,J1 • IS+'f'211 •"10El1JI .. 21 •WTIJI 
lllJ l•l.O/Wll.JI 

WRITEC3,300J 
WRITEl6,3001 
FORMAT l 1 RUN 
RETURN 
ENO 

lll(JJ,J•l.JJ) 
llZIJJ,J• l,JJI 
EST 'tlt, !l'. B.11 

5UBROUT INE PRESET( I A/, /N/ t /M/ t1Nl/ o /N2/ tlM l / t /M2/ ,/V/I 
REAL AlN,H) 

THIS ROUTIN[ SElS SPE C.I FI EO El.OIE NTS IN A EQUAL TOY 

IC 

DO 10 J • Hl,M2 
DO 10 l • NltN2 
Al l 1J) • V 
Rt:TURH 
ENO 

SUBROUTINE FF T842 I/ IN/, /NZPOW/ t /X/, /Y/ J 

fHJS PROGRAH RfPlACES THE VECTOR l • X+IY BY ITS FINI TE 
DISCR ETt ,COHPLEJt FOURIER TRANSFORM IF N•O. THE INVERSE 
fRANSFOAM IS CALCULUED FOR IN•l• IT PERFORMS AS MANY 
BASE 8 ITERATIONS AS POSSIBL E AND THEN FINISHES WITH A 
BASE t, UR A BASE 2 ITERATION IF NEEDED. N MUST l\E A 
POWER OF z. 

J J ., 

OIHC:NSI UN Xl21,Yl211ll l5 J 
E- OUI VALENCE I l.l5,ll l I I 1 ll.1"1Ll2 I I, lll31ll3 I I, lll2 . llltl 1, 

• Ill 1 , L 1511, IL 10,ll 61J,IL'ii,L171I1 ILB,ll 8111 IL 7 1 ll91 I, 
• ILb , L( l JI 1 t IL5,ll lll J, t L1t1l I lZI 1, tl3,Ll 131J,ILZ 1 ll1")1, 
• t Ll,LI U J 1 

NTHPO •~ .. ~ZPOW 
lfllN.[Q.lJ Ge" Ta 4 J 
DO .! O l • l,NTHPO 
YI I I •-YI 11 
C.Ct NTJr4U r' 
N8PlJW•P'2POW/3 
l!=C ~ fll'Ll fi .E0.01 li D T.J o:I 

RAIJ IX 8 PAS SB , If ANY 
(')U ~ O I PASS • l ,NBPOW 
... KTL T • ;!•• IN2PCW · 3• I PASS I 
L!'.tl , f · 8•UXTL T 
t ALL R,. TX I PIX Tl J 1NTHP O, l ENGT ,x 1111 'JI I NXTL f • 11 t J.12 •NXTL T+ 111 

••I )•Nll.TLT+l) , X( t,•NXTL T+l 1,X(5•NXTL T+l I ,Xl6•NJtTL T+l It 
•IC 7-ro· fL T+l 1tY I 11 ,YtNXTLT tl I ,YI 2•NXTL T+ll,Yl )•NXTLf+l I 1 
•YI 4•~UJl.f+l I ,YI 5• NXTL T•l l ,y lb•NX Tl.ltl I ,Yt7•NXTL T+l I I 

.. o C1JNI 1r.ur 

• IS THfltC A FOUR FAC TOR LEFT 
l:>J IF l "•2P J\o,-)•NAP OW- 1 I 1D , 7 0 ,80 

• r;o THAOhr.H r~i: f'A SE 2 IT ERATI ON 
rJ CALL .. _ , . INJHPO,x111.x121,Ylll1Y l l ll 

GO 10 I 

: Gil TH :tUl •G H THC FIAS E 4 ITE14Aft ON 
OJ CALL ~4JltlNTHPU 1 11!.lll,Xl2l,•131tXlt,1 1 Y fl ltYl 2 1,Yl311Yl4J) 

HDE.lb020 
H1E .t60)l 
HDEl6Q<\0 
HOE 16050 
HOE.o606J 
HJE.16070 
HOE lb080 
HDEl6090 
HOE.•6100 
HJE'6110 
HOE>6120 
HDEJ6l30 
HOE.161<\0 
HJEJ615'1 
HIEJ6lb0 
HOE 16170 
HOE lf~UD 
H:IE . 619.,,. 
H'JE ~ 620J 

HOE 1621\l 
HOE 1622:> 
H!JE 1623 :i 
HOEJ624·J 
HOE 16250 
HDE J 62b0 
HlE 627J 
HOE .. 6280 
HOE•6290 
H!JE . 63C:-> 
H~El 631U 

HOE •bl20 
HOE J633D 
HOE 634.J 
HOEJ635.J 
HOE .1 6360 
HOE !6370 
HOE . 638.J 
HOE 1639:1 
HOE ... 6400 
HOEJ6<\lil 
HJE 642.i 
HOE •b43J 
HnE •64<\~ 
HOE t6453 
HOE 6lt6J 
HDE 16ltl0 
HOE •6480 
HDE " 6"9:J 
H~E 65.1u 
HOE 1b510 
HOE.1652 .. ~ 
HOE. b53J 
H'>E . b5".t 
H:>E •65Sl 
HOE •656 
HOE. 6570 
HI'\£ 658J 
·WE l 6591l 
HOE •660 
HOE 661\J 
H.,E b62 . 
ot J E •663'1 
HnE 6bltU 
HllE 665.o 
H)E 666 
H.JE 667J 
HOE •6680 
Hl'lE 669.1 
ti1E 67 (... .., 
tt ~ E •bl'lO 
HUE •672.J 
H:'1 E •673 l 
H'E 674.1 
h fl f b1SO 
Hn E ' 61'60 
H1 E 677J 
HJ E 678 . 
Htl f 679U 
Hl" E 68;,J 
Hl'lE b8lJ 
H) E b82 ... 
Hi! E b831J 

E-4 

'iO DO 11.J J :11 l115 
LI JI •l 
IFIJ-,..,2POWI lCUtl ·: '.01 ll.J 

100 LIJl•2 .. IN2POW+l - JI 
110 t tJNT INUF 

IJ•' 
on !3J Jl :11 1,u 
00 13J J2 • Jltl2tll 
00 130 Jl•J C: ,l.l,L l 
DO !.3 ~ JltsJ3 , L4,l3 
OU l3•J J5 c J t, ,L5,l.lt 
00 !3t.: J6 • JS,L61L5 
DO !. 30 J7 • J6,L7,U:i 
[JU 130 J8 • J7,l8,l.7 
00 131,. J9•J8,L'il,l.E 
00 13.) Jll) • J'il,ll01l'i 
00 .3" Jll • JlOtlll,l.10 
DO 13..> JlZ•JlltllZtlll 
DO 131.• Jl3•Jl2rll31ll2 
OD 131) J1"sJl3,Ll41ll3 
DO '30 JI•Jl.C,,ll5,Ut, 
IF( IJ-JI I 1201130,131) 

