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ABSTRACT

A computer-aided detection processor has been
developed for a wideband passive sonar system. The processor
may be applied to a variety of passive systems. In addition to
the individual processor, a general framework for a computer
system that accepts and analyzes the vast quantity of data
generated a modern sonar suite has been developed. The output of
this computer system is an array of alerting functions that
measure the likelihood that a given coordinate vector is the
location of a target. The computer-aided detection processor for
wideband passive sonar systems is based on the Sequential
Likelihood Ratio (SLR) hypothesis test. Methods were developed
in this study to choose critical parameters of the processor and
to analyze its performance. The wideband passive SLR processor
outperformed a conventional processor in the sense of reducing the
required input signal-to-noise ratio required for 0.5 probability
of detection at a given fixed probability of false alarm by several
dB. The SLR processor is ideally suited for implementacion on the
output of passive sonar systams. '
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1.0 INTRODUCTION

Two of the major problems faced by modern sonar
systems are the consolidation and presentation of a potentially
large quantity of data and the ability of the sonar operator to
effectively assimilate and process these data. Potentially, a
modern sonar suite could be capable of delivering thousands of
channels of information to the operator who in turn, even in an
alerted state, could not process all of this information. DMcreover,
operators do not typically perform in an alert manner when required
to search for extended periods of time, especially when the
incidence of contacts is low. The result of this is that sub-
marines may go undetected for longer than necessary, and when
detected, the resultant time available for classification and
tracking is reduced--possibly to an extent that seriously degrade
the ASW system's performance. Our approach to the solution of this
problem is to develop a computer processing system which can handle
~ the vast quantity of data and in so doing operate in a near optimunm
manner by virtue of an automatic tracking and integration alg@r thm
that operates from update-tc-update on the eutputs 0f pasaive sonar
‘search receivers. '

| Work under this contract has produced a general
framework for a computer system that will accept and analyze this
‘vast quantity of data. The output of this system will be an array
of alerting function values that weasures ‘the likelihood :hat 8
target occupies each of the coordinate positions within the search
. volume of the sonar. Informacion concerning the target track is
' stored in the computer bank. During this study a computer proe
cessor which analyzes the output of a wideband passive sonar
system has been developed. Previously, computer processors were
developed to analyze the outputs of two active processors, high-
and low-Doppler. The outputs of these processors were then |
combined into a single output channel whiech could be used for
decision purposes.
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The processing is based on Sequential Likelihood
Ratio (SLR) procedures that have been investigated previously.
Briefly, the SLR processor combines a statistical decision test
(Wald's Sequential Probability Ratic Test) and a basic tracking
program. The tracking program selects target tracks that have
motion consistent with that of a submarine and the SLR test is
used to decide whether the track should be rejected or retained,
and, if retained, possibly displayed. The testing procedure
operates much like an alert operator but without the variability
of an operator who is, of course, susceptible to fatigue, sub-
}ectivity, boredom, poor training, and a host of other deterrents
to ideal, time invariant detection performance. More important
than this perhaps is the fact that the information handling
capacity of this computer process is far in excess of that of the

-operator and is also subject to expansion as computer technology

improves, whereas the capacity of the human operator is unlikely
to be expanded. '




2.0 ' SUMMARY OF RESULTS

Several major items have been accomplished during
this study. This report is concerned with two of the principal
items:

1. Development of a general framework for com-
bining multiple sonar receiver outputs to form alerting functions.

2. Development of a Sequential Likelihood Ratic
(SLR) processor for the output of a wideband passive sonar system.

Other items accomplished during this study are reported elsewhere.*
These include the development of high- and low-Doppler SLR processors
and the combination of the two outputs and the conduction of a dis-
play observer study using active low-Doppler sea data and injected
targets. : ' ' |

The primary steps for eombining ﬁultiple sonar
receiver outputs include SLR processing of cach individual
 processing channel, weighting the results depending on expected -
processor performance, combining channels that have oVerlapping~
performance envelopes, e.g., wideband and narrowband passive
processors, and choosing the maximum autput7am6ng the individual
.and combined prbceésors. Provision must be made for dimensionality

channels, The multireceiver processor is described in detail in
Section 3,0. | |

: : _ A major task of this contract was to adapt SLR'
E i - processing to wideband passive receiver outputs. In order to do
= S this, certain receiver parameters and statistics sust be assumed

k- 4
H. A. Reeder, “"Simultaneous Likelilwod Ratio Processing for
Two Active Receivers," TRACOR Document 1T71-AU-9594-U, Vol. 1,
25 August 1971; M, A. Reeder and D. W. Hamm, “Computer Aided
Detection for Active and Passive Sonar Systems," TRACOR Document
T73-AU-9519-U, 14 February 1973,

3

mismatch and varying resolution cell sizes of the separate processing -
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for actual implementation., For active search receivers, treated
previously, the parameters and statistics of a typical modern
system were assumed. In keeping with this tradition, a typical
modern wideband passive system is postulated. This system consists
of a linear preformed-beam beamformer, square law detectors
followed by a finite time, perfect averagers. Moreover, it is
assumed that the averager output waveforms are stationary
processes, that is, time normalized. A block diagram of the
wideband system with the associated SLR processor is shown in

- Fig., 2-1.

The implementation of the wideband passive SLR
processor is described in detail in Section 4.0, Briefly, the
input data are subjected to initial thresholding and converted
to a log likelihood ratio based on an assumed signal-to-neise
ratic, A simple cracking process is carried out as illustrated
in Fig. 2-2. The purpose of the tracking algorithm is mainly to
eliminate target tracks whose movements are inconsistent with _

those of an actual maneuvering submarine, rather than to achieve

- an accurate estimate of the target's position and motion. For
simplicity the diagram shows only one event crossing the initial
input threshold on update i. The shaded area Shcws»che-expected
allowable target movement. 'Oniupdét@ i*l a single update event
occurs within the tracking window. The joint log likeliheod retio
is formed by adding the two individual log likeliheod ratios. (he

| _ . results are subjected to the sequential deéisioa tQSt which uses

3 - two thresholds based on the probabilities of incorrect decision.

< . ; 1£ the joint log likelihood ratio is below the lower decision

d _}f - threshold, TL’ the track is deleted from the computer; that is,

-  the decision is made that the track is noise alone. [f the joial
log likelihood ratio is above the upper decision threstold, T

. n*
the track is displayed to the operator; that is, the decision is

4

zl made that the track is signal plus noise. Also, the track is

A retained by the computer. If the joint log likelihood ratio i

é betwean the thresholds, the computer vetains the track for further
j% _ processing. This decision process is illustrated in Fig., 2-3.

e :
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This tracking and decision procedure is carried out for as long
as the joint log likelihood ratio of the track remains above the
lower decision threshold. Typically, thousands of tracks may be
processed on any update and tracks may begin on any update.

The results of implementing the SLR processor on
the output of a wideband passive system is shown in Fig. 2-4. The
'solid curves represent the probability of exceeding threshold vs
input signal-to-noise ratio for various number of updates. The
threshold is chosen to yield a specified probability of false
alarm, ir this cace 10'3, under steady state noise only conditions.
A simila. curve for conventionally (non-SLR) processed data is
shown for one update. Note, that the performance of the SLR
processor or. the second update is roughly equivalent to the
performance of the nou-SLR processed data on a single update,

This is caused by the fact that the SLR is assumed to be operating

v
i

g continuously on a noise field (which would be the case in an

%i operational implementation); herce, some spurious noise tracks

} ~ have had the opportunity to integrate up for a few updates. This

QE causes a slight rise in che noise background, This rise is overcome
cé after a target track has been iuncegrated over two updates. Arfter

integration over more updates occurs, significantly batter

- q performance {s achieved, 1t is illustrative tu calculate the

5‘ o ' required input signal-to-noise catio for 0.5 protability of

3 ~ threshold crossing.as a functic.i of the number of updates inre-
.graved. -This information is pre<ented in Fig. 2-5 for bott the
SLR and nop-SLk._ Again, the probability of false alarm has been

, _ set»at-IO'jr After several updates, the SLR can clearly enhance

. ~ the detection of marginal signal-to-n.ise ratio tracks.

