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ABSTRACT

This report reviews relevant knowledge In the context of passive sonar
aural recognition of a noise source, and defines an experimental approach to
extend the state of knowledge in areas of immediate concern to the Naval Air
Systems Command . The report is prepared in two parts with Part 1 summarizing
the sonar classification task and then leading into the relationships of this
task to the general topic of acoustic warfare.

Part 2 of the report considers the aural classification task in more
general terms. The results of studies using trained listeners are presented
and are compared to those predicted from previous studies done elsewhere: A
model of the classification task as a specialized detection problem is pre-
sented and it is shown that the model allows prediction of the results within
a few dB of signal to noise ratio required to make a terminal classification
decision.
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CHAPTER 1

INTRODUCTION

Many of the noises to which man is exposed serve also to convey

information about the environment in which he lives. The noises serve as

a masking stimulus which decreases his ability to use or enjoy desirable

signals such as speech signals or music. In addition , however , the ever—

present noise stimuli can convey useful information and under proper conditions

such noises allow the listener to identify the source and to make inferences

about it.

The role of noise waveforms is of considerable significance in a number

of situations ranging from the need of a submarine to detect and identify

hostile or otherwise potentially hazardous ‘targets ’ to that of a lathe

operator ’s ability to adjust the cutting rate of his machine. The ability

to identify sources of ocean—borne noise is of great concern to the Navy and ,

in spite of ever more sophisticated special purpose processing machines ,

the role of the sonar operator in this context is still significant. Recently

Urick and Gaunaurd (1972), Stallard and Leslie (1974) have addressed the

question of psychophysics in sonar detection , and a considerable body of

experimental work has dealt with the related question of parameters important

in speech recognition (Stevens and House, 1972.)

The objective of this report is to review relevant knowledge in the

context of passive sonar aural recognition of a noise source, and to define

an experimental approach to extend the state of knowledge in areas of

immediate concern to the sponsor , the Naval Air Systems Command (NAVAIR.)

The exposition which follows will touch on a number of areas to include -

auditory detection , learning , response uncertainty, and subject selection and

instruction . The results of pilot studies using trained college age listeners

are also presented .

The report is prepared In two parts with part 1 summarizing the sonar

classification task and then leading into the relationships of this task to

the general topic of acoustic warfare. Part 2 considers the classification

I

-. ~~~~~~~~~~~~~~~~~~~~~~ - -—a 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - , a a -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-— -  - -_ _ _ _ _ _ _ _ _ _ _ _
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task in more general terms. The results obtained by a number of experzmenters

in psychology are discussed in their relationship to the present effort.

Also, various statistical techniques and controls exercised during

experiments done to date are presented .

1~

- a - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- _______
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CHAPTER II

THE AUDITORY RECOGNITION TASK

2.1 General

In this chapter the problem posed by the need of the listener to

identify or recognize an auditory source i,s investigated . Such recognition

first implies that the listener has somehow been convinced of the presence

of the sou rce and must now decide to which of a number of possible classes

of sounds the source belongs. Indeed in practice the processes of detect ion

and classification ar e closely related as will be seen in what follows.

Also , in most cases of practical interest the source will be heard in the

presence of some extraneous noises which will tend to mask the presence of

the source as well as confound the recognition or classification task.

To cast the problem in more concrete terms, consider the case of a

sonar operator using aural means only and facing the prospect of receiving

the acoustic emanations of only a single source , a target. We may define

the task precisely using a parallel to the general estimation model (Van

Trees, 1968) modified to include some concepts from pattern recognition

(Fu, 1968.)

[al A source , the target , may for our purposes be classified by

a set of acoustic parameters. These parameters a define a

multi—dimensional parameter space V and they may be associated
with such features as the absence or presence of certain

bands of noise , the modulation characteristics , or the time

dependence of the sound . We will denote the pattern

corresponding to source j as a
j 

and the features as

see Figure 1.1

[b] The source parameters are mapped into an observation space

o according to some probabilistic law. The observable R

is in our case the listeners response to the stimulus. The

observation , as perceived by the listener , includes the
• effects of the auditory transducer as well as the subsequent

neural and higher level cognitive processes.
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[c] It is suggested that the listener perceives the set of

observables as features and organizes these into patterns.

An N dimensional  observat ion space can then he reduced

to an I dimensional feature space. As an example of this

process , we can consider the critical ba-id concept which

succes s fu l l y  exp lains many aud i to ry  phenomena . (Plomp and

Smoorenburg 1970, Zeicker , Flottorp, and Stevens , 1957.)

