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PREFACE

This report is the third of a series which attempts to
summarize existing knowledge about the parameters which
appear in the sonar equations. These relationships,
which find application In many problems involving under-
water sound, are stated for reference in Part I of this
series. As outlined in Part 1, the objective of the summary
is to provide a condensation of some of the basic data in
underwater sound for use by practical sonar scientists.
The present report deals with the detection of underwater
sound signals in terms of the parameter, recognition dif-
ferential. Materia which could not be included in these
Confidential reports will appear in a Secret Supplement to
the series.

The recognition differential of a receiving system de-
pends on a large number of variables which may or may
not be independent. Only limited quantitative data on the
subject is available, and it has been necessary to include in
this summary considerable information of a descriptive
nature, which, it is hoped, will assist the sonar scientist in
arriving at a recognition differential for a given receiving
system.

The complete series of reports is listed below:

Pa rt I - Introduction (July 1953)

Part H - Target Strength (December 1953)

Part III - Recognition Differential (December 1953)

Pa rt IV - Reverberation

Pa rt V - Background Noise

Pa rt VI - Source Level

Pa rt VI - Transmission Loss

C(E. Fl 1)ENT1A 1,



CONFIDENTIAl

CONTENTS

INTRODUCTION 1. . . . . . . . . . . .. . . . . . . . . . .

Definition of Recognition Differential. . . . . . . . . . . . . . . . I

The Optimum Observer - Observer Loss....................................2
The Transition Curve....................................................4
Signal Processing......................................................6

AURAL DETECTION......................................................9

Characteristics of the Ear............................................... 9
Optimum, Listening Level.............................................9
Build-Up Time.....................................................9
Critical Bands.................................................... 10
Sensitivity to Changes in Level........................................10
Modulated Signals................................................. 12
Duplex Presentation............................................... 12
Binaural Presentation.............................................. 12
Multifrequency Presentation................................ .......... 12
Earphones vs. Loudspeakers..........................................13
System Distortion.................................................. 13

Detection of Continuous Signals.......................................... 13
Sonic Listening - Steady Signals.......................................13
Sonic Listening - Modulated Signals....................................16
Ultrasonic Listening................................................16
Subsonic Listening........... ...................................... 18

Detection of Pings in Noise Backgrounds................................... 18
Effect of ?inglength................... ..... ...................... 18
Effect of Frequency ..... ................... ...................... 18s
Effect of Bandwidth.................................................19
Modulated Pings................................................... 19
Repeated Pr~es!ntation.............................................. 20

Detection (if Pinv:ý in UFverbf-ration Backgrounds..............................20



CONFIDENTIAL

VISUAL DETECTION................................................,... 22

A-Scan Presentation............................................... . 22
A-Scan Detection of Pulses in Noise.................................. 2
Effect of Pulse Length.............................................. 23
Effect of Bandwidth.................................................23
Repeated Presentation of Pulses.......................................25
A-Scan Detection of Continuous Modulated Signals.........................26

PPI Presentation......................................................26

Recorded Presentations.................................................27
Single-Pulse Detection........... .................................... 27
Passive Detection.................................28
Effect of Number of Presentations..................................... 29

Detection of Pulses in Reverberation.......................................29

COMBINED DISPLAYS.................................................... 30

AUTOMATIC ALARMS.................................................... 31

REFERENCES...........................................................32

iv CONFIDENTIAL,



CONFIDENTIAL

A SUMMARY OF UNDERWATER ACOUSTIC DATA

PART III - RECOGNITION DIFFERENTIAL

INTRODUCTION

Definition of Recognition Differential

Every sonar system, whatever its ultimate purpose, represents the efforts of its designer
to decrease the apparent background of noise or reverberation, and to increase the wanted sig-
nal. Indeed. one might say that most of the efforts of the designer, and much of the electronic
complexity of the system, are aimed at improving the system's ability to discriminate against
the background in favor of the signal. Many, and sometimes extreme, means are employed to
provide this discrimination without impairing other desirable characteristics such as search
rate in a detection system. or equipment simplicity and reliability.

As pointed out in Part I of this series, underwater sound is now utilized by the Nary for a
censiderable number of purposes. In addition to its historically initial function of detection of
underwater objects, it is now employed for communication, target classification, torpedo hom-
ing. and in other ways,

In order to achieve its purpose, whatever it may be, an acoustic system requires a certain
level of wanted signal relative to the background in which the signal appears. This needed
Qignal-to-background ratio depends on the purpose being served; a sonar set requires one
:ignal-to-background ratio for detection, a higher one for target bearing, and perhaps a still
higher one for classification. The signal-to-background ratio required for detection of a target
507 of the time in a large number of independent trials is termed the recognition differential.
It is defined to be the ratio, expressed in db, of the root-mean-square signal level to that of the
background, measured at the output terminals of the transducer, when a signal is detected in
50', of a large number of independent trials. Broadband signals and noise backgrounds are

lit-( ified in terms of their spectrum level, or their level in a I-cps band; reverberation back-
outudi are more conveniently specified in terms of total reverberation level, rather than

_-p.ctrum level.

It is interesting to observe that, from the way recognition differential is defined, a high
r,.-c,,nition differential means that a high signal-to-background ratio is required for detection
,!;d impoie: poor detection, similarly, a low recognition differential means good detection.

T', Iraction of trials in which a .signal is detected is called the detection probabitiHy, and
=r m~t.:sri,' taken to he 50% in defining recognition differential. While thiq is a satisfactory

,,.i of detectability for many purpstes, in some problems a higher detection probability
,r- us,-tul. The vorrtetion to !he recognitiýn differential which is required when a detec-

l.rbability of other than 50T, is more appropriate to the problem at hand is given by a
",ton ( urvye. to be discussed later on.

B,1, au-,- )f t[h: ll't that in prar-t c both the signal and background fluctuate with timerec-
::n diffl-rsntiai is delinjed in t ,rimo' o the! rms levels of signal and background averaged

, ff o-i.t, ,rw j,-riod of tinoi-. Some of the, thictualton J!i inhereint in the source of

(AN I- J ' J% ; T 1A I
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sound and in the transmission loss along the acoustic paths between the source and the receiv-
ing transducer. Even in laboratory experiments, inherent fluctuations remain in broadband
signals and backgrounds. These fluctuations in the background are extremely important in
masking small signals, and have a great effect in determining recognition differentials.

Figure 1 illustrates how the various parts of a sonar system contribute to the enhancement
of the signal against background. The receiving transducer itself provides a portion of the en-
hancemeat of signal-to-background ratio through its directional properties, and the amount of
its enhancement is given by its directivity index. The remainder of the improvement, provided
by the signal processing method, the presentation employed, and the observer, is specified by
the recognition differential.

A I REDTECTOR OCTECTOR D CTOT E . BSER V,•ER

FILTER I Cf,.,-. •¢•

.tc

I f'•SIGNAL F-RO E SSINGC

[ SIGNALJ-TO-ACKGROUND RATIO

,S' O.,., " l.4.. R.,co ,,oDJf.,..NoI *O*.•oL...

r I Siv nti r;I azAd bac k 'round i ii a r cc vi'. i n ont s yste M

It should be stressed that recognition differential refers to signal detection alone, and not
to the other functions which an acoustic system may perform, As mentioned above, the signal-
to-background ratio required for these other functions-such as classification or homing-will
in general be different from that required for detection. Little attention has been given tothese
ratios, however, and in what follows we shall be concerned with the detection function alone.

The Optimum Observer - Observer Loss

A necessary. and indeed vital, part of most sonar systems is the human observer, who
forrms the connecting link between the inanimnate sonar system and the purpose which it serves.
In delining .recognition differential we have tacitly implied that not only is the equipment in its
best operating condition, but that the observer is "optimum" as well. By an "optimum"
observer we mean a reasonably good, well-trained one, who is alert and free from fatigue.
Mo.st labosratory measurements of recognition differentials are made with such optimum
otjs!ur vers, for in the laboratory evcry care is tak-n to make sure that tbe' oIb•l)'-Vei. I V(l-
If ntlv trained, alert, and eager to do well.

CONFIDENTIAL
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At sea under operational conditions, however, the observer is seldom -optimum," for
obvious reasons. The increase in the signal-to-background ratio required by a nonoptimum
observer is called the observer loss. Unfortunately, information on the amount of this observer
loss is very limited, despite its importance operationally.

There is some evidence that extensive experience or training is not required for an
observer to be ýoptimum," provided that the task to be performed is a fairly simple one. as is
generally the case. At NEL(l). where college students and observers from the Sonar School
have been used in laboratory signal-detection tests, it is believed that their performanre as
observers becomes within 3-4 db of the optimum once the nature of the task is understood.
Further, an examination of observers with more than three months experience using QHBa
equipment has shown no dependence of performance on their experience(2). Information avail-
able as a result of this study on operators with less than three months experience is limited to
their tendency to report "false contacts," which was no greater than for experienced observers.
False contact reports were found to depend on the individual observer and circumstances,
rather than on experience.

On the other hand, when the task to be performed is difficult, continued training is required
to maintain peak performance. An example that may be cited is the detection of weak echoes in
reverberation, in which the subtle distinctions between reverberation and echo come into play.
In this case. a slow and progressive improvement with continued experience has been noted(3,
p 222). It was found that if observers were taken off their task of detecting echoes in rever-
beration for about a week, their performance deteriorated by about 3 db. and that it took another
week before they regained their full abilities.

The effects on observer performance of such things as fatigue, general health, and morale
would be expected to be substantial. Prolonged audiometer tests on sonar operators and
uther crew members aboard a submarine have shown a variation in individual hearing from day
to day with health and general condition, amounting to a maximum, of 10 to 15 db in the case of
a head cold or sinus condition(4). Table 1 summarizes the results obtained.