\,w
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In each of the above illustrations the SLR processed
data has been compared to non-SLR data, but always on a multi-
“update basis against a single update basis. In order to assess

St
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the difference on an equal multi-update basis, the following
comparison was made. Realizing that an operator would not call a
target detection on a single update basis, a sonar display was
hypothesized that presents to the operator the last five updates;

the operator is assumed to call a detection if at least three
marks appear on the display during any of the five consecutive

updates. After each update, the display is pushed down one,
eliminating the oldest update, and the next update is presented
at the top of the display, creating a "waterfall" effect. The
previous results were used to calculate the probability of
satisfying this criterion of three marks out of the last five
possible marks at least once during ten updates. The results
for both SLR and non-SLR are presented in Fig., 2-6. The input
signal-to-noise ratio required for 0.5 probability of detection
is approximately 4 dB less for the SLR processor than the
conventional processor after ten updates.

Another experiment was conducted where the inte-
gration time was reduced by a factor of 10 and the signal track
integrated for 50 updates. The results are presented in Fig.2-7
as signal points at a -25.9 dB input signal-to-noise ratio. The
point 5 is the results after 50 updates and corresponds in time to
the curve marked 5 for the longer integration time. This result _
shows that decreased sonar processor integration time and inereascd
SLR integration time yield better results. At time 5 the increase
in probability of detection is approximately 40%. Apparently with
faster updates, the SLR processor is able to reject noise tracks
in a shorter average time; hence, the noise background is reduced
but the integration of signal-plus-noise tracks remains approxi-
mately the same. This yields the improved performance.

InAsummary, the SLR processor is ideally suited for

implementation on the output of passive sonar systems. Avallable
gains due to SLR processing of passive sonar data appear to be

11
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better than with active sonar systems since time between updates

generally may be much less than the ping repetition rate. 1In
addition, an important step has been taken in the development of

computer based system to integrate the outputs of wideband and
narrowband passive sonar systems in a logical, meaningful manner.

14
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3.0 FRAMEWORK FOR INCLUSION OF MULTIPLE SONAR RECEIVER
OUTPUTS IN SLR PROCESSING

3.1 Formation of Multireceiver Joint Likelihood Ratios -

Alerting Functions

The objective of this section is to develop a

§ _;% multichannel alerting algorithm for various input channels such
lﬁ 'ﬁ as high- and low-Doppler active search receiver outputs and
ég § wideband and narrowband passive search receiver outputs. It is
5‘ % assumed that each separate channel has been subjected to a

sequential likelihood ratio process that yields a likelihood
ratio for each resolution cell, For purposes of illustration
four procescors will be considered: a low-Doppler processor
whose output is indexed by range and bearing; a high-Doppler
processor, indexed by range, bearing, and Doppler shift; a
wideband passive processor, indexed by bearing; and a narrowband
passive receiver, indexed by bearing and line frequency. These
: four processors demonstrate a variety of problems inherent in

_E@ combining likelihood ratios with different dimensionality and

3 o resolution cell sizes,

‘ When all of the SLR ping-to-ping and update-to-

£ - : date tracking is accomplished on each receiver output, there will
o _§ exist the information shown in Fig. 3-1. For convenience, this
_f '“ figure shows the processed data in a continuous and unthresholded
f; f o form, although in reality, each output is sampled and thresholded
ﬁé '5 S so that the actual quantity of data will be less than that shown.
2 fj j The task before us now is to adopt a method for combining these
gﬁ - outputs to form a measure of the likelihood that a target occupies
3 a given range-bearing cell. This will be approached by first

_§ 4 “combining the two processed active outputs, then (conceptually)
i combining the two passive system outputs and finally (again

4 conceptually) combining the joint active and passive outputs.

L s

. o 3o ™
R

15




Lix;t8) PN

(e
TRACOR

—p Bearing

{
(d) -~ Passive Narrowband SLR Processed Qutput
Lix 8,

TIME -8

] - Bearing
t 2 3 & § 6 7 8 9 to0

(c) - Passive Wideband SLR Processed Output

(b) - Active Low-Doppler SLR Processed Output

QUN NI

< : ' Bearing

(a) ; Active High-Doppler SLR Processed Qutput

FIG. 3-1 - REPRESENTATIONS OF THE SLR PROCESSED ACTIVE
AND PASSIVE RECEIVER OUTPUTS

16




hi
! YRIV VM) 6500 TRACOR LANE., AUSTIN, TEXAS 78721

The general idea here is to first combine those processors that
are most similar in processed data form and then combine the

results of these combinations.

In combining the outputs of two or more processors
we face problems related to different resolution cell size and

dimension mismatch. For example, in the active high- and low-
Doppler receivers we have tracks developing in the range, bearing
and Doppler dimensions of the former while tracks in the latter
develop in only the range and bearing dimensions. In addition, it
is possible to have a range cell size mismatch between these two

e

processor outputs since resolution in the low-Doppler receiver is
determined by the coded pulse bandwidth while range resolution in
the high-Doppler receiver is determined by the duration of -a
long CW pulse. These differences are depicted in Figs. 3-la
and 3-1b where in the case of the high-Doppler output the
ordinate is described by a pair of numbérs, one giving the track
likelihood ratio, the other giving the associated Doppler: Cleavly,
for any given range-bearing cell in the high-Doppler system there
can be more than one (likelihood ratio, Doppler) pair since track-
ing is occurring in the Doppler dimension. To reduce the dimension-
ality to the range-bearing dimensions, the computer will retain
- only the maximum likelihood ratio (and its assoclated Doppler) in
B each range-bearing cell. This eliminates the problem of equalizing
-? - the dimensionality between the two active systems.
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: _ ' Outguc = The next problem is one of mismatch between resolution
. . cell size. Figure 3-2 shows a representation of the outputs of
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preformed beams steered in the same direction. The outputs have
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been time delayed as nécessary so that each time resolution cell
covers the same range. The output from the low-Doppler SLR
processor has been serially OR-ed*over a range gate corresponding
to the approximate length of a target or a display resolution cell.
This is done because eventually the output of the combined SLR
must be matched to a display for presentation and the serial OR at
this point reduces subsequent processing with almost no degradation
in performance. In any case the low- and high-Doppler outputs are
combined as shown in Fig. 3-2. This figure shows that in the low-
Doppler system four threshold exceedings have occurred during

the echo cycle shown, Each of these events leads to a check

for a threshold-exceeding event in the high-Doppler SLR processed
system output .-.thin high-Doppler range resolution cells which
encompass the range cell containing the low-Doppier event, If
threshold-cxceedings do not occur on both system outputs within a
common high-Doppler cange cell, then no track linkage is made
during the echo cycle under consideration. In this way the SLR
processed data from both active receivers is combined into a

common measure of the likelihood of target.

3.1.2 Combination of Wideband and Narrowband Passive

System Qutputs - It is desirabl. to find a single quantity which
repr¢5eﬁts bpth_chénnels of passive information, or, more generally,
a quantity that represents the likelihood of a target being on a
particular bearing only. The first problem faced in finding a

joint measure of passive information is a dimensionality mismatch,
For any given time, the arrowbard information is indexed by
frequency -and bearing while the wideband information is indexed by
bearing only. Probably, the best way to approach this problem is

to adopt the same procedure as In the active case and reduce the

“dimensionality of the nurrowband data. This may be done by a

Max-OR process. A similar procedure has been extensively analeed

*Serially OR'ed is a phrase that describes the process of
selecting ("discarding all those except') the sample whose
magnitude is maximum amongst a set of serially occurring samples..
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and found to be an effective method of reducing the rate of data
- *
cut of a narrowband prmcessor.:

Once the dimensionality has been‘matched, a combi-
nation process such as the active case may be carried out. This
involves adding log likelihood ratios that correspoad to the same
bearing resolution cell and that exceed certain thresholds. The
results are joint log likelihood ratios that form a measure of the

probability there is a passively-detected target associated with
that bearing resolution cell.