[d]  It is f u r t h e r  proposed that  the l i s tener  will t r y  to compare

the p a t t e r n  he hears to one of a number of pa t t e rns  previously

learned in order to arrive at an identification of the source

~) (k) .

In any realistic listener classification task , the patterns wj~ 
the

features , and hence parameters a occur with some a priori  p robabi l i ty .  The

likelihood of a specific pattern strongly influences the classification

problem by restricting the number of patterns which the listener expects to

hear .

In the above model of the recognition task, the listener is seen to

perform the functions of feature extraction and pattern classification . The

probabilistic mapp ing from the parameter to the observation space includes

such perturbations as are Introduced by the presence of noise either between

the source and the listener ’s auditory end—organ or subsequently in auditory

pathways.

2.2 Patterns with Dichotomous Features

As a foundation from which to proceed to consider realistic recognition

tasks and which may allow for some psychoacoustic tests of the concepts , we

now consider the case of dichotomous features . Specifically, we wish to
- —a.. - 

treat the case where source acoustic patterns differ by either having or not

having specific features.

To further simplify, consider the recognition task where the listener

must decide between two signal patterns 
~~ 

w2 only, and they differ by the

presence or absence of a single feature ~~~ The listener then is faced

with the following choices:

a) If the perceived pattern is thought to have feature 
~~~~

, say that

it Is pattern U1.

— 
~~~~~~~~~~~ - -a...

~~
—- J~~

aa- - —  -
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b) If feature f?. is thought to be missing, say that the pattern

heard is pattern U
2
.

In this case the listener is then faced with the task of deciding

between two hypotheses:

H
0
: Feature 

~~~

. is absent , decide pattern U
2

H1: Feature f~. is present , decide pattern

on the basis of a sensural input .

If feature f~. were the only feature of the signal , the problem would

reduce to that of detection of a signal. While the detection problem is

certainly of interest , in the present work we are rather concerned with

distinguishing between pattern classes. The detection problem has been

treated elsewhere (Andrews and Hovater , 1971, Urick and Gaunaurd , 1972)

but it is instructive in the present case to state some of the applicable

concepts.

It is reasonable to suspect that the decision between H0 and H1 
requires

at the very least an opportunity for the listener to detect feature when

hypothesis H
1 
applies. If in fact this detection opportunity is sufficient

for making the decision is as yet an open question . In attempting to analyze

the problem in more detail , the theory of signal detectability will be

reviewed . Also , it will be seen later that in some experimental cases the

detection of dichotomous features seems to be an adequate basis for a

classif icat ion decision .

2.3 The Theory of Signal Detectability

The theory of signal detectability is a mathematical model of the mapping

of a set of stimuli , consisting either of noise alone or from signal plus

noise , into a two—point decision space: “no” the signal was not contained

in the input , or “yes” the signal was contained in the input (Tanner and

Sorkin , 1972.) While these models are not intended to be descriptions of the

way a human observer makes thi s binary decision , they are normative models

with which the observer ’s performance can be compared .

- - - r’——’—~~~~~ ’- ———- a~~~~ ~~~~‘ r ._ .__ _..— —-——-— - - -——- - ____________ —
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- ‘-
The models comprising this theory are applicable to any receiver

operating on a set of inputs and as such, do not take into account the

a properties of the human per se. A number of workers have successfully

demonstrated the utility of the theory of signal detectability of visual

as well as auditory stimuli (Green and Swets , 1966, Peterson , Birdsall

a and Fox , 1954, Swets , 1964.) It is generally found that the human

performance falls short of that predicted for an ideal detector .

The radiated noise of a marine target consists of a broad band noise

spectrum with perhaps some significant tonals associated with machinery on

board. The problem of detecting the presence of various broadband components

reduces to a test of hypotheses about signals which are only known statistically .

That is, the exact phases of the components , their instantaneous amp1itude~ ,

bandwidths , etc. are at best known in terms of their averaged power spectra.

The theory of signal detectability for broadband featu~~s leads to a like-

lihood ratio test fer signals known statistically. If we further assume that

• the radiated noise can be modeled as a collection of samples with identical

Gaussian probability densities , the ideal processor is an energy detector

(Van Trees, 1968.)

From the sampling theorem in the time domain , a band—limited signal with

bandwidth W can be exactly determined by 2WT samples. These samples will be

statistically independent if the process Is Gaussian (Lathi, 1968.) The

maximum log likelihood ratio test is then given by

2WT ~l 2
x(~) =E  R~ < y~~~L(R )

1=1 H0

where the threshold y includes all sample invariant factors as well ~s the

criteria. (Van Trees, 1968.) We can see that the likelihood ratio test- consists

of computing the sum of squares of the statistically independent sample data

points and comparing this to an appropriate threshold . Since the R1
’s are

Gaussian random variables, the sufficient statistic x(~
) is a random variable

with a gamma distribution

a 

~~(x) 
1 

d ~ 
d_1

e~
X/
~ ~ 0 < x < ~~. (2.1)

a -~ - a a- 
a - w  ~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~-.‘.- ----‘--— - 

—— .---—--- -____________ -
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In this case

d = v/2 = WT , ~ = 2o~ (Hogg, 1970).