12Lr R• Xl IJI 
XllJ l • XIJJl 
XI Jl l • R 
Fl•VC IJ) 
Y( lJ ) • YIJI I 
YI JI l • FI 

l 3CI IJ • IJ•l 
IFI IH.EO. l I RETURN 
00 : 1t.., l • l,NTHPO 
YI I) • -YI I I 

l t,Ct CONT I NU t: 
RETURN 
ENO 

SUSkOUT INE R2TX I/ NTH PO/, /CRO/, /CR i It/CI 'JI, IC 11/ I 

RADIX 2 ITERATION ROUTINE 

0 IMt: NS ION tADl21, CRlt 2 J ,CJOC 2 J ,Cl 11 Z J 
00 10 ft • l,HTHP0,2 
Rl•C.Ri. I tO •tRl lk I 
CRllKJ •C ROltCl-CIH IKI 
tROIKl • Rl 
FJl -. ClollKl+Cll(KI 
C 111 K) • t IOIKl-tll IKJ 
C lOIKJ•Ft l 

10 CONTINUE 
RETURN 
ENO 

SUBROUTINE RltU llNTHPO/, 
•/CRJ/ tlCRl/ ,/CR2/ ,/CRl/ ,/C 10/, /Cll/1/C12/ 1 /C 13/ t 

RADIK It ITERATION SUBRWTINE 

DI MENSllJN CROl2 ),CRU 2 I ,CRZl2 J ,CR312I,C10121,c11121,c121ZJ, 
•CJ312) 

DO !O K•l1NlHP014 
Rl•C.AOO.J +CR2 IKI 
R2•tA\JIKJ-CA2(K) 
R3•CR11JC.J+CR31KJ 
Rlr•tRl IK)-CR31KI 
Fll • CIOIKJ•CIZIKJ 
FJZ• CIQIK 1-C 12flt J 
F 13•C 11 IK l•tl31K I 
F llt•t 11 IK I-CJ 31KJ 
tRDIJC.1•Rl+R3 
CIOIKl•Fll+FI.3 
C.Rll K l•Rl-R3 
CJllkhFll-Fll 
tR21Kl•R2-Fllt 
Cl21Kl•Ft2+R4 
CR31JC.l•R2•F1" 
Cl31Kl•Fl2-R4 

l~ CONTINUE 
RETURN 
ENO 

SUBROUTINE R8TX I /NXTL TI t /NfHPO/ t /l ENGT /, /tRJ/, /CRl/ ,/tRZ/, /tR3/, 
•/CRt,/ t!CA5/ t!CR6/ ,/CR7/ .IC 10/ t!CI 1/ tit 12/ tlC l3/ ,/CU/tlCl5/ 1 
•/Clb/,/CJ7/I 

RADII: 8 ITERATION SUBRWTINE 

01 HENS I ON CROl 21tCRll2J1CRl 121, tR312) ,tRt, ( 21,CRSI21 ,CR6'21, 
•CR712 I , c IOI 2 I ,ti lC 21,C12121,c13121,c14121 ,ti 5121,tlbl 21, 
•C1712 I 
Pl 2 "' 6• 28 31853072 
PT •~ . 7 .J 71Gb7812 

SCAl.E • P 12/FLOATILENGT I 
DO JO J • l ,NXTLT 
ARG • F LOU I J-11 •SCALE 
Cl •COSIARGI 
SI •S ltH ARGJ 
c2 ,.c t•• i- s1••2 
SZ •L l•Sl+Cl•Sl 
C3•C. l•C2-Sl•S2 
S)•L 2• S l+S2•Cl 
Ct, •C 2 .. Z- S2••2 
St, •C 2•S1•C2•S2 
C5 •C 2• C3- S2•S3 
S5 •C 3• SZ +S3•CZ 
(Cp•r3••i - S3••2 
Sb cC 3• Sl+ C3•Sl 
Cla C. 3•C4-S3•S" 
S7•C 4•S 3+St,•C? 
OU _ Q K• J,NTHPO,LENGT 
AR:. .E: C fl: I Kl+(s;Jt,{KJ 
ARl • CR ll Kl+CR51kl 
.\R2 o:tR2 1KJ+CRblKI 
AR3 • tR31Kl+CR71KI 
Ul.4 • Cflu lK 1-cq41 KI 
AR5 •CR 11Kl-CRSIKI 
ARb .: Cq2 I K 1-CPbl KI 
AR7 "CR) lk 1-CR71k I 
AIV " CIJ I Kl+Cl41kl 
A 11 •t I~ lk l• C 15111..1 
412• Cl 2 11C.IHlt:IKI 
Al3 • Clllkl+Cl71KI 
Al4 2 C J Jltl' )- ( Jt,IKJ 
A I S "' tl 11K1-C 151 KI 
AJb .:C I LIKl- ClblKI 
Al7 ::. Cl l lkl- Cl 71kl 
f'RIJ :11 AHJ+AR2 
to :\ l a A.t ltAq) 
Afl2 a AM - AR2 
l'fl:3 • Art l - AR3 
BR4 • ARt,- Al6 
f'R!I " AA'; - A 17 
d;(b a AH4t A I b 
t:q7 =AM. 5 •A 17 
Pl~ :a AI J tAIZ 
A I l .:i AI l•Al3 
-' I 2 • f. I - Al2 
t'J3 • Ait - Al3 
to jt, ~ A l'-•AC:.b 
)I, 15 - AI :... •A~7 

t'lb · Al4 - Altb 
~17 • Al 5-Aq7 

ltlJIKl • flR'J+B Rl 
:t!>IKl • Pll)+IJll 
IF IJ .L ~ . 1 1 C.11 TO ! .. 

HJE 68 10 
HOE •b B4 J 
HD £ 665U 
H>E blbJ 
HOE 16870 
HOE •688J 
HnE 689J 
HJ E 69;~ 
HO E b'illC. 
HO E J692.J 
Hr E .'693J 
HJ E. 69t,1.. 
HOf.•6950 
HUE •696? 
H'JE • b97J 
HJf. . ~9SJ 
HO E . 6990 
HO E i7000 
H'J( J70la 
HOE 702.1 
HO El)7030 
Hll £ 17')1tJ 
HOE '7050 
Hi! E 706.J 
HO EJ7071l 
HOE J7080 
H0f17090 
HO ( .. 710J 
tlOEU7110 
Hrt!17120 
HOE •7130 
HJf l 7140 
HnEJ7150 
H~f 1716:1 
HJE J7170 
H!>EJ718J 
HUf~•7190 

HD£ J720ol 
H'.IE l'21L> 
HJ! ' 7220 
H!>EJ7230 
HO E 17Z40 
H'f T251l 
HJE ~ 72bll 
H~ f "'l7270 

HD£ 17280 
H!>E • 7293 
HDE H300 
HOE"l7310 
HOE.17320 
HOE •73JJ 
HOE .+ 731rll 
H!)f '\7350 
HOE Hl6:> 
H')E 737.l 
H'.IE J7 38D 
HOE.'7390 
HOEJ740U 
H1E 741:> 
HOE .'7"20 
HDE'J7430 
HOE >7440 
H1EH45.J 
t1lE .:. 7"bJ 
H0£"'17"70 
~EJ7481l 
H!>E 7490 
t1JEl75DJ 
HOE07510 
tt~E >7520 
t1:>E 753J 
HOEJ75"0 
HOEJ7550 
HOEH56D 
HJE · 7570 
HC'IE '7580 
HOE 17590 
HOE •7600 
HlE>7610 
HOE .. 7b2}# 
HOE 17630 
HOE J764~ 
HJE 765\1 
H.1E 1 l6bO 
HflE 'l 767il 
HOE J7 b80 
HlE 7690 
H'>EJHJO 
HOEH710 
HOE.1 7720 
H)f. 773.J 
H!lEJ7H:> 
HOE 17750 
HOE .1 776~ 
HOE 777J 
HDE'778J 
HOE 17790 
HOE '7fl?J 
Ht'E 791 .J 
H~E .1 782"" 
HOE .i 783J 
HDE ... 78":'.> 
H)E 795., 
H JE 786:> 
HOE 17870 
HOE'788J 
H,1E 789.., 
HJ E 790"1 
HOE H 'illJ 
H!I E ' 792J 
HJ E 7'il3 l• 
Ht: E · 79'> .... 
HllE 17951.J 
tt tJ E 19b.1 
H!;; f'7971J 
H" E 798 ! 
HJ E 7'il'ilL 
HJE eJ!J .J 
Hi1 EJ 801J 
H'} E 802 ·• 
H)f P.3 .. 
H'1E q :, 4 ,,, 
HiE • ll .15J 
H, E 8~b~ 