3.1.3 Combination of Active and Passive SLR Processed

Data - It is assumed that each active and passive beam will have

a joint leog likelihood ratio as a function of time associated

with it. The task is now to combine active anu passive information,
Since each information channel is obtained in a different way and
in separate frequency bands, it is reasonable to assume tentatively
that they are statistically independent; hence, the joint active-
passive log likelihood ratio is just the sum of the two individual
log likeliliood ratios. The essential problem in this case is the
dimensionality mismatch mentioned previously. The passive informa-
tion is indexed by bearing and time only while the active is
indexed by range, bearing and time. -

Recall from Fig. 3-1 that for the,passiVe systems we .
have log likelihood ratios indexed by bearing and time. This means

that when the joint log likelihood ratios are formed, we will have

for the passive receivers a single measure of the likelihood of
target for each resolvable bearing and at each {nstant of time,

‘Similarly, for the active systems we will have a set of joint log

likelihood ratios indexed by range and bearing, and by time or ping -

*3. J. Dow, B. M, Brown, and W. B. Butler; "Determination of
the Detection Performance of the Several Passive Narrowband Multi-
beam Search Receivers (U)," IRACOR Docwment T72-AU-7072-S, Vols. I
and 11, 14 July 1972, . , o
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number. These arrays of numbers are shown diagrammatically in
4 Fig. 3-3. This figure shows the output of the joint SLR processed
passive data which exists at time 4,, as well as the joint SLR
processed active data during a ping‘cycle which exists over a time
period that encompasses the time 4;. Since no range information is

currently available from the passive search system, the selected
active jeoint log likelihood ratios will be enhanced by summing
them with the last available and relevant passive log likelihood
ratios that occur on the same bearing. By '"selected" we mean that
a threshold test would be applied to the active data before linking
to it the thresholded passive data, The levels at which these

A thresholds will ultimately be set will depend upon the available

% computer capacity. That is, ideally it would be desirable to

a perform nc thresholding until all of the joint active and passive
log likelihood ratios have been formed. However, from a realistic
viewpoint there must be the capability for reducing the amount of
data stored in the shipboard computer. '

SRR
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The computer algorithm which will perform sequential
likelihood ratio tracking and joint log likelihood ratio formation _
on the outputs of active high- and low-Doppler and passive narrow-
band and wideband outputs is shown in block diagram form in Fig. 3-4,

This figure shows each of the active and passive SLR
processed outputs being applied to threshold circuits and then
to weighting circuits. The purpose of the threshold circuits is
primarily to control computer loading. This will be accomplished
in the following manner. The outputs of each of the SLR processors
shown in Fig. 3-4 will be unthresholded tracks and thus will con-
tain numerous spurious noise tracks. Ideally, we would prefer to
defer any decision with regard to threshold as late in the process-
ing <. -veossible so that low signal-to-noise ratio tracks will be
~ enhanced as much as possible by the process-af joint tracking and
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likelihood ratio formation. However, it will be necessary to
provide a means of controlling the number of tracks so that the

computer storage capacity is not exceeded. This then is the
function of the adjustable thresholds shown in Fig. 3-4,

The thresholded data are then passed to circuits
which weight the log likelihood ratios according to a predicted per-
formance envelope. The weighting of the SLR processed output of

each sonar receiver is necessary from the standpoint of performance.

When one can predict that a certain processor will not perform
beyond a certain range under a specific set of conditions then it is
obvious that the inclusion of that processor's output in the final
joint log likelihood ratio will only serve to degrade otherwise
potentially sound tracks. As an example of this use of weightings,
consider the situation where the speed of a given target in the
active system is estimated to be near zero. There are other con-
ditions such as own ship speed, sea state, and propagation loss
which when combined with sufficiently low target speed would
result in a very low probability of threshold crossing in the
passive wideband receiver at all but very small target ranges.
Such a prediction will of course require that one assume some
radiated spectrum level versus speed function for the potential
target. This may be accomplished by considering those enemy
submarines of interest which exhibit the highest radiated noise
level as a function of speed and obtaining an average relationship
for these targets to be used as input to the performance prediction'
subroutine. This approach will result in a maximum average
detection envelope and thus will result in weightings for the
wideband passive system output which will ensure (statistically)
that all targets of interest will be processed. When in error,

as for example when a quieter submarine is actually present, the
overall log likelihood ratios will suffer some degradation as a
result of the conservative manner in which weightings are derived.
However, the individual receiver log likelihood ratios will not be
degraded.
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These weights will, without an: other data available,
be either zero or one, and will be indexed by range and bearing
angle. Fig. 3-5 shows an example of the weighting function for
the wideband passive system as well as the manner in which it is
derived. As shown in this figure, the probability of exceeding
threshold as a function of range is used to determine some
performance threshold and hence a maximum performance range Roa
This information is used to form the weighting function which
acts, in fact, as a performance envelope gate for the data
emerging from each channel of the multireceiver system.

x0

At the output of the weighting circuits the four chan-
nels of data are combined not only into active and passive ioint log
likelihood ratios and a joint active/passive log likelihood ratio,
but also in other various ways. Namely, in addition to the joint
log likelihood ratios just mentioned, the individual log likeli-
hood ratios are preserved separately as well as combined into other
joint .functions. Specifically, the joint log likelihood ratios
may be based on passive wideband and active high-Doppler outputs
as well as passive narrowband and active low-Doppler outputs. In

this way the system consists of nine different channels of output
SLR data.

Consider for a moment the reasons for producing an
output of this type. To begin with, if we could predict exactly
for a given target and environment, the performance envelope of
each of the four receivers,and thus quite accurately accept or
reject those receiver outputs which should or should not contribute
constructively to the overall joint log likelihood ratio, then
there would be no need for a multichannel output., To some extent
we can do this--in particular according to the weighting mechanism
described earlier, However, it is not ,ossible to forecast a Eriort
the exact performance envelope for every target type and environment
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and then select the proper envelope and weight. Since we have
chosen to use performance envelopes based on best case character-
istics (e.g., a noisy target) there will arise cases where a
receiver has no chance of detecting the target even though the
weight is equal to unity (e.g., a very quiet target). In this
instance the wideband passive receiver will contribute a

noisy output to the joint likelihood ratio. In general there

may very well be cases where one channel by itself could cause an
alarm but when combined with other nonperforming, noisy channels
of data, the chance to detect is lost, This possibility can be
dealt with by allowing each channel to generate an alarm on its
own.

Actually, the situation we have here is quite
analogous to the problem of detecting a narrowband signal in a
wideband noise background when the carrier frequency of the signal
is not known a priori.

It is known that the optimum approach to detecting
this signal is to design a bank of contiguous filters, each
having a center frequency which the signal carrier frequency may
conditionally take on.* Thus each channel of this system is optimum
for detecting the signal under the condition that the carrier
frequency of the signal is equal to the center frequency of the
channel. The remaining part of the processing in this case is
to select the filter output whose likelihood ratio is maximum.
By analogy then we can view our multichannel system as consisting
of several channels each of which is optimum under some condition
whict. cannot be predetermined. That is, if the performance
curves of each of the four input channels overlap for some set of

AiE. J. Kelly, 1. S. Reed, and W. L. Root, "Detection of Radar

Echoes in Noise,I," Journal of the Society of Industrial Applied
Mathematics, pp 309-34T, Vol. 8, No. 2, June 1960.
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conditions, then the overall joint active/passive log likelihood
ratio channel will be the optimum channel and will control the
output of the OR-gate shown in Fig. 3-4. 1If,on the other hand,
the target is a high speed, bow aépect target such that these
and other conditions render the active high-Doppler and passive
wideband combination optimum, then this channel will dominate
the OR-gate output and lead to an alerting function.

The price that is paid by taking this approach is
an increased number of opportunities to false alarm which

can be compensated for by increased thresholds which in turn
leads to some decrease in detection capability. However,
theoretical considerations indicate that there will be a net
gain by this approach.

It will be recognized in Fig. 3-4 that not all com=
binations of the four receiver outputs are considered. There are
in fact fifteen different combinations which could be formed from
the original four channels of data. We have selected certain
channels which appear reasonable. That is, we have the overall
joint active/passive channel which will be optimum when all per-
formance curves overlap. There are also the individual log
; likelihood ratio channels, one of which can produce an alarm
§' 3 should the other three channels be inoperable by virtue of the
i_ 3' constructed performance envelopes. The combination of both passive
= 1! channels results in a detection channel which should be effective
i against torpedoes where active receiver performance is seriously
B i X degraded by small target strengths, The combined active channels
§; 3 are effective against a deep, quiet submarine running at a speed
3 | greater than zero knots but just below the cavitation {nception
speed. The combination of active high-Doppler and passive wideband
is a reasonable choice for a high speed sub, while the combination
of active low-Doppler and passive narrowband receiver outputs may
be the optimum means of detecting a very low speed sub.