-

~~~ 

- The parameter ~~ is given by:

o2 under B if R is n(o,02)
h ii o n

= ~~
2 + 02 under H where R is n(o,02 + 02

)h n s 1 n s

The notation n(p,cJ~) is used to denote a random variable with Gaussian

probability density which has a mean p and a variance ~~2 . Equation (2.1)

reduces to that of a chi—square density function with v degrees of freedom

whenever = 1.

Furthermore , whenever the number of degrees of freedom

v = 2WT > 100

the random variable x(R
2) can be closely approximated by a Gaussian density

• with the following parameters under H and H
1 

(Abramowitz and Stegun , 1964)

~
X IH0 

(XjH ) is n(2Wf ~~~ o~)

‘~x I 1~1 
(XIH 1

) is n(2wr[o~ + a2 ], 4WT[02 + 02]
2
)

In keeping with common usage (Swets, 1964), define a detectability

index as:

I E(XfH ) - E(XjH ) 1 1/2
~~~~ 

~~

‘

~~I

l/2 [Var  ( X I H 1) + Var (X
~
H
o)11

= (WT) 1/2 0 
. (2.2)

a2 [1/2(o~ /o2)2 + (~~2/~~2) + ~~ 
1/2

For the small signal—to—noise case where

0
2
/0

2 1 ,
s n

_______________________  1I ‘~~~~~ — - - -



—14— May 28, 1975
CPJ :clb:cjg

Equa t ion 2.2 reduces to the usual case where the variance under the two

hypotheses is the same. Then

~~~~ 
= (WT) l/2 

~~~~ , << 1.

for a forced choice test.

2.4 Deciding Between Complex Patterns

In the preceding sections we assumed that a minimum requirement for

distinguishing between two classes of patterns was the opportunity to detect

the distinguishing features. We then went on to define a measure of

detectability, the detectability index 
~~~~ 

for bands of noise. An

equivalent measure of detectability can in theory be written for all features

which characterize the patterns. Actual marine noise sources are much more

complex than this, however , and one wonders about the utility of these

simple models. In an attempt to relate the problems , below Is an ordering

of auditory recognition tasks from simple to operationally realistic .

a a) Distinguishing between two patterns differing by one

dichotomous feature.

b) Distinguishing between two patterns differing by a number

of dichotomous features,

c) Distinguishing between two pattern classes which differ by

one feature which can exhibit a continuous range of

detectability or feature parameters.

d) Distinguishing between two pattern classes which differ

by a number of features with ranges of detectabilitles.

e) Deciding to which of N pattern classes a sound belongs when

-p the sound has a number of features with ranges of

detectabilities or parameters for each.

We can see that the problem with which the sonar operator is faced is

either d or e above. Whenever the operator is somehow convinced that the a

priori probability of targets is such that only two classes of patterns are

to be expected , the problem is simplified but still is a very complex one.

- — - - - - a-~~~ ~~~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ — - - - a
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Also , nothing has been said so far about his degree of knowledge (learning)

about the patterns with which he is attempting to match the unknown.

Whenever a number of features are associated with a pattern , it can

be expected that some features will occur only when others are present.

The features are therefore correlated one to another to some extent. As

an example of this idea , consider the pattern classes consisting of:

a low speed surface ship

vs w
2
: a surface ship proceeding at a speed high enough to cause

prop cavitation .

The pattern class U
1 
will exhibit a number of tonals which are associated

with machinery on board. Also , the sound will be only lightly amplitude

modulated by the effect of waves on the acoustic coupling to the water.