H E f'.J7 .-
H E '< J 8 • 
HUE 1809.1 
uri; et:i ... 
1t"E 1111 . 
H E "i2 
H' E 1 fll3 .J 
t4 E 81'- • 
H E fH5 ... 
H E e lb .• 
Hll E E!l 7' 
H £ IJ!B ... 
H E Al9 . 
II, f ~ 2.L 

H E •1'21•1 
II E 822 . 
HlE A23 ,,, 
H E 8l4-
H"E 825 l 
HUE Alb i 
H\E 8Z7..i 
H E 11128 

.. 

J 

.. 



., 

"\ 

':> 

10 

2U 
30 

IFIJ.U.l) lrD TO lU 
CA.11 KI •C4• I 8R0-8Al )-54• 1810-8111 
Cl II IC I •l.'••Ull0-8111+54• 18'110-eRl I 
CA.21K)::mi:;2 •I BR2-BI l 1-52• 18 12+PA.l I 
c 12( IC I :<C2• 1812+8A31+S2• I BRZ-B I JI 
CR31KJ11[6• I !!R2+81l1-56• I 8 12-fRll 
C Ill KI cC6•I812-BA.3 I +Sb• (!R2+8 13) 
TR•P7• I HR5-BI 51 
TI •P7 •I BR 5+ B 1 5) 
CA.41K1,.Cl•I BR4+TR 1-Sl• I 814+TI I 
C 14(1C l,.Cl•l814+TI l+Sl•(8A4+TKI 
CA.SI IC l•C5•18A4-TRl-S5• I 814-TI) 
Cl 51 K) •CS• I et4-T 11 +55• I 8R4-TRI 
TR•-P1 •I 8R1•ft111 
TlcP7•(81U-81ll 
Cil6( IC I •C3•l 8R6+TRl-SJ• l 816+T l) 
C 161ICI""Cl•I8J 6+T I I +S3• I 8R6+TRI 
CR71 KI •CT•I BU-TR I-ST• I 816-T I J 
C 171KI•C7•I9 I 6-rJ I+~ 7• (8R6-TR I 
GD TO 2 
CR 111( I •SAO-tlA l 
ClllKl•BID-811 
CA21K l•e.R2-!!ll 
c 121K1•e12+8rn 
CA3ll<l•BR2+813 
Cll1Kl•!U2-l!R3 
TA•P7•18RS-8151 
T111P7•(8R5+8151 
CR41Kt•BR4+TR 
Cl4tKl'"At4+Tt 
CR51Kl•BR4-TR 
Cl51Kl•B14-TI 
lR•-P1'• l8R1'+811 I 
Tl•PT•l8R7-817t 
CR61tC.1•8Rb+TR 
Cl611tl=-Pl6+TI 
CATll<l•8R6-HI. 
Cl11Kl•ltt6-Tt 
CONTINUE 
CONT JNUE 
RETURN 
ENO 

SUBROUTINE OUTPl/NOl 1/ ts/, IINI tf X/ ,l''tl t 
•INN/ t IHH/, /Nl It /NZ!, /M 11 t /,,2/ J 

REAL XINN,MHI tYINN,MMJ 

THIS ROUTINE PERFORMS DISK Oil 
1 S•O UNfOAMUTED OUTPUT 

PAINTER OUTPUT 

IS•l FORMATTED OUTPUT 
IN::ml ONLY X OUTPUT 
I N•Z BOTH X ANO Y OUTPUT 

I~ 

'" 30 

40 

>O 

60 
10 

100 

1 cNl•Nl+l 
WRITE13,•J t 
IFllS.NE.01 GC TO loiO 
IFIJN.EQ.21 GO TO 2J 
00 10 J ::mNl, N2 
WRITE INDI IXI I ,JI ,J•MltM21 
RETURN 
00 JO l•Nl,N2 
WRITE (NOi (JC I I ,JI ,YI I ,JI rJ•Hl ,M21 
RETURN 

IFllN .. eo.21 GO ro 6J 
00 50 l•Nl,N2 
WRITEINO,lOOJ J,IXllrJJ,J•MlrM2J 
RETURN 
OD 70 l•Nl,~2 
WR ITEINO, 100) I, IXI l rJI ,YI 1 1J J,J&Ml 1M21 
RETURN 
FURMATl lX t J 4, 7F8.2 I 
ENO 

SU81\0UT lNE CHANGE 111 DSEC/, /NTIME/ I 
OIMFNS JON NTl~EI lJ 

CONVERTS TIME FROM DECISECONDS 

NTIHEI 1J•IOSEC/8640'JO 
NTIME 12 I• I I OSEC-864000•NTIMEI 11 J /36JOD 
NTIME 13 J• 11DSEC-B61t?DO•NTU~EI1J-l6000•NTIMEI 2) J/ttDO 
NT IMEI 4 I• I I DSEC-86'9000•NTI .. EI 11-36000•NTIHE 12)-600•NTIME l 31 J /10 
NT IMEl 51 • I OSEC-86"?00•NTIMEI ll-3M>OO•NT1MEt 2)-ftOO•HTt ME 13) 

• -1"-•NTIHElltl 
RETURN 
ENO 

SUB~OUT I NE SETPAR I/KT APE/ ,/TAP COO/ ti INC" I JJ IJ 

COMMON /TYPE/ NAMElll21, CHANI 132ItCOMP(1321, IAATE,OPTION,NCHt 
•EXPECT, FOUND, IND,RA01 ET IME, TAPEQP,NTCH,STIME 1FlAG1 LIMDTCt 
•NEWLAS 1NSAMP1NCHAN,FRS T IM1U•1UY, UU,DElAY rBEAMt IF IL T tJSlMP rNTAP:' 

REAl•B NAME 
INTCGER CHAN,COHP,OPT ION, EXPECT ,FOUND, ET IME, TAPEOP,STIME ,FASTlM, 

•UPCOD, IT 16 J tHLPI TI 
INHGEA.•2 TAUl1321 
LOGICAL FLAG1NEWlAS,DELAY1BEAM 

Hll E 828 .. 
HUE .1 8290 
HOE 1!1300 
ff'IE . '31"" 
H':. E 832J 
HOE ·833J 
HOE 83"J 
Hn E 835"
HJ E ,8]6J 
HllE.1837J 
HlE : 8380 
H'.> E.8390 
HOE .• 81tOC, 
HOE 181,10 
H:> E •8"2 'J 
H>E •8"3J 
HlE •81t"O 
HnE J 81t5U 
Hlf •8'96.) 
HJ E.· 847J 
HJE .• 1101) 
Hl'lE t 8lt90 
H1E 850lJ 
H!)£ , 851J 
HOE •8520 
HnE J853J 
Hr!E .'851tJ 
H)E •USO 
HOE.•8560 
HDEJ8570 
HJEl~580 
HlE 18590 
HOEJllbOO 
H~E18610 