TABLE 1

Condition IHearing Loss (Audiometer Tests)
F at • -

(i) Lack of sleep No significant variation
Jii) Long sonar watch About 5 db

Exposure to high-level noise

(i) As part of routine duties r Permanent loss in high frequencies
60i) Short term Temporary loss of 15 db with a

gradual recovery, the loss being
5 db after I hour

"Hanrnver" ime c2cz improv-ni•-t ,Lf 5 Ub

.UnortunaLely it is not clear what hearing loss, as determined by audiometer tests, means
in tf-rms of recognition differential(5), although there is some evidence from an analysis ol the
Ear Diego County Fair Hearing Survey data that for each 10 db of hearing loss the recognition
diferential increases by 1 db(59). The above "losses" should therefore not be interpreted as
being observer lh-ses, but merely as being indicative of a possible deterioration in detection
;,erfo)i rnance Possibly the most significant result of this study was that as the tests proceeded

CONFIDENTIAL
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the observers came to realize the importance and significance of the tests, and a "marked"improvcment of performance was observed. The interest of the observer in the task to be per-formed is something that is not easily measured, but it appears to be important in determiningrecognition differentials. Interest must be maintained; lack of it may result in drastic reduc-
tions in detection ability.

The Transition Curve

A curve showing the probability of detection plotted against signal-to-background ratio iscalled a transition curve. It gives information on the transition in detection probability betweensignals too small to be detected at all, and signals so large that they cannot fail to be detected.For a given signal-to-background ratio, a point on this curve may be found experimentally bydetermining the fraction of a large number of independent trials in which the signal is detected.The solid curve in Fig. 2 is a typical transition curve, for a single observation with the signal-to-background ratio plotted in db, relative to that required for a 50% detection probability.
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The tran.sition curve provides the correction to the recognition differential required whenadetection probability other than 50% is appropriate to the problem at hand. For example,w~hen a submarine echo-ranges off a surface ship to obtain an accurate range for torpedo firing,only a single ping can be used to avoid warning the target. In this instance, a recognition dif-ferential of oerhaps 90% would be appropriate. An additional correction of a few db would alsobt, neccssary in order to allow for the greater signal-to-background ratio needed for ranging,ejkrtivv to, that neede-d for df-tection.
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The single-observation transition curve of Fig. 2 applies to both aural(3.6-8) and visual(9-
11) detection systems, and appears to be unaltered whether the background be noise or rever-
beration. This invariance of the transitin curve both to the senses of the observer and to the
type of interfering background is most remarkable. It is possible that the transition curve is
determined to a large extent by the fluctuations in the background. rather than to any psycho-
physical characteristic of the observer. This conclusion is supported by theoretical consider-
ations which indicate that the transition curve can be computed from the statistical nature of a
random-noise background(12). The importance of background fluctuations in affecting the
transition curve is also indicated by evidence that repeated playback of a single recorded
signal-plus-noise combination results in little improvement in detection(13). The observer
seems to do as well on a single presentation as on a repeated presentation of exactly the same
signal and noise, provided he is alert and knows what sort of signal to expect. If, however. the
signal is allowed to appear in a different portion of the fluctuating background, a-, would be the
case, for example, with successive pings in echo-ranging, an improvement in recognition dif-
ferential does occur with repeated presentations. In fact. if the presentations are independent
in a statistical sense, so that the observer is not influenced by what has happened before, or if
independent ob~servers are used, elementary probability theory shows that the probability of
detection in at least one of n repeated observations is l-(l-p)n1. where p is the detection preba-
bility in a single observation(14). Unfortunately, in practice the observations are seldom
entirely independent, and the result serves only as a guide to the possible gain in detection
probability that may be achieved in repeated trials.

Transition curves based on the above expression for repeated independent observations
are included in Fig. 2. The improvf .. ent in detection obtained by using a number of observers
was investigated for pure tones and echoes in thermal noise and reverberation using head-
phones. A-scan presentations, and combinations thereof(14). The observers were provided
"with separate presentation systems but observed the same signal in background. No systematic
differences in the transition curves for 1, 2, or 3 observers were apparent. The use of two
observers was found, however, to improve the recognition differential by I db, while three
observers showed a further improvement of 0.7 db. These values are slightly less than those
shown in Fig. 2. It is probable that the full gain to be expected from independent trials was not
obtained because the observers tended to detect signals when the fluctuating background was
favorable to signal detection. On the other hand, other trials with recorded presentations using
the clipper-correlator processing technique showed a progressive steepening of the transition
curve as the number of presentations increased(15). For example, the increase in signal-to-
noise ratio required to raise the detection probability from Wi0to 80%was 7 db with one pres-
entation, but only 2 db with 16 simultaneous presentations. These repeated presentations were
not independent, however, and the observed steepening of the transition curves may be the
effect of the ability of the observer to "correlate" the presentations

If -we grant that the fluctuation in the background largely determines the shape of the tran-
sition curve, we might expect that any reduction in the effective fluctuation, whether obtained
by the use oi smoothing or long pinglengths, would tend to steepen the transition curve. There
is ,some indication that the transition curve does become somewhat steeper for long ping-
lungths{6), probably because of the smaller fluctuation in background when averaged over a
!lnger period of time. For example, although 11-millisecond pings required an increase in
!t-vti of 2.5 db to raise their detection probability from 50% to 80%, the increase required with
270-millisecond pings was only 1.5 db. Filter bandwidths have a similar effect: the use of

!ýrfadb:nd tcndý t :ýtt~p n th, tano iL'fl, LilA itt,. pi 14. 2) A all ix~anijipr, ItWca

bsýerved that a 3-db increase in signal-to-noise ratio was needed to change the detection prob-
atuijity Irorr 5u"• to dl)t whnen a 5-cps filter was used, but with a 2800-cps bandpass filter, only a
1. -db In( re:n> e was required. Although this effect is probably the result of the greater fluctu-
'Itiml (11 I1 0 I :-. in n.i cjrloA filvr, it may also beý attributed to the distortion of the pulse shape
o~r,,uduJced by the r15r11A' imhnds idthJ3, i) 172).

Ar,,ttn r i','nn ka is li urii cf tif- trniliýIt,-n n (u.o - r !flat it -:urnm to apply almost, but
.- j, , f u ,1 ? 1 " ;1i_4 , i d: 1 i-' - i;,ngir F ir l :0 i , _,. tij. difi rt-len 'e in
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signal-to-noise ratio between the 80% and 20% levels of detection probability was found from
wartime studies to vary from 1.3 to 8 db(3, p 155); the transition curve in Fig. 2 for a single
observation gives a difference of 4 db. It is interesting to note that it was bel"'eved that the
steeper transition curves were associated with over-cautious observers. Neve:theless, a
more recent study of the aural detection of submarine machinery noise has indicated that the
solid curve of Fig. 2 is typical when listening to such signals(7).

Signal Processing

Since the senses of an observer must, in one way or another, be part of any sonar system,
a well-designed system has characteristics which take advantage of the natural and essentially
uncontrollable properties of these senses. In order to exploit the properties of the ear and
eye. various electronic tricks are employed, ranging from simple amplification to complex
techniques such as heterodyning, correlating, and the use of various types of electronic detec-
tors. The purpose of "signal processing"-as these techniques are sometimes called-is to
take advantage of the basic properties of the ear and eye.

Another human characteristic, which signal processing exploits when riossible, is the abil-
ity to remember past events. The ear-brain combination is apparently much inferior to the
eye-brain combination in being able to carry over into the future or "remember" something
that occurred in the past, such as a marginal signal. This inferior ability to remember aural
signals as compared with visual ones may be due to the difficulty of providing a convenient
frame of temporal reference. Memory, which permits correlation by the observer between one
presentation and another, may be provided by the system itself when some sort of visual pres-
entation is employed by the use of recorded presentations, e.g., the chemical recorder.

The possibilities of assisting detection by signal processing are more limited for aural
than for visual presentation. With the ear, the best that can be done is to present the signal to
the ear at approximately the level and frequency at which the characteristics of the ear are
optimum. In addition to amplification to obtain a comfortable listening level, filtering may be
desirable to remove a high-level unwanted background and thereby permit frequencies in the
neighborhood of the signal to be presented at an acceptable level. Optimum frequency may be
obtained by heterodyning &r by frequency-multiplication techniques; the first is common prac-
tice with high-frequency signals, while the second has applications to the detection of low-
frequency signals(16). As will be seen later, the ear behaves as if provided with a filter net-
work: as a result, filtering before presentation has limited advantages.

When visual presentations are employed, much more can be done by signal processing in
providing discrimination against background than with the ear, and an extensive literature on
the subject exists(17-26).

The simplest method of signal processing is merely to amplify the signal. The output is
then an exact replica of the signal and background, and no discrimination against the back-
ground is provided. Discrimination may be achieved by filtering, and when the passband of the
filter is sufficiently wide for transient effects to be of no consequence, signal and background
within the passband of the filter are again reproduced. Although thn level of the background
masking the signal is reduced in this way, fluctuations in- its level and in that of the signal
rernain, which mask any .- nal! average incr,:a.; in dc'cl, ... t the picSConcC of a :;ignal. In
aural detectiun, this masking by the fluctuation in level is offset in part by the finite build-up
tim: of the ear, which results in an averaging or smoothing out of these fluctuations, and so
assists in the detection of small increases in average level due to the presence of a signal.
But if a visual presentation is employed, these fluctuation; seriously impair detection of any
,.mall increase in average level, Ahcther tfi pr.ntation employ-, deflection of a visual trace
or spot brightening. It is essential thvrehor,, to reduce or :nm,,oth out these fluctuations.

CONFIDENTIAL
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In conventional systems this smoothing is achieved by the use of detector (rectifier-
averager) circuits. In these systems the incoming signal is filtered (predetection filtering),
passed through the detector where it is rectified, and finally passed through a low-pass filter
(postdetection filtering). The output is therefore a smoothed rectified envelope of the incoming
waveform.

It is of interest to consider the signal-to-background ratio at the output of such detector
circuits in terms of the characteristics of the detector and the filter bandwidths. It has been
found theoretically for signals and backgrounds with parallel spectra that the output signal-to-
noise ratio depends upon the power law'* of the detector in the following manner(23):

Output S/N Ratio (db)
Power Law of Relative to Square Law Detector

Full Wave Detector ________ _________

Rectangular Filter Tuned Circuit Filter

"1 -0.2 -0.1
2 0 0
4 -0.6 -0.5
6 -2.3 -1.8
8 -4.8 -3.9

10 -8.0 -6.6

The above values apply only for small signal-to-noise ratios, and for small postdetection band-
widths (long averaging times). It will be seen that the square law detector is slightly better
than a linear detector, although the difference is small. It has been found that the square law
detector has a similar slight superiority in output signal-to-ncise ratio when the signal is
sinusoidal(27).