As the ship increases speed , some tonals will shift in frequency while others

remain stable.. Also , the broadband noise will increase and will tend to

mask the tonals. Once prop cavitation occurs , there is a speed range over

which the broadband sound will be strongly amplitude modulated . Other

changes also occur in the sound depending on the type of ship , the number of

screws, etc. (Myasnikov and Myasnikova, 1971.) How do we attack this complex

problem in an efficient manner?

One approach is to present members of the two pattern classes to

listeners under various listening conditions and to elicit classification

responses. From such experimental results we can obtain a measure of

operator performance for a specific set of pattern classes under the conditions

tested . This method has, in fact , been applied to a number of sonar cases

as well as to speech perception (National Research Council , 1949, Lickrider , 1951,

Pollack , 1948.) Based on a large number of such experiments , we can perhaps

extend the observed results to classification of as yet untested sources.

Alternately, we can treat simple cases with an attempt to model the

process. Hopefully we can then infer the performance in the more complex

cases. Certainly some experimental verification with these complex sounds

would be needed if the model is to be useful . Listed below are some of the

techniques which can be considered in the extension of simple concepts to

operationally significant ones.

a - 4. - -. . - - ~~~~~~~~~~~ ~~~ ~aaaa__
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a) Inter—relationships between features which are correlated can

be reduced to second—moment characterizations in terms of

uncorrelated random variables using the Karhunen—Loeve expansion

(Van Trees, 1968, Fu , 1968.)

b) These orthogonal feature eigenvectors can then be treated using

detection theory in the case of dichotomous features or

estimation theory when features can occur over a range of

detectabilities or parameter values.

e) Classification into one of N pattern classes can then be modeled

using the concept of discriminant functions and other pattern

recognition procedures (Fu, 1968, Sholl, 1971.)

a 

_____________________
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CHAPTER III

SEQUENTIAL RECOGNITION

3.1 Role of Criteria and A Priori Knowled ge in Sequential Detection

In keeping with the assumptions made in the foregoing chapter , we will

now go on to analyze in greater detail the detection of a dichotomous

feature , ~2 .  Operationally the sonar operator is faced first with the

problem of detecting a target and then with the classification of that

target. This is a sequential detection problem in both the initial

detection case and the detection of the feature

At any time t
j~ 

the listener is faced with three possible choices:

a) On the basis of the aural stimulus, decide H , the feature

is absent .

b) Given the aural stimulus , decide Iii, the feature is present .

c) Decide to continue listening because there is not sufficient

evidence to decide either 110 
or Hi.

The listener will choose his course of action depending both on the

information in the input stimulus and on his mental set (Leeper, 1951.)

To gain insight into the effect of a priori knowledge and response criterion ,

consider the two cases below . In both cases the two pattern classes to

be decided between are U
1, 

the pattern associated with a light warship and

the acoustic pattern of a tanker.

a) A modern tanker can have a draft exceeding 100 feet and the

submarine is required to transit at rather shallow depth

in proximity to a heavily traveled shipping lane.

b) In times of hightened military tension , the submarine is

to maintain covert surveillance of all military surface

ships in a strategic sector .