28
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What must be established is the performance of

‘ different configurations of the automatic alerting system under
a variety of input conditions which represent real world situa-
tions. This is necessary so that we can make an intelligent
choice of a single configuration with respect to both detection

f performance and computer requirements.
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4.0 WIDEBAND PASSIVE SLR PROCESSOR

4,1 Introduction

One of the major tasks of the present contract is
to adapt SLR processing to wideband passive receiver outputs. In
order to do this certain receiver parameters and statistics must
be assumed. For active search receivers, the parameters and sta-
tistics of a specific modern sonar have been assumed. In keeping
with this tradition, a typical modern wideband passive receiver
system is assumed. This system consists of a preformed-beam
beamformer, square law detectors and averagers followed by a
normalizer subsystem which is assumed to provide a stationary
noise background.

4,2 System Desc-iption

A block diagram of the wideband system with the
associated SLR tracker is shown in Fig. 4-1. The first section
of the system is a beamforme: that takes stave outputs and forms
48 beams for 360° of azimuthal coverage. Each beam is bandlimited
from 150 to 3000 Hz, The output of the beamformer is square law
detected and integrated for two minutes, The integration is
followed by a spatial normalizer. For the purposes of this study,
it is assumed that this normalization has been carried out and the
system is receiving isotropic noise that is Gaussianly distributed,

At this point there exist processed preformed beam
outputs which are conventionally displayed on a bearing-time
recorder. Figure 4-2 gives representations of the outputs of the
various preformed beams at successive times L1y 89, and dq. These
samples are approximately Gaussianly distributed with zero mean
for those beams containing no signal, {.e., the noise mean has
been removed. For those beams whose outputs are influenced by

30




WHLIY0ITV ONINOVIL 011VvY _
QOOHITMIIT TVIINANOES V Ad QaAMOTI04 ¥FAIFDOFY JAISSVd ANVEIAIA ¥ 40 KWMOVIQ ¥W014 - 1-% "DI4

e+ e m mienemi e a2}

T 3Lt INTIEL e 37 3L 7g  eteree—————

r
’ 3LTeirT =
i T\l’\llr] Fi -mt wy ™ "
s )
, S It A »
3 b
e $
: .
-
. ¥
!
-
~3 . -
-
”.m ; —— 2
Z¢ ~
Tz -~ P S : » i L4
Sz * .
0= . PONPIC A ]
> - _ [ 2 . - wﬂ,n\.dvuip.—.
= . w
o=
- ) e s st
- - ! o — ?
7| i
< < H ! )
I -~ 5 .
3 : .
=E o0 ' i
Z | 1
e : IEieT
-—e P oLl e
_ 3
! 2ETTUL 1
[
.
2TEeIAY
—] P2DETRE L SO
2 ) FEL v . &
h L] L] L. _— L. _—
€% LS3L L - N4 CNT3SEI 1z ., %l
ENE LTS (AR WA -X- 3% o o.ve ST Tzl
TVUNETLES CClr "3 ™ TTolTs
N
ST lwSiaw

T Gareomn e

s Nl

"SR SR

Saicki i

Ll




_ _ §3W11 IVIININD3S _
Zmuzuuumuzmméozqmua_g‘q.uehg&:ou:h 30 SNO1AVIN3SIud3¥ T~ 34N514

MCON 1M AIVYL |'_ _l.l : r>»o
m X m
L | (g 1,1 G
("ON wWv3ig) DNI¥v3g < dr—pirryh . , - ._ rozzs
_ ' —O™
wm
m O
<
/ s »
aetttad 101113 it 2 <
V= Wil % -
3ocz__~ v Lv_x [ v
L X TR R
("ON Wvig) ONI¥vig T :.F_ T =T ] - “rr{o 7= o
_ _ # S | -V 8Zm
_ M| , —c®
o e e e e e o - I z =
G10HS3IUH L | n o3
tg=3m1 X = -
~>» 0
mXm
oo
wmrm
("ON Wv3a) INIYV3s8 e o=z
S8%
™
m 2
e m = ! m =
010HS IYHL _ , zZ S
lg = 311 i %




SR i,

EX)

T 7
PV VM1 6500 TRACOR LANE. AUSTIN, TEXAS 78721

the presence of a signal the samples are also approximately
Gaussianly distributed but with nonzero mean. This effect is
shown by the dashed curves which represent the mean value of the
receive beam outputs.” In the vicinity of a target signal the beam
outputs not only exhibit a nonzero mean, but are also more cor-
related than those away from a target signal. However, as shown
later, the input signal-to-noise ratios for marginal detection

are on the order of -27 dB, and at this level the side lobes con-

tribute very little to the detectability of the signal. For this
reason the simple process of using only the main signal lobe was

adopted.

Once this processing method had been selected the
next step is to track the processed data. Briefly, as shown in
Fig. 4-2, 2ach sample--actually the processed sample amplitude
shown by the right-hand ordinates--which exceeds a preset
threshold is passed to the tracking section of the computer.

Its processed amplitude and bearing are noted and a bearing for

the next time, &, is projected,along with a track window whose
width is set initially by the expected maximum target dynamics and
the time between updates (4, - Al). If & sample at time 2, exceeds
threshold and falls within the window, the two successive processed
amplitudes are summed. The position (beam number) of the new
sample is noted and an expected position is extrapolated .to the
next time, 4, along with a new track window.

" The particular shape of these mean value curves is determined
by the signal-to-noise ratio, the spectral density function 23
the signal and the array beam patterns,
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Tracks that are generated in this fashion are next
subjected to sequential threshold testing. Those tracks which
exceed the upper threshold are then passed to the joint multi-
receiver likelihood ratio formation portion of the computer

processor.

4.3 Likelihood Ratio for Decision Making

The Sequential Likelihood Ratio processor decision
test uses the track joint log likelihood ratio to accept or reject
candidate tracks as signal-plus-noise or noise alone. The like-
lihood ratio 4(x) is defined by

pl(x)
L(X) PR °
Py

where pl(x) and po(x) are the probability density functions
associated with the hypotheses Hy and H,» respectively. The like-
lihood ratio is shown graphically in Fig. 4-3. In the case at
hand, H; is the hypothesis that the track is signal-plus-noise
and H, is the hypothesis that the track is noise alone. The
likelihood ratio plays a fundamental role in statistical decision
theory, It may be shown that when the costs of incorrect deci-
sions*-are unknown, the probability of detection may be

maximized for a fixed false alarm probability by a threshold tesc
on che likelihood ratio.

*The possible incorrect decisions are deciding that the
track is signal plus noise when the track is noise or vice versa.

e, W, Helstrom, "Statistical Theory of Signal Detection,"
MacMillan, New York, 1960.
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If n observations of the quantity x are to be made
at separate points in time, or specifically after successive
integration times, thereby resulting in the sequence (xl, X9y Xq,

- xn), then a joint likelihood ratio, £(x1, Koy Xgs eees Xn)’
can be defined based upon the n dimensional probability density
functions, pl(xl, Xos Xgs oo Xn) and po(xl, KXoy X5 +euy xn),
similar to po(x) and pl(x). The joint likelihood ratio is then

P1(Xy, Xoy Xqy «eey X )
L PV 20 73 n
(/ ¢80 - .
(Xl’ X210 X35 eres xn) po(xl, Xgs Xgy eees Xn)

1f the observations (xl, Ros Xgs svey xn) can be considered
statistically independent, then the appropriate multidimensional
probability density function can be described as the product of
the individual probability density functions; thus,

- pl(xl) . Pl(xz) : Pl(x3) toees O Pl(’\'n)
Po(Xp) + Po(Xg) e pp(xg) + v e p (%) -

'(xl, Xgs Xgy eeey X

This yields a significant simplification in the determination of
processor output statistics, and leads to the suggestion of the
log likelihood ratio, L(xi), which is formed by taking the
logarithm of L(xi). thus

(x;)
L | v rea | P
L(xi) Log U(xi) 1 Log W ’

L(x;) = Log [Pl(xiXJ - Log [p,(x)?, and

Mxps Xgs Xgy o) = LOxp) + L(xgd + L(g) + ooy # Lixy).
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i The procedure of adding rather than multiplying lends itself quite
well to a digital computer; however, the process of taking loga--

j rithms can be time consuming. Fortunately, for the assumed

l processor the log likelihood ratio is a linear function of the

input data. For more general systems where the input statistics

} are Gaussian the log likelihood ratio is approximately a linear
function of the input data. These results are discussed in the
next section.