It can be shown from theoretical considerations of the fluctuation of "white" noise, that for
square law detection of sinusoidal signals the bandwidth of noise effective in masking a signal
is the geometric mean of the predetection and postdetection bandwidths, provided the postde-
tection bandwidth is the smaller(16). This means that the effective masking level of the back-
ground increases by 1.5 db for each doubling of either the pre- or postdetector bandwidth. A
similar result applies for broadband signals such as propeller noise, provided the signal-to-
background ratio is small. In this instance the fluctuation is still largely determined by the
background.

We may now consider the effects of the various detector circuit parameters on recognition
differential. We have seen that there will be little difference in using linear or square-law
detectors. Because recognition differential is defined in terms of the spectrum levels of
broadband signals and noise, we must consider the effects of the predetection filter bandwidth
on the detection of sinusoidal and broadband signals separately. In the case of a sinusoidal or
periodic signal, there is no effect of the filter on the signal level, and the background masking
increases 1.5 db for each doubling of the predetection filter bandwidth. Detection will deterio-
rate, or the recognition differential will increase, at the rate of 1.5 db for each doubling of the
predetectiun bandwidth.2, ý: In the case of a broadband signal, on the other hand, the signal level
rn(masured in the passluanod of tie filter iic"lcea.nun, 3 db fo••i• each doubing of the •,and•idth,,".hill

i tl U t ",t a ,- V is r,. tv'! co the input c.itag. v 1 by an ccxircsiicn of th,, form V I vI×,

lr,, :;I:,i , ;, 1 r A -,ar., [)ll, d. t," t],, (F 'ig. Ii) tonh irni, that tthi i tht. a,ý a t- for
n ' ,ý tu h , 2 f) i p . 1 ,)r r rgc-r i i idw•i(It h,, th Ti- t r .t,- in r .,c c tc,I r ( lif-

""I I FI E!,;I. , , . Y d 16 rea tc - thic
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the masking effect of the background increases at a rate of 1.5 db. Detection will improve as
the bandwidth is increased, and the recognition differential widl decrease by 1.5 db for each
doubling of the predetection filter bandwidth.

Decreasing the postdetection filter bandwidth decreases the effective masking and improves
detection. For each halving of the bandwidth we should expect a decrease in recognition differ-
ential of 1.5 db. That substantial improvements in detection result when the postdetection fil-
ter bandwidth is reduced, or the integrating time is increased, is well known(19). It has been
shown, for example(19), that for wideband signals with a spectrum parallel to the background
the recognition differential of the ear can be approached with a visual system provided the
parameters of the low-pass filter are properly chosen.

In the detector circuits discussed above, the envelope of the waveform is utilized for
detection, and information on the wave shape itself is discarded, except insofar as predetection
filtering is employed to limit the background admitted to the system. Such systems may be
called incoherent detectors. In contrast, coherent detectors may be designed which do not
extract the envelope, but which utilize the wave shape itself. A coherent detector has been
defined(21) as a detector in which the switching of the rectifier is controlled entirely by a pure
local oscillation of the same frequency and phase as that of the wanted signal.

The relative merits of coherent and incoherent detectors have been discussed in a number
of papers(21,28,29). Complications arise in the case of pulse-detection systems because dif-
ferent criteria of detectability are necessary for different types of display, and because these
in turn are subject to different interpretations. Various theoretically derived results for the
output signal-to-noise ratio for both types of detector have been reported(21), For small input
signal-to-noise ratios (5),, it has been found(21) that the output signal-to-noise ratio-when
expressed as the ratio of the change in d-c output, on apilication of the signal to the low-
frequency noise when the signal is present-is equal to (.)i for an incoherent detector, and to
,),N for a coherent detector. On the basis of these results it has been concluded that the co-

herent detector is the better for the detection of pulse signals(21). It should be pointed out,
however, that equq! performance could be obtained with incoherent detection by the use of mul-
tiple filters. Further, Loherent detection presupposes knowledge of the frequency and phase of
the incoming signal, which are generally not known with sufficient accuracy, Although this dif-
ficulty may be overcome by the use of various techniques(21), these involve additional complex-
ity in the equipment, which must be weighed against the use of multiple filters when an incoher-
ent detector is used.

Similar differences in the dependence of output signal-to-noise ratio on input signal-to-
noise ratio for coherent and incoherent processing have been reported by others. For example,
theoretical formulas have been developed for the output signal-to-noise ratio of correlators
when the input ratio is small and the ratio of the input to output* bandwidths (1.) is large(23).
For incoherent processing-that is. when botq inputs consist of signal and noise-the output
signal-to-noise ratio is proportional to (--)('. . On the other hand, when coherent processing
is employed-that is, one input consists of signal and noise and the other of signal alone-the
output signal-to-noise ratio is proportional to

During recent years, considerable attention has been paid to correlators as devices to im-
provc the sigral-to-i1,i:v rtiu. Whereas a detector is essentially a rectilier tollowed by a
low-pass filter, a correlator is a multiplier. also followed by a low-pass filter. A correlator
uLi:ua ly requires two samples of signal and noise, so that they can be "correlated" with one
another, or more properly, one sample multiplied by the other, and averaged. A detector, on
the other hand, requires but one- sample of signal and noise. The two samples required for
correlators can be the outputs of two ni :rby hydrophones or the two halves of a split trans-
ducer, or even a single sample plus that sanme sample delayed in time (autocorrelation). Much

1 wil, r. t i ', ý ith lw-pais- 1((C fltter.
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has been written about the relative merits of correlators and detectors. Perhaps the best
quantitative statement is contained in a paragraph from a recent report(23). 'The results
above show that if two samples of the same signal in incoherent background noises are availa-
ble, the correlator can produce a signal-to-noise ratio 3 db better than that of the square-law
detector operating on one sample of signal in noise. Obviously if two samples of the signal in
incoherent noises are available, they can be added and applied to the square-law detector,
where with the input signal-to-noise ratio increased by 3 db, the output signal-to-noise ratio
will be increased by 6 db, a result 3 db better than for the correlator. The correlator, on the
other hand. produces no d-c output independent of the signal, a practical advantage that should
not be overlooked."

Many complicated schemes for signal processing have been proposed and employed in re-
cent years. Most of these contain elements of detectors and correlators, or both. Some of
them which have been built and tested are the periodmeter(55), dating back to World War II. the
sector-scan indicator (SSI)(25), the range-rate indicator (RRI)(57), the clipper-correlator(15),
and the axis-crossing interval meter (ACIM)(58). The reader is referred to the literature for
the performance of these and other devices.

AURAL DETECTION

Characteristics of the Ear

The ear has certain well-known properties that make it extremely suitable for detecting
signals in an interfering background, and the Navy has used listening in underwater sound ever
since the German U-boat was found in World War I to be detectable by the sound it produced.
The nature of the auditory sense has been studied by a host of investigators for many years,
au1 d a truly enormous literature on audition in all its aspects is available. Much of it applies
directP, or indirectly to the subject of recognition differential. In what follows, only the more
useful aspects for underwater sound will be summarized, and the reader must reier to the lit-.
erature for information on other topics.

Optimum Listening Level-In listening to signal and background, it is obvious that signal
,•d background must be neither too faint to be heard, nor so loud that discomfort is felt by the
i:-tiner. Thus there must exist a listening level at which the loudness of the presented sound

o- ,ptimum for best detection performance.

The loudness of Lounds of different frequency is given by a well-known diagram (Fig. 3)
Lowing contour., of equal loudness(15). These extend from the threshold of hearing up to the

0;reifold of pain. The apparent loudness of a tone varies with frequency; tones of about 1000
p- ap!pear louder than tones of equal intensity at the ends of the audible range.

Experiments show that most observers prefer a loudness' of about 70 phons(3, pp 87,231).
This. Nie] -I nut critical, although departures frrom it of 20 phons have been shown to cause a
a-ti riJr,.tion in detrction performance(3, p 231). The fatigue produced by a nonoptimum loud-

if-%- I sýeems to be a most important factor, even though the recognition differential may be
-z•e�,�it improved when levels higher than optimum are presented to the observer for a short

Ot-iousl., wnen an observer listens for a long period of time, his comfort must play a
.prt itn detrrminnmc his rf-coLnition difforentj3l.

Build-Up Time-The apparent loudne.-s of acoustic signals is also a function of their dura-
;. Short pulses do not sound as loud asý long pulses; pulses shorter than about 1/4 second
At- a marked decrease in loudness. This effect is attributed to the finite build-up time of the

"• T e •oudness level of a toneý, expressed in phons, is equal it) the ltv¢"l of ., tO00-cycle tone
1.5,-..h appears to be equally loud as the tone in question.

CONFiDENTIAL
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ear, as though the ear required a certain persistence of stimulation to reach its full response(3,
p 32). At normal listening levels, for example, the loudness of a sustained tone is about 15
phons higher than that of a pulse of 5 millisecond duration at the same pressure level; the dif-
ference decreases as the threshold of hearing is approached. The build-up time of the ear is
most important for the detection of pulses, as will be discussed below.

Critical Bands-The ear also

Trosh.id .l f 1.liug Loio.ss(piw,•n) behaves as if it were provided with
a series of contiguous bandpass fil-
ters. These so-called critical

120 bands are perhaps the most impor-
S 0-tant characteristic of the ear for the

> E detection function, for in making the
to be able to select that particular"-"• 1 detection decision the ear appears

6 6 filter in which the signal-to-

"background ratio is highest.
CL~ 40F-- 40

I -. The critical bandwidths areS• 2 : ....--• a.usually determined by presenting to

Threshold a listening observer signal and
0 T- of hoering wideband noise through a variable

bandpass filter. As the bandwidth
20 tO0 1000 10,000 of the filter is reduced, it is found

FREQUENCY (cps) that the level of a just-detectable
signal remains unchanged, until the

r - Aj-a cquil -loudness contours for tonies. "critical" bandwidth is reached-
' .'i.ssiir+' lsels art+ irr(-='irid lev'ls h - below which the just-detectable sig-

.tl.O subject., (From, Ftl-tcher, Ref. iU.) nal level decreases with narrowing
bandwidth. This is just what would
occur with two filters in series; in

analogy, the ear is said to act as though it had a filter of its own with a bandwidth equal to the
critical bandwidth. Critical bandwidth determinations by various investigators(31) are given in
Fig. 4 for listening with one ear and with two ears. Those of French and Steinberg(32) for the
two-ear case. which is the more appropriate for sonar detection, have been recently confirmed
at NEL(Il).

