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\ ABST™RACT

‘This report presents time-domain maximum likelihood adaptive beam-
forming results for data from the Alaska Long-Period Array and the Korean
Short-Period Array. Adaptive-beamforming detection gain relative to beam-
steering is investigated for unmixed long-period seismic events in the pre-
sence of background noise and for simulated mixed events where two data sam-
ples, each containing a signal, are summed to create a composite sample con-

taining an interfering event.

In the adaptive beamforming studies for background noise, the perfor-
mance of two different adaptive algorithms, the effect of using closely-spaced
partial arrays instead of the full ALPA array, and the effect of different fre-
quency filters applied to the input channels before array beamforming are ex-

amined,

In the interfering-event analysis, the relative on-azimuth to off-
azimuth event strength at which an on-azimuth event detection is possible de-

termines the detection gain of adaptive multichannel filtering over time-shift-

and-sum beamforming.
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SECTION 1
INTRODUCTION

=
g

PURPOSE OF THIS STUDY

The adaptive processing task of the Vela Network Evaluation and Auto-

|

matic Processing Research Program has as its objectives

S

° Continued improvement of adaptive-processing gains relative

to beamsteering for unmixed long-period seismic events in the

i presence of background noise.
- [ - Evaluation of potential adaptive~-beamforming detection improve-
-

ment over beamsteering for both long-period and short-period

signals buried in off-azimuth interfering events.

This report deals with results obtained from operating a maximum-likelihood
adaptive beamforming system on ALPA long-period data and Korean short-
period data. To synthesize interfering events by adding and scaling two dif-

ferent recorded data samples, a new computer program employing floating-

point arithmetic was developed to achieve the objectives of this study. This
;i program has the capability of processing long-period data from NORSAR and

LASA as well as ALPA data and Korean short-period data,

B. DESCRIPTION OF ARRAYS USED

Figure I-1 diagrams the geometrical layout of the Alaska Long-Period
Array (ALPA), which is a 19-element hexagonal long-period array with 20-
kilometer spacing between sites, Table I-1 gives the ALPA site locations., In

this report, the sites at ALIPA are referenced in terms of their transmission

ed ey

order., Thus, site 10 refers to site 3-45 in the official nomenclature.

L

I-1

T
[

e T e _—



14 15

® °

3-6 3216 7

°
3-1
13
°
C
f 2-6 21
» 18
" 2L1
°
® 3212
3-5 12
°
2-5 8
:_1 19
°
22 2
10 °
385 2 6 3-2
224
293 1
°
3-23
B 4
L ®
3-4 3-34 3
®
3.3
10 km
FIGURE I-1

t ALPA GEOMETRY




e

e

690 "¥¢€ 250°L WTE1SE LPT wETIZE S9 ST 91-¢€ |
£66.°GE 956 "11- 100,00 8% WPZiEE G9 b1 9-¢ n
L1S 22 559 °'92- 195.181 _8¥1 160192 S9 €1 96-¢€ |
211°6 652 "6€- WOTISE _8F1 1SS18T 59 1 G-¢ w
SL9 11~ $S9 "0€- 1S 0ibT 8F T 2811059 o1 Sh-¢ w
682 "1€- €61°62- WEOILT 8F1 wLO0ILS ¥9 “ F-€
260°2¢- 60% "G- WP LFT W1$195 9 b Fe-¢
€66 'G¢- €8 °¢1 Wl¥19Z L¥1 W9E1PS 9 ¢ €-¢
$9L "22- 16% °G2 WORI TT LPT WEV1T0,S9 1 €2-¢
28% "6- 552 0% uS¥125 9P 1 1ES180 59 2 2-€
181 11 LLZ "BE WL2100 LT 120102 59 81 21-¢€
196 "62 €51°62 WE0ILO LFT w014 0€ 59 L 1-¢
$6S "8 1 662 "L~ HLSIES LT W20i¥Z 59 91 9-2
LEL"E 60€ "81- #1180 81 w10191 59 A G-2
€L0°G1- 120°21- 150100 851 12516059 6 $-2
L8981~ 65¢€ '8 1WOGIEE LT 1SSI€0_§9 9 €-2
b€ F- 106 61 186181 _L¥1 WP TT S9 61 2-2
866G 'S 1 %6 'S T W0bT LFT | n§2022 59 L1 1-2

0°0 0°0 W9E PP LPT HOIF T _S9 8 -1

SI9j9WOIY | SI93dwWOTLY 395 0z + 295 o1 + 19p10 Iaquuny
X b 4 ‘SuoTm 38T °N UoIS 6T 2318
-suex]

r m bl e b= P~ R IER

e -

.