HJE"86Z\> 
Hi:>E:•8630 
HOE.J8640 
HDElHSO 
HDEJ8660 
HlE111tt70 
Hr>E:•B680 
H0£1)1690 
HJE:.noo 
HJ£,18710 
HOE .1 1120 
HDE•187JO 
HDEJlllt\l 
HOE18750 
HOE:.8760 
HOE."111710 
HJEJB710 
HJE"'8l90 
HDE~•SIOD 

HOEJlllllD 
HJE 1112.J 
HDE J HJO 
HDE•J H40 
HOEJ BUO 
HOE. 81160 
HOEl81Til 
HOE)HIO 
H0El8HO 
HJEJ89:1t. 
H)£189l0 
HDE'J8920 
HOE.18930 
H'>E. Hft,) 
HJ£ ') 89'0 
H0El 8960 
HOEJ8970 
Hoe: H8c.i 
HlE '18990 
HOEJ900u 
HDEJ9010 
HOE..:9.lZ.J 
H)El90l0 
Hoe:,90«.o 
HDEJ9050 
HDEJ9060 
HJEJ907!l 
HOEJ9080 
HflEl9Q90 
HJE •910\l 
HJEl9UO 
HQ£!19lto 
HDE19U:> 
HOE'914~ 
HJE l91SO 
Hl>£"19UO 
HOE.19l 7a 
H!>f.,,9U:. 
HOE1919U 
KDE.:9200 
H0El921J 
HJE 922 J 
HJE"•9UJ 
HDE:•9Zft0 
HDE-:9250 
HJE 9Ztt..i 
H)E 1'92.70 
HOE.,,9l80 
HDEJ929J 

COf'O(OtOOTPI l TA.T tl'lltJ, El 1201t h E21204 > 1ESTI 4, zr,4J,SlrrtR12:.-1r J 1KlM,1t2-., HlE. 9Jllu 
•AMTAB 12.'4, 7 Jr .ITA81A,204 I 1IBST 1 IWSS,SPIKE1INS1NWS1NES1L TT, lPC, H::>E •9310 
•PM 11408 1 TA. IG ,CROUP, THR,OBTHR, IEPL1fll8M1 IESC1 ITRC 1ENL1SMl1lYR,NTSMP1 HOE"932ti 
•NTR I G, WT 171 ,YFSl I 7 J, VES2 (711YES317 I, VES4 I 7 I, VESSI 7) 1T"E17) HCE >93lll 

,, 

1 ·,~ 
.;u 

I H CGER eMTAf! HJE. 93ft.1 
LOGICAL TRJG,GROUP HJE'935J 

I TRC•'J 
NES•ltJ 
IEPt•lJ 
lt1Cc4 
IRAIE•Z • 
L IML. TC:s~QOJ 
OPTI ON•5 
NfWLAS•. TA.U~. 
NUPE11:1.,, 
TAPLOP• 1 
fRSfllb 
FLAt.,..FALSE. 
T APCOQ::m J 

WftllEf614001 
RfALIS,•) JJ 
NCH•JJ 
i.'l.J 1i: lb. S'l~I 
R[Al b,•I ICH.lNIJl,J'"ltNCHI 
flO .0 Jc I ,NCH 
C"UH .. IJl'"CHUdJ) 
Wt-.llECJ13CJI ICH.lNIJl,J•l1NCl'-'I 
WKl1Ubobtl'J) 
R~AI 1;,, •I oeTHR 
WM 11 E l61l''J 'JI 
R(AI 15 1 •1 '-TAPE,IT 
Wf<l 1E1311-:0~ I If 
IYRa.t Tl 11 
ST I" fa.-t T 121•Pf:4.JQ'l+ITlJ1•360JoJ+I Tl 4 l•bJ1•tT(51•! •+I ff 61 
Ki TURN 
FORP>"ATI' !:.lAPT T111E IS 1 ,2151'1'tl'2 1 1

•
1 1 121'•'112•'•'1lll 

ru~""'"' GIVt: T4PE i4U~DER AM
0

• SURTIYEAA.10.5YtflflE,MINdCC,OESl'I 

HOEJ9360 
HOEJ'37.J 
HJE 939.1 
HOE '939 J 
H£1E •91t'10 • 
HIJEH'910 
H)E 9"2tJ 
H)E. 9'93J 
HUE •CJ1t40 
Hne 19.,50 
H)E 9ft6.,, 
H'E .947.1 
HOE.•91t8~ 
HOE 0 949>.1 
H"'lE 95 ... · 
H. E 9'1..; 
HUE •9520 
HOE. 953'J 
H>E 9S4.1 
"OE q,5:, 
Hl'E ·95f:t~ 
H~E. q57..,. 
H.lE 958 · 
H)f •9S90 
H"E ·9bU,,, 
Hl)f ~~1.J 

HllE %2-
tnE •96l·J 
H:: E •?6".: 

;w fl)q~Alt!X/• (j-o.U11NFL~ WUHCC •,7151 

HllE 965J 
H)E n6 .. 
H'E 967; 
HUE •968~ 
H•lE ~b~J 

t4)E 97~ j 

HflE 'lll:. 
H'lE •'1721 
H'' E ~Tl J 

HllE 9T4 .. 

l.l•J 

». 
!lUlr 

FUP~ATI 1 Glllf NUMHIO. UF C .. AN\IHS TO 8( PROCE:SSC:O'I 
FOit•ATI' 1.ilVE ttiANtlH IDE'(llFtCATJQO( NU"PERS'I 
i=uA.~All' GIVE lJETfCllllN THKEStiOLD JN U8'1 
J:uo 

E-5 
HOE ·975J 

SU8ROUTINE eMINPIPRINTI HOE •9761 
CQM,.;ON/OTl'/ I TRT ( 2:i4J 1E112?.ft I, E2 I 2Jltl 1ESffIt12J4) t SNl I 2J41 rKlHrKZM, HllE 977.J 

•8MT.\8 I 2.4, 71, AT.ABC 8, 2U4 1, JBS T, I WSS1 SPIKE, INS, NWS,NES, L TT, IPC, H1E 978.; 
•~M1FIOt\1 TR JG ,GROUP, ThR, DBTHA, l EPL1N8H1 I ESC, I TRC, ENL1SHI1 I VR,NTSHP t HOE ,979,;. 
•tnRIG,WT I 71,vESl 11' I' VES217 I tVESJI 71, VE s1,17I1VES517ItTHE171 HOE 198)'1 

HllcGfR 8MH8 1 M~(11 H0El98l.J 
LOGICAL TAIG1GRDUP1PRJNT HlE 9B2l 

COM"Ot4 /TYPE/ NAME 11321,CHAN1132 J ,COMPI 13211 IRATE,OPTl ..,Jf,NCH, 
•EXPCC T, FOUNC, I NO, RAD, ET IME 1 TAPEOP, NTCH 1 S TI ME, FL AG, LI JllOTC t 
•~(WLAS 1 NSlMP 1 NCHAN,FflS Tll",UX ,UY, UU1 OElAV, 8CAM1 IFILT, JSAMP1 NUPE 