An implication of the critical band concept is that a tone in one critical band does not inter-
fere with, or 'mask," a tone which falls in another, unless the interfering tone is very strong.
The critical bands are thus effectively independent of one another. This property of the ear is
most important in determining recognition differentials, and gives rise to the "critical band
",jle to be discussed below.

Sensitivity to Changes in Level-The ear's ability to detect changes, in level of a wideband
continuous spectrum is of interest when a signal has a continuous spectrum parallel to that of

ýh- backgi•ut•od, co, may be the case with propeller noise. At best the ear's sensitivity to
changes in level of wideband noise is about 0.5 db(33), implying a rectignitirn diffrential of -9
db. FIr practical purposes. however, the minimum detectable change in level is probably about
1 dtll9), corresponding to a recognition differential of -6 db. The muinirmum increa•se in level
;n widif,4nd noise which can be detected depends uVon the bandwidth of inise presented to the
ceam, and upon the frequency at which that bandwidth i-K centered. Figure 5 shows the sudden
,' rea -• of lcvcl of random noise perceptible in 50% of tihe number of trials, as determined by

ri r-rl m-scrtrn~eutsj3l). It ;_,m , likl~ y that the iorefea, ed ,-;enitivitv of the ear to (hange,
If, t-.'- a thi b ndAdth i; I'rex:vd i:, due h, tlt ' •*. hll ' f"l tuji' ion it o lroi:u 0e Iln the i r(ei:id

(ONFIDI:NTIAL.

b)



CONFIDENTIAL ii

x•

I-F

II ... ........ ......

o

0!0

100 1000 10,000 10

FREQUENCY (cps)

o One act, Fletclýer, J. Acoust. Sac. A-, Vol. 9, p. 285 (1938)

i One ear, Fleteket, Proc. Not. Acad. Sc i., p. 265 (1938)

* One eor. Howkins & Ste*,n$, J. Acoust. Soc. Am., Vol, 22, p. 1,1 (1950)

One ear; French & S?.,nb&,rg. J. Acoist. Soo. Am., Vol. 1, p. 96 (1947)

- Two ears. Fireri & Steonh#s5 , J- Aco.st. $cc. Am., Vo!. 19, p. 96 (1947)
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Modulated Signals-The equal loudness contours of Fig. 3 pertain to steady tones. When a
tone or noise is interrupted or is amplitude modulated, the interrupted signal appears to be
louder than the corresponding signal of the same peak amplitude, as long as the rate of modu-
lation. is less than about 30 per second(33). Maximum loudness is obtained when the modulation
rate is between 1 and 10 per second.

0! direct interest in listening to submarine sounds is the recognition differential for
a mplitude- modulated. wideband noise signals. In one lahoratery study, the effect of rmodulation
rate on the detectable increase of level, expressed as the ratio of peak to minimum levels, was
studied for square-toppeo modulated noise (Fig. 6)(33). For low modulation rates, up to about
13 per second, the detectable change in level was found to be 0.5 db. At repetition rates higher
than 10 per second, the detectable change in level increased with increasing repetition rate.
Earlier laboratory work(34; 3, p 33-34) had shown a somewhat similar behavior for sinusoid-
allyv modulated tones, except that slow sinusoidal modulations were more difficult to detect; the
detectable increment of level had its minimum value at a modulation rate of about 4 per second.
Thus, the Sinusoidal and square-topped forms of modulation appear to be similar at high modu-
lation rates where the ear kjrceives a tone at the modulation frequency, but not at low modula-
tion rates where the sudden increase and decrease of level with the square-topped form enables
the ear to detect smaller changes in level. K

Duplex Presentation-Masking of sounds in one ear by sounds in the opposite ear is not
aippreciable unless the leel of the sound in one ear exceeds that in the other by about 40 db.
Eaich e~ar should be capable, therefore, of monitoring a completely separate system. Minor
charges in recognition differential might be expected from the difference in critical bandwidths
for one and two ears, as shown in Fig. 4. It has been !ound for simulated echoes in noise and

-verberation backgrounds that a single observer can rnonitor two -channels in this manner(3 1).
Change-- in the observed recognition differentials differed by less than I db from the normal
-rise wkhere both ears monitor a single channel. No difficulty was encountered in determining

hn~ch chýannel contained the signal.

Binaural Presentation-In the Mdlt*

Wn:aural svstem, ,each ~ear monitors CIho'oct.,itic
sI eparate receiving hydrophone. ,

the twi hydruphones being placed in-
the w.ater' a distance apart in anal-
-,g- with the separation of the twow
ear-s. Despite the attention given to I _______ __

tfhis type oif system, it is not too Ti,, (sac) -

lerexactly what gains result in u,_
terms of recognition differential. It .o --- _ ---

aippx:ars that the gain is small-~
amouritiniq ti, perhaps 2 db. Such a w-0

__nhas wbeen re-rx~rted by NEL for wu
.- tem w'hich 1has circuit-noise

*imzitc-d(81. A revifw of available -5

.:.forra t .on on this .subject{12,35) 105 10
-th th mZ~iiiijjiovemreni REPETITION RATE (PER SEC.)

r.ignai-to-noise ratio re!sultingt
'roni bnajral presenltation r- no.~ , ,~,

.,rfeatfer tnan could be achie-ved kjy 1 P- . (- t
:imislor additirn or .. tritir
f- ir -igna Is fz: mn 0&e twO, hydro

.o.. and normal [Aresera-tatlof. I , the thv, tat',_ Ha-A'v-r' bjilaut .1 list.'rifij doos pern[llt
r, :r'-rir beS'd. irw a(c-aratcy totj b, afhi~vi-d.

'. ti ejinicj P4 GA-.::tL Vm wlz jiu Ii t'A U r." oq'i.riCV di:ciniflwtlu i'n ,I Owi var, it should
%li--rL !"I;, 'Wb'(rVf'r t"1 ii le. KA .1.nilirtw'u,'liv rn~ioiitoring two
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or more directional transducers in this manner, for example, an observer may be able to listen
in several directions simultaneously. An example of the use of this technique is the so-called
Multiple Aural Scanning Equipment developed by USL to increase the search rate of a scanning
--onar(36). The criterion for successful multifrequency presentation is that the different chan-
nels must be presented to the observer in different critical bands. Because there is no mask-
ing of the signal in one critical band by the background in another, the recognition differential
should remain unaltered. That this is actually the case has Peen shown by NEL for pulses in
noise backgrounds(37). It was also found that the particular channel in which a signal occurs'
can be identified. as long As the presentation frequencies are widespread and have no harmonic
relationship. Thus. it was found that four channels could be monitored simultaneously when the
frequency spacing between channels was 700 cps. but not when the spacing was 200 cps, because
of difficulty in identifying the channel containing the signal.

When the background is reverberation rather than noise, higher signal-to-background
ratios are required for detection with multifrequency presentation. For three channels spaced
700 cps apart, the recognition differential for reverberation is about 4 db higher than for a
single channel(1l). The reason for this is not apparent, although it must be related to the char-
acteristic "blobbiness" of reverberation.

Earphones vs. Loudspeakers--Provided an observer is in a quiet situation, there is no sig-
nificant difference in the recognition differentials obtained with earphones and with loudspeaker
systems of good design. In noisy situations, some advantage would be expected in using ear-
phones in order to shield the observer from local room noise, which would otherwise contribute
to the masking background.

System Distortion-In discussing aural detection we have assumed that the acoustic signal
presented to the observer suffers no distortion in passing through the detection system. It
might be expected that distortion of the signal could in some cases assist in detection and
result in lower recognition differentials. Although information on the effects of distortion is
limited, it appears that distortion must be considerable before the recognition differential is
affected(3, p 198,232), In these wartime tests, detection of pulses in noise and reverberation
was studied under conditions of severe distortion, involving rectification and transmiission of
less than half of each cycle. Detection was found to deteriorate with severe dis.tortion, although
the increase of recognition differential was but 3 db at most.

DetectioIn of Continuous Signals

Most problems in the passive detection of underwater sounds pertain to sound sYurces
driven by rotating machinery, such as ships, submarines. and torpedoe.; The ,l)ectra of the.;t'
sources of underwater sound consists of a continuous ,pectrum due largely to cavitation, on
,hich a line spectrum due to machinery i., superposed. The discontinui us nature of t1. spvuc-
trum is its principal feature at low frequencies. The background in Ahich the signal appwa rs
may be similar to the signal when its principa! component iý .a, lf-noisv,. r it mnay be totally
dissimilar, as when the background is ambient noise at lhh frvquncie-s•. A further characteIr
istic of the sounds from propeller-dr v.4r 5aur-(ns r ,th ntf,dulatiun of the, radiated s'ound In,,-
duc'-d h. .ti rotatig prtphel'r.

am itng ,iated in preceaing s-c ,,,s a P- " o-i ini1r~trLnt prop rcitv,, I th ,' 4ar for autral
detection, we shall in what frllow., discuss, the applicati(n 4 thi.,,, e pro rtlt,:, to tihe detection
of ship and torpedo sounds.

Sonic Listening - Steady Signals-We have :,ven that the ear behaves a:, if privided with a
large number of adjacent and overlapping filters Thest, !,o called critical hand.- are deter

mined by the ma sking proppities of thf, ear, :and make po:,.thle- the jrudictioti ,f rvcoccuiiilt
differi-ntiais fMr simple :ntld complex signalIs
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The detection of steady signals is determined by the critical-band rule ,which states thatdetection occurs when the level of the signal is equal to that of the background when both levels
are measured in a critical band.