SNOILVDOT dLIS VA1V

1-I1 3T1dVvVL

e
[ Y]

-—
LE 4

-
ok
-
. x

-
*
.




T —

T -

C. ADAPTIVE MULTICHANNEL FILTERING

Multichannel filtering is a form of array processing in which multiple
channel inputs undergo individual frequency-shaping and phase-shift filtering
prior to the channel-summation operation which produces the beamformer
output, Figure I-2 is a schematic diagram of multichannel filtering. This
illustration incorporates the option to preprocess the transducer outputs be-
fore they are input to the multichannel beamformer., Examples of preproces-
sing are frequency filtering (most commonly with identical frequency respon-
ses on all channels) and time shifting to align waves emanating from a parti-
cular direction. The preprocessed transducer outputs become the input chan-
nels to a multichannel filter set, where individual filters (generally different
from channel to channel) are applied to the input channels, These filters are
implemented as convolution filters in time-domain processing or as complex-
valued multiplicative filters in frequency-domain processing. The multichan-

nel filter output is created by summing the individual filtered channel outputs,

In systems where second-order statistics (crosscorrelation functions
and crosspower spectra) are used to describe interrelationships among the in-
put channels, there are two basic forms of multichannel filtering. In Wiener-
Kolmogorov multichannel filtering, the average squared error between the de-
sired signal and the multichannel filter output is minimized. To minimize the
mean square error, the crosscorrelation functions or crosspower spectra be-
tween the input channels and the desired signal are required. In maximum
likelihood multichannel filtering, the average squared output from the multi-
channel filter set is minimized subject to signal-preservation constraints which
place some suitably-chosen frequency response on the signal. For maximum
likelihood multichannel filtering, unlike Wiener-Kolmogorov filtering, nnly the

direction of the signal needs to be specified, but not the signal-to-noise ratio.

Multichannel filtering can be employed with fixed or time-varying filter

sets. When the filters are updated as new data inputs enter the multichannel
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processor, the process is called adaptive filtering, Adaptive-filtering algo-
rithms with significant computational advantages over fixed multichannel fil-
tering are available. When the inputs to the multichanrel processor are time-
stationary (in the wide sense), these algorithms yield filter sets which con-
verge in the mean to the coric-sponding fixed multichannel filter sets, After
adaptive filter sets reach the vicinity of the corresponding fixed filter sets,
they fluctuate about the fixed-filter solution in the presence of time-stationary
data: the adaptive filters converge in the mean in the sense that the average
position of the fluctuating adaptive filters is identical to the fixed-filter solu-
tion, When the statistics of the data entering the multichannel processor slow-
ly change with time, adaptive filtering can react to the changes in a semi-
continuous manner. If fixed filtering is used in this situation, newly-designed
filters change in a more abrupt fashion. When, as in this case, the statistics
of the data shift with time, the adaptive-filter solution lags behind the fixed-
filter solution corresponding to the instantaneous statistics., The extent of the
lag can be controlled by changing the adaptation rate. The choice of an adap-
tation rate involves a tradeoff between misadjustment (higher-than-optimum
error or power due to the adaptive-filter fluctuations) and the lag behind the
optimum instantaneous fixed-filter solution. A different kind of lag occurs
when fixed filter sets are pe;'iodically redesigned: statistics must be accumu-
lated over a design interval so that, as a result, the fixed-filter solution can-

not be implemented until the next design interval,

In the conventional technique of array processing, simple time delays
or phase shifts are applied to the input channels before summing to generate
the beam output., Optimum multichannel filtering introduces considerable new
flexibility into the beamforming process, Since it is possible to weight the in-
put channels differently, channels with higher signal-to-noise ratios can be
emphasized at the expense of noisier channels. When well instrumented arrays

are utilized, this capability is generally of minor importance. A far more
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consequential feature of adaptive filtering is the ability to form array antenna
patterns which optimally pass a signal while simultaneously rejecting propa-
gating noise, Deep nulls can be aimed toward off-beam noise sources, When
strong off-azimuth noise sources are present, the creation of such nulls is an
automatic result of the optimality of the multichannel processor. The conven-
tional time-shift-and-sun or phase-shift processor, in contrast, has a beam

pattern determined solely by the steer direction and the array geometry.