4.4 Log Likelihood Ratio Equation

4.4.1 Derivation of the Log Likelihood Ratio for the
Wideband Passive System - The statistical distribution of the
output of a square law envelope detector operating on a zerc-mean
Gaussian signal is well known? If the bandwidth-averaging time
(37) is equal to unity, and the output is distributed as an
exponential density, then

2
B 4 n(0 = M/ (L4 0doy 4-1)

where p = cé/(nﬁ) is the power signal-to-ncise ratio, It is
mathematically convenient to set °§ = 1, This simply means that
the output is scaled by the reciprocal of the noise variance.

In the wideband passive receiver M independent
envelope samples are Integrated to generate one output sample,
Y. The sum of M exponential rancom vaviables is a Gamma random

variable and the density function is

yi -1

- b -y/(l+ o) 0. )
SHN e M- © e -2

f

s hHolstrom. op. cit.
17
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In this case M is equal to the 8~-product of the wideband
receiver, M = (3000 - 150)-120 = 342,000.

The noise density function may be obtained by
settingp = 0 in Eq. (4-2). The likelihood ratio, *(x),
is easily found to be

W(y) = g 4 g/ Eg(x)
M- 1 M- 1
- y -yl + oy/y -y
T+ oM@ - D ar=DT °©
=ey0/(1+°)/(1+g)M ‘.

and the log likelihood ratio, L(y), is
L(y) = log &(y) = yo/(1 +0) - M log (1 + ). (4-3)

The log likelihood ratio equation is a simple linear equation
of the output of the passive receiver. This simplifies the
initial SLR processings.

4.4.2 Generality of Log Likelihood Ratio Equation - A
particular wideband passive processor has been assumed and
analyzed. A question arises as to the applicability of the

results obtained using this processor and its associated sta-
tistics., It turns out that the results may be applied to a

wide variety of processors. Since the integration time is long
and the bandwidth large, the number of independent samples summed
is very large. By the central limit theorem of probability theory
one can assume the output will be Gaussian to a very good approxi-

mation. This will be true for almost any type of distribution of
the input into the integrator.
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? 3 _ Hence, it is seen that the output statistics will

.; be of similar form regardless of the type of envelope detector,

'& although means and standard deviations may vary from processor

'E _ to processor. To obtain a comparison with previous results, it -

i ’ is necessary to make the important assumption that the standard

'ﬁ deviation at the output of the envelope is the same for noise
b {) alone as for signal-plus-noise. For small input signal-to-noise
?§ g (less than -20 dB) this has been found to be approximately true
; ,g : of a variety of processors.® At higher sigral-to-noise ratios
gi % this approximation is bad; however, it is the small signal-to-noise
- 3 ratios that the SLR will aid in detecting while the higher signal-
. to-noise ratios will be detected regardless. As a practical matter,
f~ ,ﬁ this assumption does not impair the ability of the SLR processor.
?l -é For purposes of comparison with Section 4.4.1, let
.;4 f% the noise standard deviation be equel to unity and furthermore
E; §; let the output be shifted so the output noise samples have mean M.
|3 1 If the signal-to-noise ratio is o -2after envelope detection, that
.gf gi is, equal to the signal-to-noise used i. Section 4.4.1, then the
i A signal-to-noise ratio after integrating is
Pout ~ '\m- o= E.S..Lu .
,g’ g}_ Solving for the output signa! aean,
L ug 4 n = (1 + 0)M.
'g f The output signal-plus-noise density is given by
F 3 o L e (xom?

* " H
Leon Camp, "Underwater Acoustics," Wiley-Interscience,
New York, 1970.
19
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and the output noise density by
2
- M)
1 oA (4-5)
V2rmM

The likelihood ratio may be found from

fy(¥) =

ty) = £g , yO/E(Y)

.Y - M2p + oB)/2

and the log likelihood ratio is

02
L(y) = oy ~ M(p + 7).

1f p is very small, and it is for the region of interest,

L(y) = oy - M (4-6)

by neglecting the second order term in ¢. In comparison,
Eq. (4-3) for the assumption of a very small p yields

L(y) = oy - Mo

82 43

since log (1 + &) =8 « » + R

Therefore, the same approximate likeliheod ratio is obtained
and the statistics (after scaling and mean shift) are nearly
the same. Since the above properties, output statistics and
log likelihood ratios, determine the SLR periormance, the use
of the square-law medel should not be too restrictive,

40
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4.5 Sequential Likelihood Ratio Testing

As stated previously statistical tests based on the
likelihood ratio, or equivalently the log likelihood ratio, are
optimal in the sense of maximizing the probability of detection
for a fixed false alarm probability. When multiple track samples
are considered, there is another possible improvement. The
technique is known as sequential testing, and requires that two
thresholds, TL and TD be established. 1In the case at hand, the
threshold TL’ with (x) = (xi, XiqQr *ooo Xj-l’ xj), is-chosen
such that if the value of the log likelihood ratio, L(X),
falls below TL, the decision is made that Hy is true, that no
target is present. Thus, the track is rejected as noise, and the
testing chain stops.

Similarly, TD is chosen such that if {(x) exceeds
TD,-the decision is made that Hl is true that a target is present.
This completes the detection process in a sense, but in our
application the testing procedure does not stop. Rather, the
sequential testing continues and forms an automatic track. If
the value of L(x) lies between the thresholds, that is, if

Ty < LX) < Tp

then the decision is made to retain the track, but not display it.
following this, another sample is taken, L(x) is updated, and the
new L(x) is compared with T, and Tp-

This process is very similar to the random walk
problem, and it can be shown that eventually, with probability 1,
one of the two thresholds will be crossed and a decision will be
reached. Three possible outcomes are shown in Fig. 4-4., ror
the sequential test described above, the average number of samples
required to reach a decision is less than the number required for

41
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a fixed sample-size test with the same probabilities of error,

a and 8. If the track is a target, a greater number of samples
may be required for a decision.

It is this lower average number of samples that
constitutes an improvement over a rigid, fixed sample-size test.
In fact, the conventional processor which uses fixed integration
time, and then displays, is equivalent to a fixed sample-size test.
The SLR processor is essentially a viable time integrator that
will generally integrate signal-plus-noise tracks for longer
periods of time than noise tracks, yielding improved performance.
That is, for any fixed amount of time (many independent samples),
the conventional processor will always integrate all the independent

samples, whether noise or signa14plus-noise. In the SLR processor,
if several updates are considered in this same period of time, some
noise tracks will be rejected, reducing the average integrated
noise level. A few signal-plus-noise tracks will be rejected

also (the number depends on track signal-te-noise ratio, design
signal-to~-noise ratio, etc.); however, much fewer signal-plus-noise
tracks will be rejected than noise tracks., The integrated signal-

% : plus-noise level will be virtually unchanged on the average for
. signal-to-noise ratios at or above the design signal-to-noise
1. ratio. When this integrated signal-plus-noise level is compared

with the reduced noise level, the gain in performance is realized.

g E | 4.6 Tracking Algorithm

3 The tracking procedure has been described briefly in
;‘ S Section 4.2. ‘The primary purpose of the tracking algorithm is to
. eliminate target tracks whose movements are inconsistent with those
of an actual maneuvering submarine, rather than to achieve an accu-
rate estimate of the target's position and motion. The tracking
process is shown diagrammatically in Fig, 4-5. For simplicity of
111ustra££on. the figure shows only one event that crosses the input

43
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threshold, that is, its single saﬁple log likelihood ratio crosses
the lower decision threshold, TL' The expected allowable target
movement in bearing is shown by the shaded area. On update i+l
another single update event is observed within the established
track window. The joint log likelihood ratio is calculated for
the two track samples. If the track statistic is abuve the lower
1 decision threshold, the track is continued ard another tracking
,ii' window established. If the statistic is below the threshold, the
¢ track is rejected and deleted from the computéf. The track is
shown in Fig. 4-5 as it continues through several updates. If
a single update event does not occur within an established track

i

. window due to signal fluctuations, the track is not automatically
deleted. Rather the track log likelihood ratio is degraded and
':ﬁ f? if it is still above the lower decision threshold, the track is
.- éﬁ‘ | projected ahead. Hence, track continuity may be maintained on

%;, & a fluctuating target signal.