The rule is best illustrated by means of a
diagram. In Fig. 7 the spectra of signal and
background are plotted as levels in the critical
band at the particular frequency, rather than as

P CK3ý;3UND spectrum levels. The critical-band rule states
> ~that as the signal is increased(1...2 ... 3),

detection first occurs at the level and frequency
at which the signal and background are equal

U The validity of this rule for actual under-t 2 % water sounds has been demonstrated by the re-
Nsuits of wartime listening studies(3, p 154) and

/ A \ ~ by a more recent study of the detection of aux-
iliary machinery sounds in simulated ambient

S~.AL ~ \ I noise(7). In this latter study, recognition dif-
ferentials computed by the critical-band rule
from the spectra of machinery and ambient

FREWENCYnoise were found to be on the average within 2
F~~e7 -Spectra, illustrating the critical- db of experimientally determined values.

baner rule. As the signal increases, it becorn-es
fir .st detectable at the level and frequency of Whnuigtesarqaiostisec-.................,at ý,hich the critical-band levels of Whnuigtesarqaiostisec-

siqnl an bacgrond ae eqal.sary to determine the recognition differentialsignl an bacgrond ae eqal.for a signal in a background when their spectra
are given. Recognition differentials will now be

derived from the critical-band rule for various; spectral components of a signal. It will then be
shown. hoA the appropriate recognition differential can be selected.

F',r tstrong lint comnpo)nnt, detection will occur when the level of the component is equal
'~the total level of the sp+ectrally continuous background lying in one critical band at the line

cirnfirxenzt' -~ frequen~cy. ThLý total level is equal Uo the spectrum level of the background plus
ter. lime-_' thc logarithm, of the. Critical bandwidth;' accordingly the aural recognition differential
for a nonflictuating. :.ingie-frequency sound is +10 log WCB, where WCB is the width of the
c it-'- :1l and at tht- .,igiiai frequency. We shall see that if the signal is modulated, the recogni-

ýi .difflerentia I is lower thani thi>ý lU up to 3 db. depending on the degree of modulation,

Pie u~sv of filters narrower than the critical bandwidth is obviously of advantage in detect -
iTg :-ingle.-frequency sounds with the ear. One might expect that with a filter of bandwidth WF.rar i ower thin the critical byandwidth, the recognition differential would be improved by
V 0ir I Wrn;Wv I. or at the raite of 3 (it nec1 oieti4v' f . rIj in i$..1- .4.,4#k

.a' rjf(_rn1fit-,S of 111e detec t iin o~f long pinig! in ntoise (See Fig. it0 on page 2U) show that the imi-
-...- ' .5 t., 2,) d~b pier fi~aviiir (i athe-i fijtie banidwidth. The discrepancy is lirobably

U ciulut ahle to tthinjilt ri-.asing fluctuation of the background as the filter bandwidth is dec reaseid.
ft , difficult i'. take ailvartigtg tif this gain from the uIM'(if narrow filters when listening. sin1ce
a i pf nerally tot-4 :-.a cv to coJver a wide range' of frequencies. One approach Is to use mo-
'a~ed A'il I ~ t 'tihaOve oeen founsd toi give anr Implrovement in recognition diffecerittA~

,,f atimut 7 dl, .ivt- thfi ucla tied car ticr 30i0- and 1000- ep! tone.,; whein the filter hands Werv !)cp.,
A ',:i 12 If)),

For the continuous spectrum of a signal, application of the critical-band rule shows that
1he- r-ecognition differential v-i zero becauiie neither the spectrum level of signal or background
taingi. appreciably within :; critical band

C ON FIl)1NTIAL
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An exception to the critical-band rule occurs when the spectra of signal and background
are parallel over several to many critical bands. Here the car probably detects the signal by
means of the increase of level. The recognition differential decreases, and detection improves,
as the frequency range over which the spectra are parallel is increased, and Fig. 5 should
apply. It should be pointed out that filtering would impair detection in such cases.

Similar small improvements in recognition differential may be expected when the equality
of ig-nal and backgruund occurs simultaneously in a small number of critical bands, as with a
signal containing several line components equally strong relative to the background at their
particular frequencies. For example, Fig. 5 indicates that for three critical bands (bandwidth
approximately 120 cps) the decrease in recognition differential should be about I db.

With complex spectra, in order to select the correct recognition differential for use in the
sonar listening equation, it is first necessary to determine which feature of the signal will be
detected first as the signal level is raised relative to the background. The principal features
of a signal of importance in detection are indicated in Fig. 8. Appropriate recognition differ-
entials summarized in Table 2 are included in this figure. Each part of the signal will be
detected when its level exceeds the background level by an amount equal to its particular rec-
ognition differential. As the level of the signal is increased relative to the background, detec-
tion -sill occur first at that part of the signal spectrum or frequency where the level first
Exceeds the background level by the appropriate recognition differential, Signal and back-
ground levels at this frequency should be used in the sonar equation together with the recogni-
tion differential for the feature which is detected. Signal and background levels will be
--pectrum levels unless a line component is first detected, when the level of the component
should be used.

U
[I.
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It will be noted that in order for a line component in a signal to be significant in detection,
its level must exceed the spectrum level of the spectrally continuous part of the signal at its
frequency by at least 10 log WCB. Similarly the levels of line components in the background
which may occur when the background is self noise, must also exceed the continuous background
spectrum level by this amount if such line components are to be significant in masking the signal.

Sonic Listening - Modulated Signals-Signal modulation may be inherent in the signal, as in
the case of propeller cavitation noise, or may even be induced by rotation of the receiving trans-
d-ucer. For relatively slow modulation rates modulation appears to assist detection because
signals are detected by the ear at the peak level of the modulation. Strictly speaking, however,
this improvement is a result of the modulation being slow enough for the ear to detect the peak
level, slow modulation per se does not improve detection.

The validity of the dependence of the detection of modulated single-frequency peaks, or
line components, on their peak level was established as a result of wartime tests(3, p 154). It
was concluded that the critical-band rule could be applied to single frequency peaks modulated
in level at rates up to about 5 per second, provided the peak level of the signal was used. The
recognition differential for a steady line component must be corrected, therefore, for the dif-
ference between peak and rms levels in order to apply to a modulated signal. The recognition
differential for a slowly fluctuating, fully-modulated line component is therefore 10 log WCB
-3db.

It was also concluded as a result of these wartime studies(3, p 154) that detection of a
wideband modulated signal, the spectrum of which parallels the background, occurs when the
total modulation of the signal and background mixture is 1 db*, provided the modulation rate is
between 1 and 10 per second. It can be shown (3, p 107) that this corresponds to a recognition
differential of -9 db for a fully modulated signal, and to a recognition differential of -8 db for a
- :gnal which is 50% modulated. A more recent determination(38) of the recognition differential
for submarine propeller noise has been made by NRL in connection with the development of
sonobuoy presentation systems. A value of -9 db (standard deviation 2 db) was found, in good
agreement with the earlier studies.

Analysis of the possibility of detecting amplitude- modulated white noise by square-law
rectification and bandpass filtering at the modulation frequency has shown that smaller depths
(,f mýdulation may be detected by this means than by the unaided ear(12,39). It was found that
a 5-db improvement in the detection ol modulated cavitation noise may be realized, with a 10-
scecond signal observation time and with post-detector filters of 1 /10-cps bandwidth(39). A
freq.uency multiplication of 500 obtained by recording and playback at high speed was used to
,ilit-n tijijý bandwidth.

Ultrasonic Listening-When ultrasonic listening is employed, the high-frequency signal and back-
-r1(urd received by tthe sonar system are heterodyned to frequencies in the audible region where
t!,,- r haracter'stc.-, (if tie car are most favorable for detection. Heterodyning results purely in

Jt ,ftiria of all frequencies in the received signal and background by a constant amount.

i.4-t,:ct!(. ,; ultra.,onie :.oundv, from a variety of ships and submarines was studied by
LCDJWR during the war(3, p 117-122). It wa.-, found that the signal-to-nolse ratio tor detectitmi
_ad ",j ,o: -1 db (averdge deviation I db) in the optimum 50-cps band, which approximated Whe

,t idl band idth at the frequency of presentation to the observer. That is, the critical-band

" .. •r: r., ,r ,te that the- ear anr dete, t a sr,1Jer niodhilaton ht.h t -. ()n dl, O i ,
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rule applied. In most instances the signals were wideband, with spectra approximately parallel
to the background. On the average the over-all level of the signal for detection was 3 db below
that of the background. In the tests the passband was about 1400 cps.for which a recognition
differential of -3 db would be expected for steady signals (see Fig. 5). The signals studied
exhibited a variety of modulation but no correlation was observed between the signal modula-
tion and the recognition differential. This suggests that the signals were detected at levels
appropriate to steady signals. It appears from these tests therefore that ultrasonic listening
is inferior to sonic listening. This result confirms the opinion of observers that ultrasonic
signals have little character and are more difficult to detect than sonic signals(3, p 120).

Subsonic Listenin--In contrast to the use of heterodyning to transpose signals from one
frequency to another, frequency multiplication may be employed. Frequency multiplication,
which may be achieved by recording and playback at higher speed, is particularly suited to the
aural detection of low-frequency line components. That this should be the case can be shown
from the critical-band rule. For although the signal level is unaltered on multiplication, the
level of the background in a critical band is reduced. This reduction takes place in two ways.
First, the critical bandwidth itself decreases with increastng frequency at low frequencies,
Fig. 4. Second, the background in a bandwidth W is spread out over a frequency range mW on
multiplication, where m is the multiplication factor. Results of )ne study of this technique
have been reported(16). It was found that when the frequency was multiplied by 4, a reduction
in the recognition differential for a 200-cps tone of 4 db was obtained. This was somewhat less
than the expected reduction of 6 db, but the agreement was prboably within the experimental
error(16).

Detection of Pings in Noise Backgrounds

Echo-ranging is primarily concerned with the detection of sound pulses or "pings" rather
than with the continuous target sounds of interest in listening. Echo-ranging pings are usually
of constant amplitude and frequency, although various forms of modulation, such as frequency
modulation, have sometimes been employed.