REAL•A NAME 
Hilt.GER CHAN, COHP 1CPT ION, EXPECT ,FOUNO,E TIM~, TAPEOPt STlME ,FR.ST lM 
INTE:GEA•Z TAUi 1321 
LOCI CAL Fl.AG, NEWUS1 DELAY, BEAM 

• THIS ROUTINE READS THE bEAH DELAY TA8l.E 

RE ADll~rZCIOI NBM 

1 00 
200 
300 

IFIPRINTI WRITEl3 1 DOI 
00 ::t l•l,NBM 
RE.All llJtZOOI MM,IATA8IJ,JJ,J•l18I 
DO 4 J•l,NC .. 
8MTA81 l ,JJ •JllMI ICOMPI J )+51/61 
IF I PR INTI WRITE I J, lCIO I I, UTAl I J, 11, J• l ,81, UMTABI I ,JI 1J•l 1NCHI 
CONT lNUE 
REWINO 10 
FOR.Ml Tl U/ 1 BEAM DELAY DATA TABLE') 
FORMAT I 71St U,BA4) 
FOR ... AT I lJI;' 15, 2X I 8.Aloi, lXt 71 SI 
RETURN 
ENO 

SUBROUTINE WTCAlCl/IRL/1/JJ/I 

THI s ROUTINE CALCULATES THE we IGHTlHG FACTORS FOR EACH CHlHNEl 

tUHHON/OTP/ ITRTI 20'9 I 'El I ZOlt I' EZ' 2:>1t 1 'es Tl 4, 2 J4I'S~R12~" I' K lM, K2'4. 
•&HUBi 294, 1 l, ATABI e, 20lt)' IBST' 1vss,S,tKEt l NS ,NVS,NEStl TT. IPC, 
•6M1N08. TR IG,GAOUPt THR,08THA' If Pt,NBM, I esc, I TRC,ENlrSKl t IYRtNTSHP' 
•NTR IG, WTI 1) ,vesu 1),YE52f1 I ,VES3111,YES«tl71 tYES5(7 lt TMEt71 

10 

R4•'9•1Rl 
00 10 J•l ,JJ 
WT I J) •R't/ I VES21 J J +YES) I JI +VES'91 JI +VES51 J) I 
VESS I JI •VES41JI 
VES41Jl•VES31JJ 
VES31Jl•VES21JI 
YES21J>•VES11JI 
RETURN 
ENO 

SU8ROUT I NE SP OLES I /X l / 1IIAL/1 / JJ/, /K TAPE/, /I YR/ 1/TAPCOD/ t •I 
REAl XlllAl,JJI 
tNTCGER TAPCOD 
LOGICAL !NEAR 

ROUTINE FOR READING NORSU. SHORT PERIODIC DATA 
AFTER 1. OCT. 1976 USGEIR NYSAETER JllU 19111 

COMMON/WORKER/ INPUT ,BLOCK 
1NTEGER•2 INPUTI 21ltft) tllOCK 

COHHDN /TYPE/ NAMEI 132) ,CHAN( u21,c°"PI uz I 1 IRATE, O'TIOH,NCH, 
•EXPECT 1 FOUND, lNO,IUO, ETlJllEt TAPEOP,NTCH,STJHE1 FLAG,LIMDTC, 
•NEVl AS, NS A"P• NC HAN, Fiii.ST UI 1UX,UY t TAUrOElAY t8EAJll1 IF IL T ,JS AMP tNT APE 

REAl•I NAME 
LOGICAl•l NAHElll llJ561 
EQUIVALENCE INAME 1 NAMELll 
~ ~~~~~:.~H;:u ~~;~;DPT ION, EXPECT t FOUND, ET IME, T APEOP t ST I MEt FRST JM 

LOGICAL FlAG,NEWlAS10ElAY1BEAM 

COHMON/SAMPlE/SAMP 11321 
JNTEGEh'9 SAMP 

COHMON/ST&TUS/ SENS 
LOGlCll~l SENS( 138) 

COMMON /CHSUP/ TAPX,TAPY 1 TAPZ. 
INTEGER•ft. TAPX, TAPY, TAPZ,CTAPEl/ 'TAPl '/ 1CTAPEZ/ 'TAP2' / 1 

•CTAPE)/'TAP3 1/ 
INTEGER TtME1'l 
LOGICAL•<. CONTIN 

lNERR•.FALSE. 
CONTIN • ICTAPE.EQ .. NTAPE 
IND "" C 
IDT • 10.0/FtOAT I IRATE I 
tFllOT.lE.01 tOT•l 

40J IFICONTINI GO 
NT.lPE•KTAPE 
T.lPX•CT.lPfl 
TlPY•CTAPE2 
TAPZ•CTAPfl 

TO SC,. 

405 CAll SlOPENI ITAPf, tOOY, JYEAR I 
WRITEl3,31 IUPE, IOOY, l"YEAA 
WRITEtf:t,31 IUPE, lDDYt IYEAR 

415 

4~ .... 

425 

43C 

IFI INCi .NE.-10.ANO. JNO.NE.-9 
WRJTED,41 IND 
WRITE16,41 IND 
NSAMP•J 
INEl\R•.TRUE. 
CO TO l35i) 

EXPECT ,. 367•861t000 
CALL S7REA01tlol51 
CALL BACICSPITAPX, IEAAI 
!llX.K•. 
CALL CHANGE I FOUN01 TI ME I 
FP.ST IM • fOUNO 
;-RlrEIJ,51 Tll"E 
WM 11E16 I 5 I TI l"E 

EX PLC r a.- ST IME 
till ~7FlNDt tftl5 l 
C.All CHANG£ I FOUr40r TIME I 
WIUTEl616I Tl14£ 
EXPr:CT c FOl.JNC 

:;:,.; STt,..E ..- EJCPECT 
ISA"'P•:l 
JSJMP•: 

11)) (All. S7REA('llLUIJOI 
IFllNOJ lh'.d2Clr112~·..i 

11\J': JNEKRc.TRUE. 
N:iA"'P• l!.Al'P 
\>Kllflltlt.) EXPECT,FlJUNO,NSUo!P 
Wl\lfEl6114J ~XPECT,FOUNO,NSA"'P 
r.o TO DOD 

l 2fl~• I SUI"- I SA,..P+l 
OU :2i. .. J•l,NCH 

121: X l 11 SAMP, JI a.-S ... f'IPI CU'4PI J 11 
[ JPr c r •HP!:CT+ ICT 
IFllS1HP.LT.NSAl(PI r.o TO 10~: 

) GO TO ft20 

HOE •983\J 
HOE '981t.J 
HOE •985J 
HOE 986..i 
HOE •987\I 
H&E >9&8J 
HOE'19890 
HlE 9'9J.1 
HtlE 991J 
HOE •9921 
H'lE , •9l;J 
HlE 99ft.i 
H:.E . 995\l 
HOE 1996.J 
HOE 997U 
HlE 99811 
HIJE i 999J 
HOE! ')0UJ 
HDElOOlO 
HJ El :IC,ZJ 
HJE~ 00].) 
HDEl0040 
HOE1J05LI 
H'lEl ?06 .. 
HDEll07, 
HO El OD BJ 
HDEl009J 
HJElDlO .. 
HDElOll J 
HOE1012i> 
HDE1'1la 
H)El:.U~ 