E? In the actual implementation many tracks may start
o on any update and be tracked simultaneously. The tracking pro-
cedure is sufficiently simple that a modest” computer may be used

3 to accomplish all necessary operations in real time.
4.7 Summary
4.7.1 Introduction - This section describes the computer

process designed to accomplish SLR processing on multibeam output
data from a wideband passive sonar signal processor. This computer
‘process i3 implemented on a UNIVAC 1108 digital computer. The |
characteristics of this particular implementation are such that
b  the process may be implemented on a reasonably modest, state-

' af-the-art digital computer, such as can be ifound on board
: newer ships, or alternatively, on special purpose digital
= 3 hardware,

s i g A OH T ATANAINECSo b o it 730 NN IS S b R
C B P o e b S G S YR e
P B - L. R

"By modest, we mean a computer sinilar to the AN/UYK-7 computer

: with approximately 207 of core and a%ecution cime dedicated to the
. wideband passive SLR system.
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The overall purpose of the SLR process is to produce

a sonar display with reduced noise background marking, wherein the
digital processor can perform long term integration for any single
update events which are not large enough to display initially. In
this manner, the sonar operator may remain alerted for longer
periods of time, as well as becoming alerted earlier than with
only the conventional processor. This process has been designed

as a function which can be inserted into a conventional wideband
passive sonar processing system hetween the output of the signal
processor and the cathode ray tube (CRT) display or as input to
the multireceiver automatic alerting system. The primary require-
ment for its implementation is a digital computer with sufficient
capacity, or specialized digital hardware.

The information flow in the SLR computer process
is shown in Fig. 4-6, The remainder of this section is devoted
to a more detailed explanation of the process.

$.7.2 Preliminary Data Reduction - For the purpose of
this explanation it is assumed that the output of the sonar signal
processor is time and bearing normalized® Thus, the normalized
‘data from the current update are processed first by the
Preliminary Data Reduction section., This section has threélpur-

-poses. First, the data received are grouped into single-update
avent packages and, if necessary, arve converted from analog to
digital format., These single-update event packages ciontain bearing
and amplitude information of each data poiant from the processor
output. In order to facilitatc digital computer processing with
the SLR method, the parameters which describe a single update |
event package are divided into beariang resolution cells, nermally
beam outputs. | '

This is a hasic assumption and is necessary in oeder to
evaluate correctly the likelihood ratio of the output sample for
each time and bearing resolution cell.

45
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Second, the section performs a preliminary or
initial thresholding function mentioned earlier. Third, the
amplitude of each data point which passed the preliminary
threshold is mapped to the logarithm of its likelihood ratio,
using the linear equation derived previously. The output of
the Preliminary Data Reduction section is passed to two sections,
New/Status Linkage, .and Secondary Data Reduction.

4.7.3 New/Status Linkage - The New/Status Linkage section
receives two inputs; one is the reduced single update sonar output
from the Preliminary Data Reduction section, and the other ie the
series of multiupdate event packages containing the joint log
likelihood ratio, beam number, and projected search window from
the previous status file. Each event package is called one status
unit.

4.7.3.1 Status File - Each event package, or status unit
stored in the status file is represented by four functional
quantities which are listed below:

1. The event position vector wmade up of the
coordinates from the preceding update;

2. The expected event position vector made
up of the predicted coordinates for the
current update; '

3. The search area or volume for the current
update; and

The joint log likelihood ration resulting
from the previous updates.

&~

The number of dimensions of position vectors and search arveas
depends upon the sonar system. That is, he number of dimensions
depends upon the number of coordinates thac can be measured for
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each sample by the sonar system, in this case bearing only. The
search area or volume defines the region centered about the
expected position vector within which legitimate linkages can
occur during the current update with the event logged in the
status unit,

4.7.3.2 Linkage Process - The New/Status Linkage section

compares each status unit with the single update event packages
from the reduced sonar output. If the single update event position
vector lies within the search area of the status unit, the single
update event is said to be linked with the status file entry.
When this situation occurs, the joint log likelihood ratio of the
new multiupdate event is formed by the process described earlier
in this section and is then tested against the lower decision
threshold, TL.
I1f this new jeint log likelihood ratio is greater
than Ty» then a new status unit is formed, with information from
the old status unit being processed in conjunction with the single
update event package to generate a new event position vector, a new
estimated position vector, and a new search area for the 1ew
status unit. 1f the new joint log likelihood ratio is less than
Ty then hypothesis HO is chosen and the track linkage is
discarded, precluding the calculation of a new status unit.

A status unit is allowed to link with all events
which fall within its projected search area, Similarly, a single
update event can fall within the search areas of several status
units and hence be linked in several ways. This procedure allows
many incorrect linkages, but since all incorrect linkages will
yield a noise track, the process will decrease the log likelihood
ratio and the track will eventually be dropped. The process will
reach a steady-state condition in which as many noise tracks are
being discarded as are being added, on the average.
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4.7.4 Secondary Data Reduction - The reduced sonar output

from the Preliminary Data Reduction section is processed by the
Secondary Data Reduction section. This section tests the log
likelihood ratio of the single update event package against the
lower decision threshold, TL’ and makes the appropriate decision.
If the single update event exceeds the threshold, a new status
unit is created on a single update basis.

Upon initialization of the SLR computer process,
there are no previously acquired status units, hence the Secondary
Data Reduction section is the only section capable of producing a
status unit. In each update, it is here that new tracks are
started, Note that the entire process does not prevent a single
large update sample from being entered into the status file and
being placed upon the output display immediately.

4.7.5 Status Data Reduction - The status file information
is utilized in two ways in the SLR computer process. As described
above, each status unit is furnished to the New/Status Linkage
section to determine linkages and form target tracks. Also, the
entire status file is passed through the Status Data Reduction
section, The purpose of this section is to maintain a strong
target track even though the current update did not produce a
linkage with this track.

This function is accomplished by assuming that each
status unit is linked with a small single update event whose log
likelihood ratio was just below T and whose position vector was
the same as the expected position vector of the status unit being
processed. The search area is enlarged to accommodate the
increased uncertainty of target position, and a possible new
status unit is formed. The log likelihood ratio of the new status
unit is tested against TL' and the appropriate decision is made.
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If the new status unit exceeds the threshold, it is passed to the
next processing section. This procedure helps to avoid losing a
well-established track because of a single miss, yet a noise track
is discarded quickly because of the degradation.

4.7.6 Redundancy Removal - From the above discussion, it
can be seen that there are three sections in the SLR process
capable of producing status units to be entered into the current
status file. The three sections are listed below:

1. New/Status Linkage;
2. Secondary Data Reduction; and
3. Status Data Reduction.

Since these three sections operate independently in generating
possible status units, there is a possibility that some of the
scatus units will be redundant, that is, several may have the

s ame predicted location vector and the same present location
vector, in terms of resolution cells., This redundancy can be
caused in a number of ways. For example, a single update entry
may be formed, a linkage may be formed with the single update entry
and a track propagation entry may be formed, all with the same
present and expected position vectors. The redundancy removal
section scans all entries to determine these redundancies and
removes all except the status unit with the largest log likelihood
ratio.

The output of the Redundancy Removal section is
the new status file for the current update. This is placed in
storage for the next update, and is wade available to the Output
Display.

Y, .
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?{ * 4.7.7 Qutput Display - The Output Display section 1is

assumed to be part of the original sonar system. Hence, the
operator should have control of the display threshold, TD' By

k- increasing this threshold, the operator can reduce the noise

E marking to a more acceptable rate with the SLR and retain the

| g. same target information as without the SLR processor. When the
operator becomes alerted, he can lower the display threshold in
order to look at the status file in more detail, since a change in
in the display threshold immediately changes what information is
displayed. There is no need to wait for past events to accumulate
on the display, since the accumulation has already occurred and is
stored in the status file.

Note that the SLR processor does not include a
fundamental specification of the number of updates over which
integration will be carried. Rather, a single status unit could
represent a track that has been carried for an indefinite number
of updates. Note also that a change in the lower decision
threshold does not affect the degree of clutter on the display,
but only the amount of processing and storage. Hence there is
significant improvement over conventional approaches which allow
b ~ update-to-update integration only through the operat( ' looking
' at the display, in which it is necessary to operate with a noise
‘ marking rate sufficient to allow small signals to mark the display
;1 ~ so that the update-to-update integration process may begin,
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5.0 ANALYSIS OF THE PERFORMANCE OF THE WIDEBAND
PASSIVE SLR PROCESSOR

5.1 Introduction and Summary

After implementation of the SLR processor, its
output was analyzed to determine proper parameter values to
maxjimize performance and to measure actual performance. The
parameter values that were determined were the design signal-to-
noise ratio and the tracking window width., A method was developed
to find analytically the design signal-to-noise ratio which is
consistent with computer loading and detection performance.