In the first case , the penalty for failing to classify the tanker could

be very great , whereas misclassifying the warship as a tanker would only lead

- ~~~~~~~~~~~~~~~~ ~~-
.-. -
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to a minor penalty due to having to skirt a potentially harmless shallow

draft craft. Also , the operator would be anticipating merchant shipping .

In the second case , the situation is less clear cut since misclassifying

a tanker as a warship would dilute the efforts of the submarine. Falsely

dismissing the warship would also be a serious error , however.

Whenever the a priori probabilities of the signals are known , and a

cost can be associated with the available courses of action , the Bayes

criterion can be used to minimize the total risk (Van Trees, 1968.) In

the sequential detection problem we then have:

I’1~ P2, the a priori probabilities of U1, w2 
respectively .

i, j = 1,2 where C1~ is the cost of classifying the pattern as

U. given that U~ is true.

Cd f ,  the cost of deferring the decision until more information is

available.

* Alternately, if the a priori probabilities are not known , or if it is

not reasonable to assign costs to each of the courses of action , it may be

• more appropriate to set a criterion which reduces the probability of , say

a false classification as U1, below some limit. The threshold adopted

in this case will be chosen using the Neyman—Pearson criterion .

Whatever the criterion by which the thresholds for the available courses

of action are determined , the observed performance will be strongly influenced

by this threshold. A way to characterize this performance under various

criteria is by means of a receiver operating characteristic (ROC) curve.

This curve presents the probability of a detection P(D) vs the probability

of a false alarm P(FA). As the listener adjusts his criteria , both of these
-a-

probabilities will change.

Under a lax criterion , i.e., say whenever there is any evidence of

the presence of feature ~~~ the number of correct detections will be high as

will the probability of a false alarm. A more strict criterion will decrease

both of these probabilities .

a—-- —-—*- ~~~~~~~~~~~~~~~~~~ a . ~T ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ • - -~—-r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3.2 Factors_Influenc~~g the Terminal Decision

Whenever a decision to accept hypothesis H or H
1 
is made , we refer

to that as a terminal decision . How is such a terminal decision made?

The initial target detection has been treated elsewhere , and will not be

reiterated (Loeb, 1970, Bochne , 1970.) But , knowing that a source is

present , the listener must now decide about the presence of a specific feature.

If we assume for a moment that in each detection opportunity the

decisions of 1-i and H
1 both have finite probabilities , it is only a question

of time until a terminal decision will occur by chance alone.

Wald (1947) extended the concept of the likelihood ratio test to the

sequential detection problem. The sequential probability ratio test is,

at the i’th stage

p (R .~H ) HH
1 — ~ 

r H
1 ~ 

1
B <  A (R)=71

J=l ’~rlH
”j

11o , A < B

else defer the decision.

Here A and B are the thresholds for deciding H and Il
l 

respectively. lie goes

on to prove that such a test will always terminate and he derives the expected

number of observations for a terminal decision.

In the passive sonar case we must be very specific , however , in the way

we define a detection opportunity or observation . Furthermore , the above

development assumes that the probability densities under II and Hi remain

unchanged from observation to observation. The actual detection occurs in

a situation where the source to receiver range, hence signal—to—noise ratio

and probabi l i ty  densities , change as a function of time . The criteria and

associated threshold are also likely to change in the real—world situation .

If , for example , the time required to come to a decision is very long, the

criterion may be relaxed for the sake of arriving at a decision so that another

target can be investigated .

3.3 Forced Response vs. Sequential Classification

Classifications which imply only the detection of one dichotomous feature

may be conveniently visualized by the probability densities under H0 and 11k
.

______ a- - - a- —a- -_ _________
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Whenever the listener must either make a yes—no (YN) or a forced choice ,

2 alternative (2AFC) response a single threshold divides the decision space

into two distinct regions. Figure 2.la shows the probability densities and

error regions for this situation for the detection of a band of noise in

noise. The error regions are:

a = P(deciding H
1JH0

) = P(FA) f1 ~~~~ (x1110) dx

= P(deeiding H l’~
) 1 — P(D) = J~ ~xlH 

(x lH1) dx.

The error regions at time t . for sequential detection are shown in

Figure 2.lb. The probability of an error in classification will be given by:

P (E)
~ 

= P(H ) P(xI}1 
~~ 

+ P(H
1
) P(xIH1)~

= P01 ) + 
~~

where

= 
1B xk0 

(xJii ) dx, = ‘~ ~~~ 
(XJ H1

) dx.

In practice , the criterioxA , hence threshold , will be set by the listener

in response to the situation . The numeric value of the threshold y will not

be known but in the forced response case can be inferred from the observed
values of P(FA) and P(D). The sequential detection and classification case

presents some difficulties , however. Especially when the distributions under

H and H~ are changing, knowledge of and is itself not adequate to

define and without assumptions of the terminal decision process.

The points made in this chapter may appear of only theoretic interest.

However , we will see that these are central issues in the design of psytho—

acoustic experiments of aural classification . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,.— - - -
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(a)

p , (XIH 0)X 1 H0 p (XIH 1)
X J H 1

a Px IH O IHO) 
(b)

t • X Y B

Figure 2.1 Error Reg ions for Forced Response and
Sequential Detection
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CHAPTER IV

DESIGN OF AN E)Q’ERIMENT IN AURAL RECOGNITION

4.1 Threshold or Forced Rcsp~~ise Tests?

Class ical ly ,  the basic correlates of the auditory stimulus have been

investigated by threshold methods (Boring, 1950.) In this approach , the

stimulus parameter to be measured is changed slowly until a just perceptible

difference in the physiological response occurs (Licklider , 1951.) Such

techniques , with Variations in details of implementation , have been used to

Investigate the equal loudness of various spectrally shaped noises , for

example. The response was one of “louder than” or “not as loud as” a

reference band of noise (Cremer , Plenge , and Schwarzl , 1959, Zwicker , 1958,

Zwislocki , 1969.)

The results of these threshold experiments can be explained using the

theory of signal detectability. It can be inferred that the listener operates

in a sequential detection or recognition environment. Whenever the established

criterion is exceeded during a period of increasing stimulus intensity , the

threshold can be thought to have been exceeded. Also , many of these experiments

alternately increase and decrease the stimulus intensity with the aim of

“bracketing” the threshold value .

It should be pointed out , however , that single or multiple thresholds

for sensural inputs have been postulated as explaining the observed results.

Also, quantization of the auditory process has been suggested (Licklider , 1951.)

While we are not concerned here with the analysis of detailed mechanisms

which are active in the human organism , there are basic differences in approach

between experimenters using threshold techniques and those testing vario_us

aspects of the signal detection theory. These differences in technique are of

considerable Importance.

Detection theory related experiments are designed to elicit either data

about the ROC curve or the psychometric function of the listener. The

psychometric function is the variation of percent correct detection or

classification as a function of stimulus level. The key parameters are usually

the various probabilities of the available courses of action and the

detectability d ’
~~~ 