HDE1015i1 
HOE10160 
HOElOl 70 
H)El JULI 
HOIE10l90 
HDE1020U 
HDE1:>210 
HlEl 32:2o1 
HDE102l'l 
HOE1021t0 
HDE10250 
H)E1026ti 
HDE1D27i;; 
HDE10280 
HOEl.0290 
H)El J30!1 
HDE1031J 
HO El 0320 
HDE103.30 
HlEl llftil 
HOEi 035J 
HDE10360 
HOEl 'll7J 
HJ El .:iuu 
HDE10390 
HDEIOftOO 
HOEl3410 
HlEl .. «t2..i 
HOE10ft3J 
HDElO«tltO 
HOE131t50 
~)£1)46..1 

HDE1047.,, 
H0El0481l 
H0El:>lt90 
HJEl ~so ... 
HOEi 0510 
HO El ~520 
HOEl '3530 
H)El'.i54J 
HOEl 055U 
HDEl '3560 
HOE1057U 
HlEl :t58J" 
HDE10590 
H0El~60U 
HDEl :l610 
H!>El JU., 
HDEl 0630 
HDE10640 
HOE10650 
HJEl l6f>J 
HOE10670 
HOEi 068'l 
HD El J690 
HDEl JJJ,, 
HDEl.0710 
HDE!OT20 
HOEi 1)730 
HJE1J74.J 
HOE10750 
HOEl a760 
HOEi l11') 
HlEl ,78 .. 
HDE10790 
HDE1080'l 
HDE10810 
H'lEl :&2, 
HDElt'83;;J 
HOE! :181tJ 
H El J850 
H~E1~86"' 
HDEl tl870 
HO El J88.J 
Hi1El J890 
HJEIJ9:> .. 
H'1El09l" 
H El J92J 
HDEI )93 .• 
H:'E! )9ft.1 
HOEi. 0950 
H"lf!n9b"J 
HJE1-J9J;, 
HJ El J98j 
HJ El 099\I 
H'lEl lOJJ 
HlEi lJl.1 
riJEllll2..1 
HJ El lQJ,1 
H• Ell')4J 
H°lf ~ l.)~ .• 
H~E : 1.,6.., 
H1E . 10lt• 
H1ElloJ8J 
rPE:l09·J 
HJE! ll:l 1 

HUE1.ll1CI 
HlElll2-.• 
H)E~ 113; 
1PE~ 114.· 
H'1E1115"'1 
H ~' E"l llbJ 
HlE; ! 17.,, 
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H) fl 118..J 
l lu~ EflHE • FUUND H')E1 l190 

Hf El 120u 
Hl El 121 ., 
1'0 E!.12Z .J 
H,' El 123 \) 
H ' El l2lo '1 
Hl El l2S ..1 
H')E 1 l2bJ 
HOEl 1270 
H!!Ell28.1 
HOEi 129.:" 
HlEl 13JJ 
Hl)El 1310 
HD El ll2U 
HOEi 133.J 
H)EiiHJ 
HDEl USO 
HDEi lJb , 
HJEllll. 
H)El 138.• 
HOEl lJ'tJ 
Hl>Ei.HD 
H1Ell41J 
H)Ell42J 
HOEl 1430 

CALL CHANCEi ETIME1Tll'tE J 
WRITEfo,91 ETJME,TIME,N~ A"4P 

IFC.NOf . IHERRI REfUkN 
13 5...t wqlfE13,15) 

WP J TEl0115J 
RETURN l 

,, 
l5 

FORMATl 1 TA PE't17r' OAY',(4, 1 VEAR•,15,' WAS MOUNTEO'I 
FURMATl!.X, 1 •••• MOUNTED TAPE IN ERRP.OR ••• • IND•',1', 
FOR"4Alf 1 FIRST DATA TIME ts•.rs,•1•,12.•.•,12,•.•,12,•.•,111 
FORMATl 1 FOUND STARf TIME 1s•.1s,•1•,12,•.•,12, 1 .•,12. 1 .•,111 
FORHATI' Rf AO END•,11c,,•1•,514,•/ HSI.MP •,J4\ 
FORMATl 1 0 .. EXPECHO',J U ,• FOUN0 1 ,Jl0r 1 pr,SAMP SET T0',181 
FORMAT 1 lX/ 1 SPOLES INERR • . TRU E. 'I 
ENO 

SUBROUT lNE ACHECtl. I / l l/, /X2/, /Vl/ 1 /V2/, /CHAN/ t /COMP/, 
•f ~EHSf ,/LSENSlt/ I AL/ 1 f JJI, /NCH/,•,• I 

REAL Xl I UL ,JJI 1X2I1AL,JJI,V11 UL,JJ I, Vl l JAL, JJ) 
I NTEGt;R CHAN l lJ,CO,.PllJ 
LOGICAL•l SENSl 138),LSENSl481 
LUGICAL INERR1NEWCNF 

COMMON/ OTP/ J TRT I ZOlt I 'El I ZOlt}, EZ 1 20 4) 'es T( "' ZJlo) 'SNR (204) 'I( lM,K214' Hl)E 1144'0 
•BMUAC ZJ4, 7 J t ATABI a, 2Dltl, IBST, IWSS,SPIKE, I NS,NWS,NES,L TT, JPC, HJ El 145.J 
•BM,UOB, TR IG,(,ROUP, THR,OBTHR, lEPL,N6M, lESC, lTRC ,EHL, SMI, l VRrNTSMP, ttJE l l"b.1 
•NTR IG, wri 71,YES1 c 7) ,vESZl 7) ,vE SJI 71, VES.t,171tYESS171, THE '71 HflEl 1"70 

INTt:GER 8,.TAB HiJEI HllCJ 
LOGICAL TRIG,GROUP H1Ell49i.. 

THIS ROUTINE CHECKS THE ARRAY STATUS 8LOCIC. SENS 
HlEl 15DJ 
H!lfl 1510 
Hf\Ell52 I 

Hi ft 153.J 
HJE1151tt'.I 
HOEl 15SO 
HDE.l156(J 
HD£11570 
HJEllSBi> 
HDE115't0 
HOEi 1600 
HOEi lftl:, 
H)El l6ZD 
HOEi 1630 
HOEi lt»lt J 
HD El 165.1 
H'JEl1660 
HOEl 1610 
HDEl 1680 
HflEll6'tCi 
HJEl 170~ 
HDE11710 
HOEll 72 l 
WlEll 730 
HJEllHD 
HDEl 1750 
HOEi llt»l 
HD El 1771> 
H' El 178~ 
HUEl 17•0 
HDEl 1800 
H'JEllU"' 
H)fl 112l 
HDEl 1830 
HOEi lB"J 
HJE1115y 
HJ El 1116J 
Hf1El Ul70 
HOEi 186~ 
H1El 189. 
HlEll900 
HOEi 191..
H[Jfl 192.l 
H'lEI 193.J 
H1fll94l 
HD El 1950 
HDE1196a 
HUI 197'"' 
HlEl 198'.> 
HOE1199l 
HOE12:lOJ 
H)El 201:J 
HJ El 202U 
HO El 203U 
HilE12:J4J 
HlE! 205J 
H'JE!.20b\l 
HOE 1207!1 
HIJEl Zl8J 
H'lE!209J 
HJE?.21Cl 
HOE121H> 
HO El 212J 
HJE12lh• 
HJElZH ... 
Hllfl2150 
H?E~Zl6..1 
H1E! 21 7-.J 

220 

222 

226 

23:.. 

l bO 

ZBI> 

L 91.1 

l l ,, 
I> 

•• 
~ 5 ,. 