A previous study* indicated that reduction of the track window
can dramatically increase performance gains., A study was under-
taken to assess the performance of the wideband passive SLR with
and without bearing tracking.

1t was found that for a representative passive
arrvay, beam patterns were such that, due to overlap, target track
amplitudes built up quickly through the sidelobes ot the beams
adjacent to the beam occupied by the target. Hence, it is not
necessarily advantageous to track between beams. This result
does depend on the tactical situation. 1f the target bearing rate
is fast enough, the target will remain in any one beam for only
two or three updates, then this conclusion is not valid and linkage
between beams is definitely desirable. However, to achieve this
bearing rate, the target must be moving at a high rate of speed
or be very near the sonar receiver, in either case detection on a
single update basis should not be a problem. The performance ot
the SLR processor was compaced to 2 non-SLR (conventional) processor
on the basis of required input signal-to-noise ratio to achieve
0.5 probability of detection at a fixed false alarm rate, both on

*H. A. Reeder, "Simultaneous Likclihood Ratio Processing for
Two Active Processors,' T71-AU-9594-U, 25 August 1971,
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g‘ 3' ) a single update basis and on a 'three-out-of-last-five-marks"

iﬁ _% detection criterion.

2 g 5.2 Choice of Design Signal-to-Noise Ratio

iiv f In section 4.4 the log likelihood ratio for the

i? g wideband passive sonar processor was derived. The key parameter
?, fg in the equation is the assumed signal-to-noise ratio, ¢ = os/cn,
5{; Tn at the input to the square law detector. The value of this

%' '§ parameter determines the proper choice between the two alternative
% g hypotheses in the sequential test. That is, the test is conducted
ﬁ g between two alternatives: Hp, that the track is noise alone, ¢ =0,
!%. E‘ and Hl’ that the track is signal plus noise with signal-to-noise
ggé €§ ratio ¢. The most desirable test would be that of test between
-9 é@ > =0 and ¢ > 0; however, this test is difficult to implement.

% !ff Wald* has shown that the test used in the SLR processor, that is,
3 ;f > = 0 versus ¢ = 0,0 results in an effective test of ¢ = 0 versus
;if _gf ¢ » 6 where 0 « 6 « o . This phenomenon has been observed

. ¥ previously™ where it was pointed out that targets with signal-

to-noise ratios 3 to 4 dB less than the design signal-to-noise
ratio were detected with greater than 0.5 probability, This
phenomenon was again observed in this study,

In previous studies the design signal-to-noise ratio
was chosen empirically on the basis of observed computer loading and
desired detection performance. However for this study a procedure
for choosing the design signal-to-noise was developed that takes
i3 2 into account the tracking window size and the probability of detec-
§§' 4 tion. The basic procedure may be applied to other previously
| A developed SLR processors. ‘This procedure ignores computer loading

W *A. Wald, Sequential Analvsis, John Wiley and Sons, Inc.,
Second Printin5 ?958

*fH. A, Reeder, “Computer Utilization of Sequential Nypothesis

Testing for Detection and Classification of Sonar signals. TRACOR
Document No. 67-717-U, 27 Oc¢tober 1967.
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which is not a problem in the wideband passive SLR since the number
of resolution cells (beams) is limited.

By

o
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The procedure is essentially to adjust the design
| . signal-to-noise ratio to minimize the signal-to-noise ratio that
will give a positive log likelihood value with probability 0.5
after the logarithm of the track window sizg is subtracted (This
N is necessary to adjust for noise branching. ), The motivation of
this procedure is that any track with a greater signal-to-noise
r ratio will give a positive log likelihood ratio (adjusted for
%; 1 tracking) with probability greater than 0.5 and, therefore, will
§i ! tend to integrate above any preset upper threshold.** This is not
T i the sharpest criterion one may establish. For instance a more

9 i desirable criterion would be to choose the design signal-to-noise
! zfﬁ ratio which minimizes the track signal-to-noise ratio that gives
0.5 probability of crossing for a threshold preset to yield a given
: probability of false alarm, However, this latter criterion is
§1 dependent on the probability of false alarm and is more difficult

" to analyze, The positive log likelihood ratio criterion is very
§§ easy to analyze and appears to give nearly the same answer in the
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ig‘ wideband passive case,
E‘ The log likelihcod ratio equation of the assumed
:% wideband passive sonar systems is given by Equation (4-3),

L(Y) = Yo/(1 + o) = M log(l + o) .

Adjusting for a tracking window with N independent samples in it,
yields

L'(Y) = Yo/(1 + p) = M log(l + )= log N (5-1).

"H. A. Reeder, "Reduction of Computer Requirements for the
Sequential Likelihood Ratio Processor,” TRACOR Document T70-AU-7242-U,

*rhis may be related to the Gambler's Ruin problem where the
gambling house has infinite resources and a greater than 0.5
probability of wianing. Over an arbitrary number of trials, the
house will ruin any gambler with finite rvesources.
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Using the fact that the Y's are approximately Gaussianly distributed,
a sample from a signal-plus-noise distribution with parameter o'
will be greater than Z with probability 0.5 if Z is chosen such

that

Z-M(l"'pl):o

V(1 + o'IM

or
=M(1+ 0" .
That is, samples from a Gaussian distribution are greater than the

mean with probability 0.5. Substituting this value into equation
(5-1) yields

L(Z) = £ .Mlog (L +0) -logN=0. (5-2)

MQ + o
+ 0
Note that using this value we are guaranteed that the

Pr(L(Y) 2 L(Z)) = 0.5

for samples from a distribution with signal-to-noise ratio parameter
p’. Solving Eq. (5~2) for p’ gives

p! « (M(1 + p) log(l + o) + (1 + o) log N)/(Mo) - 1 . (5-3)

Expanding the log terms in a power series about p = 0 and neglecting

.all terms of power three or greater yields

2
p'.g.%+19§_"(1/9+1> . (5-4)
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We now minimize p’ by setting the first derivative of Eq. (5-4)
equal to zero.

’

%%— =L f - log N/(Mo%) = 0

or
02/2 - 03/3 = (log N)/M (5-5)

As presently configured, the wideband passive SLR processor allows
linkages to the two adjacent beams in addition to the beam on which
the target was last observed for a total of three possible linkages;
hence, N = 3. As previously derived M = 342,000, the 3+ product,
of the wideband passive system, Using these parameter values,

Eq. (5-5) was solved. The proper design signal-to-noise ratio,
converted to dB is -25,9 dB., It is interesting to note that based

of a quick empirical survey® the design signal-to-noise ratio had
been tentatively set at -25 dB, less than 1 dB difference from the

analytically derived design signal-to-noise ratio.

5.3 Performance of the Wideband Passive SLR Processor

The performance of the wideband passive SLR processor
was assessed under a varlety of operating conditions. Cases con-
sidered included tracking in bearing or not, variation of input
thresholds, different sonar processor incegration times, and
variation of design signal-to-noise ratio. For low bearing rate
targets (more than 3 updates occurring in cach beam), it appears
that improved performance may be obtained by not tracking between
beams. Also, increased performance may be obtained by using shorter
integration times by the sonar signal processor and allowing the
SLR processor to do the long term integration.

*H. A. Reeder, "Eighth Quarterly Progress Report," TRACOR
Document No, T72-AU-9569-U, ll August 1972, :
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5.3.1 Beam Tracking - A study was undertaken to assess

the value of tracking between beams. The study considered a
marginal signal-to-noise ratio track that starts in one beam and
proceeds to the next beam at a rate of 0.5 degrees per update.

The signal processor considered is one with similar output statis-
tics to the wideband passive system and is applicable to the case

at hand. Figure 5-1 shows the two typical beam patterns that
exhibit different overlapping coverage. The tracking experiment

was conducted for these two beam pattern cases. The results are
presented in Figs. 5-2 and 5-3. The curves give probability of
crossing a decision threshold for the SLR operating on the left
beam only, right beam only, and both beams. In addition, the
probability of marking at least one beam of the single beam only
tracker 1is shown., To calculate this latter probability, statis-
tical independence of the beams was assumed. This is not a good
assumption, and the performance of the single beam only implemen-
tations will fall between this probability and the maximum of the
performance of the left and right beam cases (complete dependence).
From Figs. 5-2 and 5-3 it appears that tracking across beams does not
yield improved performance. As previously discussed in Section 5.1,
this latter conclusion may not be valid for higher bearing rate
targets where only two or three marks are observed in any one beam,
but this high bearing rate would probably indicate that the target
was very close or maneuvering at a high rate of speed. Under these
conditions the single update probability of detection should be high.