The aural recognition differential for pings received considerable attention during World
War 11 and subsequcntly, and our knowledge of the subject is consequently rather complete
(3. pp 170-208). However, nearly all the investigations of the subject have been confined to
idealized echoes generated in the laboratory and to recorded beam-aspect echoes, and unfor-
tunately little is known about the recognition differential for off-beam echoes characterized by
an irregular ping envelope. Also, very little attention has been given to the determination of
the recognition differential of f-m pings, noise pings. or of the other types of modulation that
are possible.

Effect of Pinglength--Figure 9 presents a smoothed summary of available data on recog-
nition differential as a function of pinglength. For long pings the recognition differential should
be the same as in the case of listening, namely 10 log WCB, where WCB is the critical band-
width at the ping frequency as presented to the ear. As the pinglength is reduced below the
build-up time of the ear (about 250 milliseconds), the recognition differential should increase.
A - additional increase of recognition differential with decreasing pinglength is probably
important for pings of such short duration that their spectra cover several critical bands of
the ,,ar(3. p 192), These features can all be found in the curves of Fig. 9.

The.•e ( urv,-t apply to pings with smoutr, envelopes. Tihey apply to target aspects such
'hat the re-turn of sound back to the source is principally by specular reflection. When the
-rYv(-lope of the ping is irregular, as i. usually the case, the validity of the data has not been
d.r,-(tly determined. although it is likely that Fig. 9 i,•; applicable if the actual echo length is

,.p•ioy,�, •and if the- Jignal level is expresssed w: the avi rage, rather than the peak, echo level.

l:.fff(:t ,f Fri uw.cy T'[h frequency at whichh in echo is presented to the ear also plays a
part in deti-rrnirning the ri:-ognit ion differential, as ,-:hown in Fig. 9. The effect is greater for
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(c) French K Steinberg, J. Acoust. Soc. Am., Vol. 19, p. 96 (1947) (aural critical-band

data for two ears)

long pinglengths than for short, as might be expected from the fact that short pings have no
definite tonal quality(3, p 194).

Effect of Bandwidth-If filters narrower than the critical bandwidth are employed, the rec-
ognition differpntjal for pulses should decrease, i.e., detection should be assisted since the
background level will be reduced. This gain is offset in part by the increased fluctuation in
noise level as the bandwidth is reduced. Available experimental data(3, p 172,40) on the effect
of filter bandwidth is presented in Fig. 10. Reduction of the filter bandwidth results in a
decrease in recognition differential of 1.5-2 db for each halviyig of the bandwidth. The recog-
nition differential tends to reach a minimum value when the bandwidth -pulse length product is
unity, that is, when the frequency spread of the pulse is such that the filter begins to limit the
pulse energy transmitted.

ModulatedPings-It might hte exp,-cte that the use of either amp-litude or frequency anud-
Lilation in a pulse would provide an observer with an additional cue for detection. Few deter-
'rr-'ationsý C~f the conto diff~rentiai fui ,uch piulse-, have been reported. In wartime BrL
tests it was found that the recognition differential for an amplitude modulated p~ulse, consisting
of two 200-millisecond pulses separated by 200 milliseconds, was 3 db less than fur a Single
20(j-millisecond pulse; that is, it was the same as for a 600-millisecond pulsv(3, 1) 182). Other
investAigat ions have dealt with the delectabiiity of repeated pulse~s such as those employed by
lathrnieters installed on submari nes;(3, pp 2001-208).

It appears tilat 11, tgeii ral thei recognition diifferentials., for frequency- modulated pulses are
.uwhthigief 111:11 for 101nal pulkse of equal duratioi(3, p) 182- 185). Provided the pulse

C OiN FIDfENTIA 1.
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,i duiatvon less than 30 milliseconds. the differences may be greater, and field tests with
1V0-millisýeconds pulses tend to support this conclusion(3, P) 184). Although the recognition dif-
fe~rential for frequency -modulated pulses are probably inferior to those for c-w pulses of equal
duration, frequency -modulated pulses have some advantages in that they appear to be easier to
distinguish from false cues in the barkground(3, p 185).

R~epeated Presentation-It has been noted that an observer gets almost all he can from a
* ngle pre .entation, and that repeated presentation of the same signal in the same background
Ieut in .tAtle gain. On the other hand if the background sample varies from presentation to
preserntation. the improvement in detectability shown by the transition curves for repeated
ii iý: , (Figz. 2) may be expected. Decreases in recognition differential of 1.5 db for each doub-
,ing of the number of presentations have been reported In this case((41) it should be noted,
ro,(wtver.ý that memory was provided by allowing the observer to mark a blank range recorder

Wi: h Ye he] b(1eyed a ~igna imi-ghbe Pre~nt, an tL mnay hxc'ciittfi'uted to the improvement.

1-0 ton WA Pings in Reverberation Backgrounds

lo-vt rhbrtior; isý essentially different from noise in that itsi spectrum is confined to a-:. :ird ()f frequencies cuntered at the frequency of the emitted ping, shifted by the amount
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of the doppler shift due to the motion of the sound source and the reverberating scatterers. Its
envelope is a series of 'blobs" which are more or less exact replicas of the envelope of the
emitted pulse.

If neither the sound source nor the scatterers are in motion, it would be expected that the
spectrum of reverberation would be exactly the same as that of the emitted pulse. Motion of
the scatterers causes a broadening of the reverberation spectrum, as does the beamwidth of
,he transducer if it is moving. But the principal difference in the spectra of emitted ping and
reverberation is the well-known doppler shift due to the motion of the source. If the target also
is in motion, the echo will be altered in frequency by the additional amount of the doppler shift
due to the moving target. Thc frequency difference of echo and reverberation has a great
effect on the recognition differential of echoes in reverberation backgrounds, especially when
echo and background lie in different critical bands of the ear.

The subject of recognition differential for-pings in reverberation received a great deal of
attention during World War 11(3. pp 209-259). Since that time little additional work has been
undertaken, and our knowledge of the subject remains substantially the same as it was at the
end of the war.

Figure 11 shows the recognition differential of pings in reverberation backgrounds for dif -
ferent pinglengths and doppler shifts(3, p 224,254). These curves were obtained by injecting
ideal pulses, or recorded beam echoes, in recorded reverberation backgrounds and observing
the echo-to- reverberation ratio for a 50% detection probability.
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Examples are the effect of loudness level, distortion of signal and reverberation, an advance
knowledge of the target range, heterodyne frequency, and loudspeaker presentation versus head-
phones. These effects were all found to be small or negligible.

VISUAL DETECTION

"•Although audio detection in sonar and visual detection in radar have been studied exten-
sively. comparatively little work has been done on visual detection in sonar, and virtually no
attention has been given to the combination of audio and visual presentations." This statement
from a recent report(4i) is surprising, since visual presentations have been used in fleet sonar
equipment* for many years. It is indicative of the state of our knowledge of the recognition dif-
ferentials of systems employing visual presentations.

It has been stated above that when visual detection is employed, the potentialities of signal
processing are considerably greater than when aural detection is used. This in itself is a
complication in discussing and obtaining visual recognition differential data, for signal proc-
essing prior to the presentation must be considered in addition to the psychological aspects of
detection of a signal in a background. Further, the characteristics of the presentation device
itself introduce additional factors affecting detection. For example, when the presentation device
is a cathode-ray tube(42), bulb wall reflections, screen curvature, halation, and the use of non-
reflecting glasses or metal-backed screens affect the contrast, and even the characteristics of
the phosphor itself are of considerable importance(42).

In general, it is impossible when discussing signal detection to separate signal processing
from presentation. Innumerable systems have been studied in recent years, and various methods
hav-e been proposed to provide improved performance(43). But the treatment has in general
.*eii qualitative, and quantitative data-in particular recognition differentials-are only rarely
available.

A-Scan Presentation

A cathode-ray tube provides three useful dimensions for the presentation of signal Informa-
tion: two space coordinates, and the intensity or brightness of the trace. A fourth dimension
may be added by the use of stereo display systems(43,44). In the normal A-scan, use is made
of the two space coordinates to present signal and background as a function of time, which in
echo-ranging is equivalent to a plot of signal and background versus range. Although fairly
extensive studies have been made of the effect of various electrical parameters on A-scan
detection for radar(42,45,46), and similar more limited studies have been made for sonar(41,47,
48) the psychological processes involved in such a presentation (for example, judgment of the
length of lines, etc.) have never been intensively analyzed(42).

A -Scan Detection of Pulses in Noise-If no nonlinear circuits are employed, an A-scan pres-
(.ntation is an exact reproduction of signal and background at the terminals of the transducer as
function of time (Fig. 12a). On the other hand, if detector circuits are used, the signal and back-
ground are rectified and integrated, and a smoothed envelope is presented (Fig. 12b).

it is generally recognized that fluctuations in background level during a presentation tend
to mask a marginal t:ignal, and an inegraLted presentation should therefore resuit in improved
detection. The following recognition differentials(44) for 500-millisecond single-frequency
pulses in noise having a bandwidth of 213 cps support this conclusion, but suggest that the effect

relatively small in this instance:
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Integrated A-scan (Fig. 12b) 14.5 db
(integration time 0.5 see.)

Normal A-scan (Fig. 12a) 18 db

No comparative data appears to be available for shorter pulses or narrower bandwidths, in
which case the effect of fluctuation and therefore of integration would be expected to be greater.

it is of interest to note that other studies for the same pulse length in the same band in
which the integration time was varied from 0.05 to 0.5 second showed no systematic variation
with integrating time, although this would be expected from theory(49). It is possible that if
some integration is performed electronically, the eve itself is capable of further smoothing of
the background. On the other hand, the dependence of recognition differential on bandwidth sug-
gests that fluctuation of the background may not be important when the bandwidth is greater than
about 200 cps. as it was in this instance.

Various other modifications to the A-scan presentation have been investigated at NRL in
relation to possible improvements in recognition differential(44,47,49,50). Use of more than
one dimension of the cathode-ray tube to present signal amplitude information (see Figs. 12d,
e, h. & i) resulted in no improvement in recognition differential. This result suggests that
duplication of information to the observer is of no avail. It remains to be seen if recognition
differentials could be improved by use of an additional dimension to present fresh information,
such as frequency.