J • O 
INERR•.FALSE. 
HEWCNF • .FALSE. 
OD 26.:> LL•l,JJ 
Jl•CHANILL 1 
IF CS ENS I J 11. OR. LS ENS I J 111 
J • J+l 
LS ENS I J l) •.FALSE. 
COMPIJl•Jl 
GO TO ZbD 

GO TO 22Q 

IFISENSIJll.AND.LSENSIJlll GO TO 260 
IFl.NOT . SENSIJlJ • .tNO.LSENSIJll) GO TO 230 
WRITEl61l1J Jl 
WRlfEl3tl1) Jl 
IFINCH.LT.31 lNERR • .TP.UE. 
NCH•NCH-1 
DD 2 2b J2•LL,NCH 
WTIJZl•WTIJ2+1J 
VFSl I JZ l•VESl I JZ+l I 
VCS2 I J2) •VESZ C JZ+ 11 
VES3 I JZ J •YES3 I J2+1 I 
VES41JZl•VfS.t,IJ2•1 I 
VESS I J2 I • VES5IJ2+11 
DD ~22 J3•l,J.AL 
Xl CJl ,J21 •Xl I Jl,JZ+l) 
X2 IJ3,J21 • X2 I J3 ,J2•1 I 
Vl IJ3,J21 • Yl(J3,J2+l I 
VZ lJ3,J2) •VZ I Jl,J2•1 I 
OD 2 2b Jl•l,Nl!M 
BHTABl Jl, J2 I • B"TA81J l . J2 +1 I 
EHL• NCH•2.0 
EVAR•NCH•4.') 
THR . I l\J .O•• I on THR/ 1 ... . 0 J I •EHL 
WRllElb1lbl ENL,EVAR,THR,OBTHR 
WRITEl3tl6) ENL,EVAR,THR,OBTHA 
LSEflSlJll • .TRUE. 
GO ro ZbD 
WAITElb,121 JI 
WRITE'3,121 Jl 
NCH•HCH+ 1 
NEWCNF• . TRU E. 
J>1Jtl 
LS. E'•SIJll • .FALst:. 
COHP I JI • J l 
CONf INU E 
IFI J . EQ.NCHJ GD TO 28 :! 
WAl1'El6,l:!I J,NCH 
WRITEll,131 J1NCH 
JNEAR • . TRUE. 
IFl.NOT . INERIU GO TO 29\l 
WRl l Etl,151 
WR11Elb,lSJ 
RH URU l 
I F l.NOT.N EWCNF) RET URN 
WRI 1E IJ, IC.) 
WRJIE16,lloJ 
R"T URN 2 

FORMAT I U/ 1 

FO RMAT I l>C/ 1 

Ft RMATtlJ/' 
FORMUlll/ 1 

FOR•4ATllX / 1 

FORKATI lX/' 

" o 

•CHECK CHAN NEL', 15,' MAS.KEO OUT') 
A CHECK CHANNEL', J 5,' AVli ILA8LE 1 1 
ACHECK ERROR IN INDEX CDUNTING,J,NCH• 1 12151 
ACH ECK NEWCNF •. TRUE•' I 
AC HECK I NEAR • . TRUE•' I 
FxteM NOISEl,VAA(eM NOISEJtlHA,08THR 1 ,ltF9.2J 

> 

~ 
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SUBROUTINE GENCDFI WWR ,NI 
REAL WWRl 11 
REAL•8 TSR,TSI 

THIS ROUTINE GENERATES COEFFICIENTS 

NCOF•N/2 

TO FF1'r2 Al~l.I 1Ffftt2 

TSR•6.283U53D7l 7958600/DFLOAT I NI 
TSI•0.000 
00 10 t•l,NCOF 
TSJ•TSJ+TSR 
WWRt 1) •SNGL tocos ITSI)) 

lO CONTINUE 
RETURN 
END 

SU8KCUTINE 1FFH21X,Y,WWR,P.,J 
REAL Xlll,YUJ,lilWRlll 

C THIS ROUTINE PERFORMS THE llllVERSE FOURIER TRANSFORM 
C FOR N • 2 .. H. IT lsSES DECIMATICN IN Tl~E TECHNIQUE, 
C AND IN PLACE CDHPUTATIONS FOR A RADIX CiF 4. 
t 

10 

20 

11•1 
N4•tUlr 
Kl•Nt; 
N2•t'12 
ltl•l 
JC2•4 
SQ2z0.1Jll067812 
11•11•4 
IFtll.LT.NI GO TO lU 
IFIJl.EQ.NI GC TO 30 

1Cl•2 
IC2•2 
00 .lO JO•l,Nr1C2 
11•10•1 
AO•XC It.II 
&O•YtlOI 
XllOl•AD+Xllll 
YllUJ•80+Y(l11 
Xll!l•AJ-Xllll 
YI 111 •BJ-YI It I 
1C2•1C2•'t 
Kl•Kl/2 

t 
30 00 40 IJ•l,Nt IC2 

I l•IO+ICl 
12•ll+IC1 
13•12•Jtl 

t 

t 

•o 

AO•XI JOl+XI Ill 
BD•YllUl+Ylltl 
&l•Xll21+X(J]I 
8)•YI JZl+YC 131 
A2•XC ID)-XI Ill 
BZ•YIJOJ-Yllll 
A3•Xtl21-Xll31 
Bl•Yl 121-Yt 131 
XI l&J•AO+U 
YI Jf))•80+8l 
XI 11 l•A2-83 
Y 1 ll I •B2+A3 
Xtt21•AO-Al 
'(( 12)•80-Bl 
XI 13 l•A2+83 
YI 131•82-Al 
IFCltl.EQ.tl GO TO 100 

1•2 
KR2•Kl 
kRl•KRZ+KR2 
IT•Nit 
ITT• t I tl-11 •KRl + l 
IFIKRl.EO.N4J' GO TO eo 

50 KI l• ll8StN4-KR1 I 
K 12•N't-KR2 
Kll•KRl+KA2 
Kll• llBS I Ntt-K]) I 
KRl• llBS IN2-K3) I 
DO 60 lO•J ,N, JCZ 
11•10+1Cl 
12•1 l+JCl 
13•12+1Cl 
51 •Xlll>•WWRIKRll-Yllll•WWRIKlll 
YI I!. I •YI 111 •WWR IKRll +XC 11 l•WWRI Kl l I 
S2 •XI 121•WWRIKR21-YC 121•WWR(Kl21 
VI 12 l•Yt 12l•WWRIKR2J+al l21•WWRU121 
Sl •XI lll•WWRCKA3HYI lll•WWRIKl31 
YI lll•YI lll•WWRIKRll-XI lll•WWRIKl31 
AO•XI JOl+Sl 
BD•YllOHYIJll 
Al•S2-Sl 
8l•YI 12)-YI 131 
A2•XI 101-Sl 
82•Y t 10 I-YI 111 
Al•S2+S3 
83•Ylt2l•Yll3J 
XI l•iJ•A~+Al 
Ylltd•BU+Bl 
XI 11 )•A2-f!l 
YI lll•82+A3 
XI 121•A':,.-Al 
YI ll I •8U-81 
XI l.J l•A2+83 