5.3.2 ' Effects on Performance of Tracking Window Size and
Input Threshold « The effeet of tracking in bearing was studied in

a #lightly different manner than above, as well as the effect of
changes in input threshold. ‘The results ave presented in the form
of curves of probability of exceeding threshold versus input signal-
to-noise ratio, where the threshold is set to achieve a specitied
probability of false alarm. Curves for one to ten updates are

58
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presented as well as a dashed curve for the probability of threshold
crossing for a conventional non-SLR processor on a single update
basis. Performance improvement may be assessed by the difference
between SLR and non-SLR curves., Figure 5-4 shows performance when

a tracking window is used and the input data are thresholded so

that only 30% of the noise samples are entered into the computer.
Due to the thresholding and the log likelihood ratio tracking
correction, performance at lower signal-to-noise ratios is not

as good as desired.

By not tracking in beam, i.e., no tracking window,
performance may be improved as shown in Fig. 5-5, Strictly speaking,
whe.l the tracking window is removed, a new design signal-to-noise
ratio should be derived, but for comparison purposes it was desirable
to hold this parameter constant. If the analysis in Section 5.2 is
carried out for no tracking windows, it indicates that an arbitrarily
small design signal-to-noise ratio should be chosen. This is
undesirable because the time to reject noise tracks as noise tracks
becomes longer and longer. Hence, the design signal-to-noise ratio
should be chosen to reject noise tracks in a reasonable length of
time. A design signal-to-noise :atio of -25.9 dB accomplishes this.

The complete removal of the input threshold increases
performance for the lower input signal-ta-noisé ratios even turther
as shown by Fig. 5-6. It might be well to comment here on why the
non-$SLR outperforms the SLR on a one updaée basis uas shown by the
difference in the curve marked (1) and the non-SLR dashed curve.

The SLR integrates noise alone tracks for more than one update on
the average; therefore, the noise background is integrated to a
higher level, increasing the decision threshold the SLR signal
track statistic must exceed. For the present configuvation, two

SLR updates give approximately the same performance as the non-SLR
and further updates give much superior performance,
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Another experirent was performed by reducing the
integration time of the wideband passive signal processor by a
factor of 10 to 0.2 min and allowing the SLR to accomplish the
long term integration. Effectively, by considering more rapid
updates, noise tracks degrade more quickly in time although the
average number of samples to rejection may increase somewhat.
The net result is a decrease in the noise integration with respect
to the signal-plus-noise track integration. The results are shown
for a -25.9 dB signal-to-noise ratio track on Fig. 5-6. The mark
numbered (5) is after 50 updates and therefore corresponds in time
with curve 5 of the 2 min integration time implementation. Based
on this study, it appears that shorter integration times in the
sonar signal processor, combined with the SLR processor to accom-
plish the long term integration, is advantageous.

Figure 5-7 is the same case as rig. 5-6 except the
probability of false alarm has been decreased to 10'5. The results
are much the same; however, more updates are requived to cross the
higher threshold with the same probability.

In Figs. 5-4 through 5-7, the results of SLR
processing have been compared with non-SLR processing on a single
update basis, When an cperator is using a system, he is unlikelv
to c¢all a detection based on a single update but will use a
criterion such as "at least three mavks out of the last five

consecut ive updates" to call a detection, This criterion while

somewhat arbitrary appears to be reasonable for the probability
of false alarms considered here. Using a method developed by
Greenberg,* the probability of satistying the criterion ot at
least three marks out of the last five updates lor a total of

1. Greenberg, "the First Qecurrence of n Successes In N
Trials," Technometrics, August 1970, page 627.
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ten updates was calculated. The results are presented in Fig. 5-8
as the dashed curves, both for SLR and for non-SLR processed data.
The solid curves are the same as Fig. 5-6. Figure 5-8 shows that
the probability of an operator calling a detection using this
criterion on SLR output data is considerably more on the non-SLR
processed data. Another way of looking at these results is to
note the required input signal-to-noise ratio for 0.5 probability
of detection. For the SLR processor, this input signal-to-noise
ratio is -27.1 dB and for the non-SLR processor, -23.3 dB. For
this situation, SLR processing gains approximately 3.8 dB considering
equivalent detection performance.

5.4 Conclusions

A method has been developed to allow a general
purpose digital computer to survey the output of a wideband passive
sonar system, select promising target tracks, and integrate them
for a variable length of time, and achieve improved performance.
This process is based on the sequential likelihood ratio hvpothesis
test which has many desirable statistical features.

Although the study concentrated on an SLR processor
for wideband passive sonar systems, techniques applicable to other
SLR implementations were developed. For instance, a method was
developed to determine analytically the design signal-to-noise
ratio of the statistical hypothesis test. This wethod is particu-
larly applicable to the wideband passive SLR processor where
computer loading is light; however, it has applications in the
design of other SLR processors, S '

The benefits of tracking between beams was studiced
extensively., It was found that* {f a target may be expected to
vemain in a beam for several updates, then tracking between beams
Is not advantageous. ‘This simplitication of the processor reduces
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the possibility of spurious noise tracks and yields improved

performance.

The most interesting and, potentially, the most
important development under this contract was the discovery of
the improved performance due to decreasing the sonar picessor
integration time and allowing the SLR processor to do the long
term integration over the increased number of updates. In
previous applications it was not possible to take advantage of
this fact because the data input was limited to the ping repeti-
tion rate of an active sonar system. In a passive system, the
update rate is limited only to the time between independent
samples. In essence, the sequential test allows the integration
of esignal-plus-noise tracks for the same length of time as a
given fixed integration time, but the noise tracks are integrated
for a shorter time on the average. This gives a greater relative
difference between signal-plus-noise tracks and noise alone.

In summary, the SLR processor is ideally suited
for implementation on the output of passive sonar systewms.
Available gaihs appear to be better than with actlve wonur
systems, Aiso, an important fivst step has been taken to
develop a computer besed system to integrate the outputs ot
wideband and narrowband passive sonar systems in a logical and
meaningful manner, '

FH}
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6.0 RECOMMENDATIONS

The SLR processor has progressed from a relatively
crude one-dimensional processor into a sophisticated multidimen-
sicnal, multichannel processor capable of processing large amounts
of varied data types. The present emphasis is on adapting SLR
processing to the output of passive systems. It is ideally suited
for use in a passive system where its full capability of update-
to-update integration may be utilized by varying the sonar pro-
cessor's integration time. In an active implementation the update
time is limited by the ping repetition rate which, in turn, is
determined by the target's range. In a passive system many more
track samples may be considered, exploiting the capabilities of
the sequential testing. This present study developed a SLR pro-
cessor for wideband passive sonar systems, The next logical
extension is to apply the technique to the output of a narrowband
sonar procsssor and TRACOR is under c:atmcraet"¥ to do this. Also,
under that same contract the outputs of the wideband and narrowband
SLR processcrs will be combined as outlined in Section 3.0 of this
report. '

After successful testing of the coubined ptoéésscr,
the next phase should be a laboratory implementation of a complete
hardware system to do multichannel narrovband/wideband analysis,
| normalization, SLR processing, data rate reduction, and display.
To accomplish this, careful analysis of system vequivements must be
done. Hardware may then be obtained and interfaced. A represunta-
tive sea data base should then be analyzed to choose system soltwire
pacameters. The ultimate goal of this project would be a veal time

»
Y

“Contract NODO24-73«C-1201.
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demonstration of the computer aided processor. From this
demonstration, the effectiveness of the computer aided processor
to alert a fleet sonar operator may be assessed. This, in turn,
will measure the impact of this system on the fleet.

Upon satisfactory completion of this laboratory
demonstration, the total hardware system should be installed in
fleet unit for an extensive at-sea test, During this operational
test the computer aided alerting system should show its greatest
utility. When target incidence is low, operators tend to be less
‘alert and it is precisely this situation where the automatic
passive alerting system will be most useful.
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