Reference has already been made to the gains associated with integration. Various other
signal processing techniques have been investigated at NRL in relation to the A-scan and other
presentations(47,51). No marked improvements were found, and it appears that integration is
the only process that has a marked effect on recognition differential. However, decreases of
4 db in recognition differential were found(47) when exponential amplifiers with exponents less
than unity (namely 0.06) were used, provided the pulse length was 50 milliseconds or less.

Effect of Pulse Length-Available data on the effect of pulse length on recognition differential
(41,47) is summarizedin Fig. 13(a). As might be expected, the recognition differential increases with
decreasing pulse length. For pulse lengths shorter than about 200 milliseconds, the recognition
differential rises about 3 db for each halving of the pulse length. This result is in agreement
-,Aith radar studies where detectability was found to vary directly with pulse length(45, p 109).
For pulse lengths longer than 200 milliseconds, the recognition differential changes less rap-
idly. It is not clear whether this result is a function of the pulse length itself in relation to the
observer's ability to average out fluctuations in background level, or a result of the angular
size of the pulse as presented to the eye. It will be noted that the NEL recognition differentials
are lower than those determined by NRL. This difference has been attributed to differences in
the test procedures and presentations(41). It should be noted that the NEL studies were on an
integrated scan, found to be the best at NRL.

Effect of Bandwidth-If noise level alone determined the recognition differential, we should
expect the recognition differential to increase by 3 db for each doubling of the input bandwidth.
But, as the bandwidth is increased, the fluctuation in noise level becomes less, and theoretical
considerations suggest that the 3-db dependence is reduced to 1,5 db for each doubling of the
!ýandwidth The data presented in Fig. 13(a) has been replotted in Fig. 13(b) to illustrate th,,
effect of input bandwidth on the detection of pulses. Some additional data(50) for narrow band-
widths has been added. This data confirms that the recognition differential increases by about
1.5 db for each doubling of the bandwidth, except for large bandwidths, where the rate of in-
crease appears to be greater. It is possible that for large bandwidths, where fluctuation is
ieast, the fluctuation becomes insignificant in detection, and the noise level alone determines
the recognition differential.

The energy in a pulse is spread over a band ,i frequenries which increases a•3 the pulsv'
lenoth is decreased. As the filter bandwidth is reduced, a point is reached wheIr(. the filter
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mum filter bandwidth exists. Radar studies indicate that this occurs when the pulse length-
bandwidth product is about unity; values of i to 3 have been reported(43).

Repeated Presentation of Pulses-HIt has been found both at NEL(41) and at N47L48,49) that
repeated A-scan presentation, involving different samples of noise from presentation to pres-

entation, results in a decrease in recognition differential. In the NEL studies, where up to 10
presentations were made, the decrease in recognition differential was about 1.5 db for each
doubling of the number of prasentations(41). At NRL. where the maximum was 5 presentations
and the probability of detection investigated was about 90%(48), the average decrease in signal-
to-noise ratio for three integration times was about 2 db for each doubling of the number of
presentationsP49).

Such gains, which may in part be due to the observer's memory permitting correlation,
reprebably 'A-ca ed ,pr ,etah the background fluctsatpien, for the greater the number of presen-

tations the greater the chance of the background fluctuations being favorable to signal detection
in one presentation. This is demonstrated by the computed transition curves of Fig. 2. In any

bvent, it is uolikely that these gains would be owhtained for more than a few presentations.

There is• some indication however from the NRL studies(49) that when memory is built into the
sytem by the use of a recorded presentation, the gain is somewhat higher. If the data for the

tireh- inpegrating times used in the NRL st94dies is averaged, the decrease in signal-to-noise
ratio for detection for in electronic range recorder is about 2.5 db for each doubling of the
presUfber of pretnta tions.

,.ON FII)EN TIA .
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In general, the NRL data on gains from repeated presentations appear unduly high. For
recorded presentations a decrease of 1.5 db in recognition differential for each doubling of the
presentation appears most probable and is generally accepted. The higher NRL values may be
due to the detection criterion used in these tests, which was about 90%(50). The computed
transition curves for a number of independent presentations suggest that the curves steepen as
the number of presentations increases, and there is some experimental evidence supporting
this in the case of a recorded presentation(15). Greater changes in signal-to-noise ratio would
be expected therefore if the detection criterion is higher than 50%.

A-Scan Detection of Continuous Modulated Signals-The A-scan is primarily a device for
presentation of echo-ranging information, and little attention has been given to its use in pas-
sive detection. One study has been reported, however, in which an integrated A-scan was used
to detect a modulated wideband noise signal, namely propeller noise(31). The results of this
stud', which compared the A-scan with other presentations are summarized below:

Presentation Recognition Differential (db)

Integrated A-scan (time constant. 0.05 sec) -6

As above with diffraction grating changing -5.5
the deflection to a color change

Magic Eye (time constant. 0.5 sec) -5

Aural -9

5:i2 :rý, :r' oC iatio:. rAte. 2 ' .

Tsse results suggest that the A-scan is inferior to the ear. It is probable, however, that a
iower recognition differential would have been obtained if the time constant had been longer and
had approached the reciprocal of the modulation rate. In a practical system, however, a range
of modulation rates must be accommodated and the time constant can be optimum for only one
fate,

The result with the diffraction grating presentation is of interest in that this appears to be
he only reported recognition differential for a system employing color as the carrier of signal

information. Apparently color is about as good as deflection for this purpose, but a single
result of this type cannot be considered as conclusive evidence.

PPI Presentation

There is an extensive literature on threshold signals required for detection using the PPI
142.46). but nearly all of it represents work done in connection with radar.

There are a large number of variables peculiar to the PPI upon which the detection of a
PPI pip depends. Some of these are type of screen, scope intensity, focus, ambient light, and

-. t. Th. recognition differenti al for PP! may even he said to depend on range, for the
radial distance of the pip as it appears on the screen affects its detectability through the
-sailting change in pip size and brightness. Sone of these variables have been investigated in
a quantitative way(45) and there is a much larger descriptive literature, all pertaining to radar.
It does not seem practical to attempt to summarize this radar literature. In any event, its
sPplhcability to sonar and underwater sound is somewhat dubious becaus;e of the great differ-
',5,0 in azimuthal sweep ratf employed in normal radar and sonar practice. In radar, the
weep ratfe P•t'( mmonly sr) 11-k that the eye can follow the radial trace in azimuth; in sonar
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equipments such as the QHB scanning sonar, the sweep speed is so fast that the eye is not
guided in azimuth.

There is one wartime report of a study of PPI recognition differential in connection with
sonar(10). It was found that the signal-to-noise ratio(for pulses of the system which approxi-
mated QHB) was 2 db, presumably in terms of the total noise level admitted to the system.
This value has been used at NEL for prediction purposes(g). It was also found in these war-
time tests that the recognition differential was a minimum when the noise background was
about 2 db higher than the point of threshold of seeing the noise on the PPI screen. More
recent QHBa figure-of-merit tests(2) have confirmed that there is an optimum gain setting for
detection.

It is understood that studies of systems involving PPI presentations are now underway at
NELM1). Preliminary signal-to-noise ratios for detection in five pings are as follows:

QHBa (2.7-kc passband) 6 db

SQS.1 (l.6-kc passband) 11 db

where the background level is that measured in the passband of the equipment.* A comparison
of various cathode-ray tubes, including the dark-trace tube and the Graphecon, is also being
undertaken at NEL but no detailed results are as yet available.

It should be emphasized that a PPI presentation probably requires greater concentration
and attention on the part of the observer than other visual presentations. He must continually
keep his eyes moving over the screen hunting for a target "pip," and in sonar he is not usually
assisted as in radar by being able to follow the sweep line. Radar studies have indicated that
if an observer's attention is directed to one part of the screen, he may not observe signals 6 to
8 db above threshold on another position of the screen, and the losses can be as great as 16
db(42). Furthet, figure-of-merit tests of QHBa equipment have shown that if an observer is
alerted as to target bearing, the recognition differential is some 8 db lower than if he is using
standard search procedures(2).

Recorded Presentations

Despite the extensive use of the chemical range recorder in operational echo-ranging
equipment and the growing importance of recorded presentations in passive detection systems,
very little quantitative information on the recognition differential of such devices appears to be
available.

Although paper recorders are usually employed, some attention has been given to the use
of cathode-ray tubes which will retain information on the phosphor screen(47,49). Certain
advantages are claimed for the dark-trace cathode-ray tube as compared with paper recorders;
the paper is eliminated and the definition is better than that of the standard chemical paper-
type recorder(47). Photographs of the tube face must be taken, however, in order to obtain a
permanent record. In general, recorded presentations employ spot brightening. But by using a
rathode-ray tube it should be possible to combine the advantages of A-scan presentation and
iiiemory in a single display(47,49).

Single-Pulse Detection-Only one systematic study appears to have been reported of the
re-cognition differentia Is obtainable for pulse detection with the chemical recorder(41). This

dtu va.s confined to determinations of the recognition differential of pulses in noise for two
jrilseIlength.ý and two input-bandwtd~hf, Fig. 14. One other value(51) has been added. Inaddition
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to the normal Sangamo 55100 range recorder paper speed, a slower speed (1/4 normal) was
u'-ed in the NEL tests(41). No effect on recognition differential for a single ping or for up to 10
pings was observed. It should be noted that the effect on recognition differential of increasing
the bandwidth from 200 to 2200 cps is relatively small.

Comparison of the chemical re-
," corder data, Fig. 14, with that for the-• • : , , I A-scan, Fig. 13, indicate that the chem-

ical recorder is somewhat inferior to

401 the A-scan. However, the following

Z comparison of an A-scan and a dark-
. - trace cathode-ray-tube display using

I spot brightening (the NRL Electronic
Range Recorder) for detection of a 500-

z 30 millisecond pulse in noise (input band-
- . width 213 cps)(49) suggests that when

Sz __ 4-4 both have the benefit of integration, the
o f difference between A-scan and spot

!I brightening may be small.
20 • , . . • , ' : • i . .