60 Yll:, 1•82-Al 
7) J • l• l 

KR2 • KR2+K l 
KP l 11 KR2•KR2 
lFllKRl·-ITJI 51.J,8..til:., 

IJO 00 <iO IJ•l,NtlC2 
ll • ID• ICl 
12•1 l• ICl 
IJ"'I 2• ICt 
S2 •IXll21-Yl1211•S02 
YI nJ•IXI IZJ+YI 121 l•S02 
SJ &(Xll3J+Yll31J•S02 
YI lll•U:l Jll-YI 131 l•S02 
AJ•X I IUJ-YI 111 
A..' • YI I Jl+X 1111 
Als.)1-Sl 
8l•Yll21+YIJ3J 
A2•XllOl+Yllll 
B.!•YI I Jl-Xllll 
Al .... 2+Sl 
Rl•Ytl21-Yll31 
X ll 1 I •A1.1+Al 
YI I 11 •f\J+Bl 
XI L l•A.:-Al 
YI ld,.82•.H 
XI LI •AIJ-61 
YI L Ja-'i -IH 
XI I i i •A2•03 

'10 Yll;)"fl2-A3 
(( 11 I tl 
l;t 10 1-

IOU I C. l IC2 
If 2- lt:2•4 
r.lat l/4 
IFllC,.LE.rn GD ro ".: 
lk llJPN 
c•m 

F T 17~ .1 
F. T • 74. 
F ,. T 7~ ... 
;: i:: J •lb J 

F• T 77-
F- T 78 . 
F " T l°' J 
f t f, llJ ... 
; - y a:. 
f "" T 8:C: • 
Fe r !S3.., 
F T &4._ 
Fr T 'L. 
F. T &b. 
F T IHJ 
F T .. E:A. 
F T ': '.1 
f <: f 9. 
Fr r ,1 ... 
F .. T 1 i, 
F' T 113 
F'" T ; '14 • 
F - J Jr 9~.i 

ff· J ' ·9bJ 
HT ,.. H.,. 
F=T ... Hi, 
;: e r .1 .1fi'il..1 

f -'= T •l J J J 
f l: JJIJl: 
FF T l 'l?:.• 
f C' f ; l.j3J 
f .- T •l :.! 4; 
HT 1.i~.1 
FFT . l~b:· 
FF T.•l tlllJ 
FF TJ!l!!J 
F' T. l.J9.1 
FFT 11 l .. 
f C J Ulu 
FF T 1112 J 
HT 1113.1 
p:r 114. 
f l: J ll5v 
FFT •llb J 

HT 117·. 
fCJ ll8J 
FFT.1119., 
FJI T1l2Q.} 
F- r 121.1 
fCJ 122.1 
Fr T • 1-'.3., 
FFT l2.4.1 
f C J J25 .. 
fCJ ' l2b 
Fi!T 1127.J 
FF T 128) 
F T l~~ .. 
FFT l3J • 
HT'131.i 
FFT 13l..1 
F T 133. 
FF T 1)4 
FFT1U!>J 
FFT llb.J 
fCJ . lH. 
FFT 1311 .. 
FfT ~ l)9,, 

FFT 1"-.1 
FFT 141 .. 
f C J 142 
FFT 11431 
fCJ 144) 
f <';" f 145. 
Ff'T l4b 1 
Hl •l47J 
FFT ' 1"8J 
FFT 1"9. 
FFT.Ut.• ..t 
HT JlSlJ 
fCJ 152.J 
FFT 153 .. 
fC'J 154. 
HT •lS~d 
FFT l56J 
FFT 157 ... 
pq 158 .. 
FF f •159"'J 
Fr'T 16:t.,, 
Fi T lbl .. 
FFT 162, 
Frr lelJ 
p:T lb"' 
Fr-T lf.S. 
Cf: T 1lb6'l 
Ft f 1167.J 
C- T 168 .• 
F : T lb9 J 
er T ' l 71li: 
F• T •171 ..i 
F ,.. T 1172 
c- T 173 ' 
F=' T 17.r. ' 
F.- T i )7:> .; 
F r T 176-
F T 171 .. 
F - T !78 .1 
f, T 1179 , 
rO:T llJ -·., 
•:r::T 181 -
ft; T lfu. , 
F T JBi ., 
~ T , Bi1o. 
F T :&:>. 
F T I Ob~ 
~ .. T 187 • 

T 15& 
F- T 18'1 
F T l!iJ 
,. T l'h 
F T 19.: 
i: T IH 
F- r 194 
F T 1 ~: 
: T ! h. 
c- T l n 
;: r !'1c . 
F T · ~n _, 
.. T ~ - •• 
-: T C l 

I:' ' ' '..:' ,.; ., 
r ~ 4 
T ~ !. . 
, .;; ,c. : 
l ( J7 

T :?- -: 
r "., , _ 

C , ,,:I 
c T ; !! 
~ T ; • ' 

T • • ~ 
T : ,4 
T , , .. 
T ,. 

I .I 
1 .. 
r , _; 
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SUf!RCUTINE FFT42IX,Y,WWR,NI 
REAL U 11,Yt l I 1WWRI 11 

C THIS ROlJTINE PERFORMS THE DISCRETE FOURIER rRANSFORH 
C FCR N • 2 .. M. IT USES OECtHUICN IN FREQUENCY Tc:CHNIDUC, 
C AND IN PLACE COMPUTATIONS FOR A RADIX OF c. .. 
t 

lC2•N 
N2•N/2 
N4•tU4 
ICl•N" 
so2-.a.1011ob1a12 
Kl•l 

t 
30 DO 40 t .. •l,NtlC2 

ll•lO+lCl 

t 

t 

•O 

50 

60 
70 

12•1 t•lCl 
ll•lZ•ICl 
A:l•Xt IVl+XC 121 
BJ•YI lJl+YI 121 
U•Xllll+Jl'lllJ 
Bl•Yllll+Yllll 
A2•Xf1C,J-XI 121 
82•YI IOJ-Ytl2J 
A3•Xllll-Xll3J 
83•Ylfll-YCl31 
XI H .. l•AJ•At 
YI 1 Jl•BIJ+Bl 
XI Jl)•AO-&l 
YI I1 J•BO-Bl 
XI 121•A2+83 
Yll2J•B2-A3 
XI 13J•A2-B3 
YI l3 l•B2+A3 
IFI 1c1 .. Eo.11 RETURN 

1•2 
KR2•1tl 
KRl•Kf'2+KAZ 
IT•N4 
ITT•t tCl-ll•KRl+l 
1Fllir.Rl.EQ.N4) GO TO ao 
Kll•UBSINlt-KRll 
Kl2•N4-kR2 
K33•KRl+KR2 
Kl 3• IABS IN4-K31 I 
KR3• I ABS I NZ-Kll I 
DO 60 IO•J,N, JCZ 
ll•IO+ICl 
12•1 l+ICl 
13•12+1Cl 
AO•XI JOl+XI 12J 
BO•Yf IOJ+YI 121 
Al•Xllll+XlllJ 
Bl•YllU+Yl 131 
A2•Xll01-Xll2J 
B2•YI JDJ-YC IZJ 
Al•XI 111-XI 131 
fll•YC 111-YlllJ 
X( 10 I •AD+Al 
YI JOJ•BO+Bl 
Sl •AO-Al 
YI 11 )•80-81 
SZ •A2+83 
YI 12J•82-A3 
Sl •Bl-A2 
YI l31•82+A3 
X 111 l•Sl•WWRfltRll +YI J l hW'-lllKil J 
V( 11 J•YI l lJ•WWRIKRll-Sl•WWRlltl 11 
XI 12)•S2•WWRUR2J+YI 1Zl•WWRlkJ21 
Y 112 l•YI I 2J •WWR IKR21-S2•WWR.IK 121 
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