In most cases, the potential improvement of optimum multichannel fil-
tering relative to beamsteering is determined by the coherence of the noise
field across an array: the greater the similarity of the noise field from chan-
nel to channel, the greater is the optimum-multichannel-filter improvement
over beamsteering, When, on the other hand, noise is completely uncorrelated
between sensors and identical signal and noise power levels are encountered at
all array sites, there is no potential for improvement: in this case, the opti-
mum filter set is a beamsteer processor. The decision to employ or not to
employ an optimum-filter technique of processing depends critically on mea-
surements of the noise field at any given array. Once these measurements are
available, the additional cost of implementing an optimum-filter system can be
quantitatively weighed against the advantages of greater noise suppression re-

lative to the conventional beamsteer processing technique,
D, DESCRIPTION OF THE MAXIMUM LIKELIHOOD ADAPTIVE FILTER
ALGORITHM

The adaptive-filter output y(t) at time t is formed by applying a con-

volution filter to each channel and summing the outputs of all channels:

M N
W oe YD adixt-d)
i=1

j=-N
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where ai(t) is the filter weight for the i-th channel at a lag of j sample
points, xi(t-j) is the value of the channel i at time t-j, M is the number
of channels, and 2N+l is the total length of the filter in points, Prior to
forming the filter output, each channel is time-shifted to time-align energy

arriving from the desired steer direction.

The adaptive filter weights are updated by the following algorithm:

new old

3,00 + A0 y(0) [ ®e-h) - xye-p]

M
1 \ )
M z xi(t-J)
i=1

and X(t) controls the adaptation rate at time t. This update algorithm in-

2,))

where

x(t-j)

corporates the maximum likelihood constraints.

E, GEOMETRICAL INTERPRETATION OF THE ABF ALGORITHM

In vector form, tihe adaptive-beamforming filter update equation may

be written
T . .=
At +\t) - A(t) = A(t) X7 A(X-X),

where the superscript T denotes transposition, and where the filter weight

vector A, the data vector X, and the beamsteer output vector X are, res-

pectively,
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The objective of maximum likelihood adaptive beamforming is to re-
duce the average squared filter output

v = aTxyxTa) =

ATXXTA

subject to a set of signal-preservation constraints on the filter vector A,
After preshifting the input channels to time-align energy from the look direc-

tion, these constraints can be written

d(.]) (j"_"Nnu--o'lnoo ln---oN)n

o
[
<
—
H

where the constants d(j) specify a convolution filter having the desired fre-
quency response on a signal from the steer direction. When sach a signal s(t)
appears in identical form on all channels, the signal output from the beam-

former is

1-9
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For the adaptive beamforming employed in this study, a white frequency res-

ponse is specified by setting

d(.]) = 8_]0 (J=‘N»---»‘1»O» 1»---»N)»

where ajo is the Kronecker delta operator

1 if j=0

0 if j#0.

2
To reduce the average squared filter output y (t) , the method of steep-
est descent (with two modifications) is used, In the unmodified form of the

method of steepest descent, the filter vector A moves in the direction opposite

to the gradient of the average squared filter output y2(t) :

At +4t) - A@t) = -cV(aTxxTa) = -2¢c xxTaA.
The first rmodification is to replace the crosscorrelation matrix XXT
with the rank-one matrix XXT formed from the instantaneous vector X at

time ¢t :
T
At +At) - A(t) = -2c X(X A)= -2¢ Xyl(t).

This modification of Widrow (Widrow, 1966) approximates, in effect, the

crosscorrelation-matrix time averaging through successive applications of the
filter update algorithm. The approximation becomes increasingly accurate as
the rate of change of the filter vector A is slowed by reducing the scalar con-

vergence parameter c . The filter vector A converges in the mean under
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suitably prescribed conditions (Daniell, 1968) to the vector obtained by using

the crosscorrelation matrix XXT in the update equation. Ultimately the filter
vector A oscillates about its mean. The size of the oscillations can be con-
trolled by varying the parameter c¢. The reason for the Widrow modification
is a reduction in the computational operations required for the filter update
from a number of proportional to the square of the dimension of the ve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>