10 100 1000
PULSE LENGTH (milliseconds) Integra ing SIN Ratio (db)

imteraug }(90%• detection)

a NEL dote from Uhfol.r & Shmko,, Ref. 41 Time (
Z F,o-,, We.eh.eo.,, R.f. 51. oata for 9 s-,,ps .... cd (sec) A- Scan ERR

to 1 sweep by addition of 1.5db Afo each holving of
number of imps. 0.05 16.5 19

0.25 16 17
r14 -Chemical recorder reccogntion 00f- 0.5 18 17

:ccre-ial• for pulses (one swc-ep) _

Passive Detection-The two types of
recorded presentation which have been applied to passive detection are spectrum analyzers and
bearing indicators. Both employ intensity modulation, the signal level being indicated by inten-
-:tty A the trace. In spectrum analyzers-for example, LOFAR-signal level is presented as a
function of frequency across the paper, the movement of the paper providing the time coordi-
,.ate. Such devices are particularly suited to the detection of line components.

Recognition differentials for the LOFAR equipment do not appear to be available. Recog-
nition differential data is available, however, for the STROBAR correlator developed at MPL
(26). which has a similar presentation. Each channel in this device consists of a chopper,
which is equivalent to multiplication by a square-wave signal of fundamental frequency equal to
the chopping rate, followed by a low-pass filter and rectifier averager. A range of chopping
speeds. one for each channel, are accommodated simultaneously by suitable arrangement of
contacts on rotating discs. The outputs of 75 one-cycle channels are presented on a chemical
recorder. It has been found that single-frequency signals 3 db lower than the spectrum level of
the noise background can just be detected using a single on-off observation in a single channel
of this device(26). in the complete STROBAR, the maximum signal required was 3 db higher
tran the noise-spectrum level, the difference from the singie-channei case probably being due
t, nonuniformitv in the channels. Theory indicated a detection threshold of 0 db in terms of the
-pertruin level of the noise background for the integrating time of 5 seconds employed(26).

It contrast to tpectrum analyzers, bearing indicators, which have been utilized at USL on
".drious hi~t'-ning arrays, are applicable to the detection of wideband signals, which may have
-;-, tra :omrlar to that ,f the background Detection is on a bas-is of signal and background

". '. . - ''hih 1i, pre-ented on tla- i sý ,rder a, a function of waring.
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Three basic signal processing systems, shown in the table below, have been studied at USL
in relation to the detection of wideband signals. It was found that the recognition differentials
of the three systems were only slightly different for "incoherent" processing, in which each in-
put consists of signal and masking noise. However, lower detection thresholds may be obtained
from a dual-channel processing system with 'coherent" inputs when one input consists of a
locally generated signal(52).

System tRecognition Differential (db)

(Incoherent Inputs. Two Sweeps)

Dual-channel USL clipper correlator type -14

Dual-channel heterodyne -12

Single-channel AVC! -12

.r.D.it Band'A!dth: 1.5 octaves
Ae ras-ng Tir.e: o~t;murr.,!' i -cps moduiation

Effect of Number of Presentations--The great advantage of a recorded display is that
memory is automatically provided, and the observer has an opportunity to correlate informa-
lion presented in a whole series of sweeps. Whether used with echo-ranging(41) or passive de-
:ection equipment(52.53) it appears well confirmed that the recognition differential of such dis-
plays decreases at a rate cf 1.5 db for each doubling of the number of sweeps.* This result is
to be expected if we consider the observer as an averaging device. Since the averaging time is
proportional to the number of sweeps, theory shows that the recognition differential should de-
crease by 1.5 db for each doubling of the averaging or integrating time,

It would be expected that paper speed and the length of a presentation would set an upper
limit to the gains achieved by recording, since the observer must be able to average over the
-whole presentation to achieve the maximum gain. It is well known, for example, that smaller
signals can be detected if the observer looks along the length of a long record than if he looks
perpendicular to the record. The limits do not appear to have been determined. It has been
reported, however, that improvements in pulse detection of 10 to 20 db relative to a single
sweep are readily obtained by repeated presentation(21).

It has been noted above that gains of 1.5 db for each doubling of the number of presenta-
tions have also been observed at NEL for a nonrecorded, visual display and for the ear with

rimulated echoes(41). It is probable, however, that much greater concentration is then
required of the operator, and that in any event the gains will not persist for as many presenta-
.in~s. The results of an NRL study(49) on the detection of simulated echoes confirm that the
gain from repeated presentation may not be as great for nonrecorded as for recorded displays.
The gairs observed in this instance, which have been discussed earlier, were higher than the
expected 1.5 db, and may be accounted for by the higher probability of detection used as thede-
tectil'n criterion.

Djýt-ctvjnr of Pulse.•. in; Reverberation

A c, ver, tiona2 '-,_ual presentation provides no frcrquency discrimination against the back-
Sr.,ard a- i5 the ca:c. t-, aural detection, where the critical bands of the ear limit the masking

- - '0 - p.- 1.
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:-.;c:kzround to a smnall band of frequenciets about the signal frequency. This frequency discrim-
!.ai'.:on on the part ot the ear is. as we have seen, particularly important when the background

iý A:-ich an echo has to be detected is; reverbelration, since it results in low recognition differ-
ent. as Ahen thce ýcho has appreciable doppler. In this case. visual detection is at a great dis-
.dvjntage as compared with aural detection, since the input bandwidth of an echo-ranging sys-

~n:iLF be -aide enough to accommodate target doppler. Possibly for this reason very little
be Len given to the determination of visual recognition differentials for reverbera-

Cikrtnds. arnd no values appear to have been reported,

'Va ious attempts have been made to incorpo~rate frequency discrimination in echo-ranging
~--re~.'~.-r'iý1is' reti which would be& expected to improve the detection of echoes

i re-vt rer3ýi-.-.. but recognition differentials do not appear to be available. For example.
a .;tinile narrow. -band filters are used in the NRL Sonar Frequency Scanning System, 29 indi-
* 'aua. I te-fI 10-cps bandwidth being used to cover a total band of 290 cps(54). The display
in-is system is a long- persistence cathode-ray tube, the abscissa being frequency (doppler),
t-jrdm.ate. range, and level beirng indicated by spot brightness, In field tests of this system

p -irtie c,ý"tact w4as obtained in 69% of cases when aural detection gave 31%. which indicates
->Aýstion curve IFiie. 21 that the recognition differential was 2 to 3 db lower than for

týr . hte- tests the pingiength varied from 0.1 to 1 second and the doppler shift was up

ý_U.MM NED DISPLAYS

Lirniecd sýudies have been made- of the recognition differential of various combined dis-
P%.that is. di~plavs- where information on signal and background is presented simultane-

*. ,two d(,v ic r-s

NEL(4: a.-, st;diFd aural A-scan and aural range-recorder presentations in relation to
f2 detcction. A A'.nia~ro an A-scan and an electronic range recorder has been studied
:NRL in connection wAith the " ame pruolem(48.49). Also. various visual presentations in
,m.into Atauade ion have- becn investigated in relation to the detection of modulated

it ',a- beer, ioundl that, at best, the recognition differential of the combined dis-
neýarnfe a- that of the ertte individual display. Often the combined display is inferior.

T 'r~h~cde-,4 the, inabiitv (if an observer to divide his attention effectively between
d:- pla-49!. Or the- jtiscrvkr :rav dltect signalIs on the, better individual display and then

'i_"tr because th'-.. do not ippear or,. hef irnferior display. Although the probability of
ma'- e iox'-Ared i-, this sd the rý. oi t ion differential will lbe impaired.

D 'i f d-.play -tl fii b dcsiraulL, however, for detection. For example.
0prEIr- e.ýtli.. fl- bti iniferior to the e-aro(r an A-scan for a single preseii-

-r- I oi rriit. tb, tV ta",dtanta-'i,- oif the memory features of the recorder.

;X-,1rloj - r~a ,:nc- ~-T~rfp-nivent n 'igf result from th4, use of combined displays if the
-e dro r.'4 !J. mbh 11fr rnatienon .,i -gnaI and background, such as

ro tr,it a'ldi-' 1 .f I inJrmatior( . but thi- doe-s notr epoocer tohavtebe

!tf n.-' i atlr, if tht-zr, display. tht- oljserv(,i qhould be
L-11 IIi,-.i g . ia . (Jit- i rrt i ()ttn 4 etoe oth r

-nI d pla '. aplosc to. c true, frt-get cljý.Assifa -
f.il1 1i , i j. (, Iii it.-; ,o(f aural, e g -c rrn

mI.' in ii'idiuall tin that the.
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combinations are no better for classification of a contact as submarine or nonsubmarine than
the best individual device(55).

AUTOMATIC ALARMS

Various schemes for automatic alarms have been proposed in the past; during World War
U such devices were considered for the protection against torpedoes of merchantmen and other
ships not carrying trained sonar operators. The advantage of automatic alarm is that the
presence of a signal can be indicated in a clear, unmiEstakable manner-such as the ringing of a
bell-that requires no interpretation on the part of an observer. Although the recognition dif-
ferential for such a device may be inferior to that obtained with an optimum observer, it has
the advantage of consistent performance with no deterioration due to fatigue.

Some measurements of the recognition differential of such a device have been reported
recently(60). The values of recognition differential given in the following table refer to a
device in which the integrated levels within two successive range gates are compared. In this
device, the signal had to be detected in two successive sweeps before an alarm was given. The
recognition differential was considered to be the signal-to-noise ratio at which an alarm was
given in 50% of a number of trials. For the reported values, a 5% probability of false indica-
tion was allowed.

Automatic Alarm - Recognition Differentials
(Input Bandwidth: 280 cps)

'Recognition Differential (db)
Gate Length "

(msec) 105-msec 250-msec
Pulse length Pulse length

250 21 --

500 - 24 19

S.urprisingly enough, these values are about the same as those obtained with the ear for
,gnals in wideband noise (Fig. 9) allowing 1.5-db improvement in the case of the ear for two

ohb-ervations.

S-1 AI
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