expected on the basis of some signal detection model. The

detectability is usual ly def ined  as the normalized difference of means of a

statistic under two alternate hypotheses. - - - - 

- -- -
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The signal detection theory types of experiments present the stimuli

to a listener at some signal--to—noise ratio and observe the performance.

The cr iterion is usually specifically included by way of instructions prior

to the test. Data are taken at a number of signal—to—noise ratios or

other fixed values of a parameter (Swets, 1964.) The responses are either

“yes ” the signal was present in a trial per iod , or “no” it was not , a

YN type experiment , or a forced choice N alternative NAFC experiment where

the listener indicates in which one of N trial periods the signal occurred.

Variations of these methods are also used , and the signals are usually

presen ted in the presence of a noise at. some preselected level.

The latter experimental technique , the YN or NAFC tests , has the

advantage that the results are subject to well known and easily applied

statistical hypothesis testing techniques as are described in Chapter Il.

4.2 A Pilot Stu~y and its Impact

Initially, a pilot study was set up using university students as

subjects to identify weaknesses in experimental techniques and to obtain

bound s on listener performance. This was an idcntificatior task in which

the listener was asked to decide which of two trained marine sounds (the

exposure set) was subsequently presented in a broadband noise background .

The signals were presented binaurally from tape recordings in an experimental

arrangement very similar to that which is described in later sections .

However , for these initial tests the unknown or probe stimulus was presented

for a 20 second period of time at a fixed signal to noise rat io. The listener

was asked to record on an answer sheet his or her assessment of which member

of the exposure set the probe corresponded to. In addition , the third

al terna tive “don ’t know” was to be indicated whenever “reasonable” doub t existed .

- Because the sounds presented do not fall within the range of normal

audi- tory experience for these listeners , an immediate area of difficulty arises.

We are precluded from using techniques applicable to , for example , speech

intelligibility studies where the subjects can be assumed to have a common
a learned ability to distinguish between signals (Pollack, 1948). A time

consum ing stimulus training period is required prior to any probe measurement .

— — * a — 
— ___________________
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Also, Sin C e  the stimuli characteristics cannot bc reliably verbalized , au

arbitrary designation of A and B were associated with ehe trained stimuli.

Such arbitrary association of letters with the rrie;;ibers of the exposure set

is unfortunate. h owever , the methods used by Pollack (1959) to circumvent

this shortcoming, the method of r e c o g n i t i o n  memory, cannot  be used in our

case.  in t h a t  method , the probe is chosen from an augmented set which  i n c l u d e s

the members of t h e  exposure set and members  of a n o t h e r  set , the  c o n f u s i o n

set. The listener response then consists of an assessment of whether the

probe in fac t corresponded to  a member of the exposure  s e t .  The mar ine

sounds arc such t h a t  the exper imenter  canno t  know if the confus ion  s igna l s

will not , in fact , sound “like” one of the exposure signals. The listener

cannot es tab l i sh  a mental “measure ” of the dissimilarity of signals in this

case.

A test event c o n s i s t s  of an exposure  ( l e a r n i n g )  period for the two

signals without interfering noise. After a short pause , the probe is presented

in thc- i n t e r f e r i n g  noise . Subsequen t ly ,  the exposure set is repeated in a

refresh period . ou - a new set of signals is exposed for learning. No feedback

was used cx ct - l c t h a t  1: sut y cases the subjects were appraised of their

p e r f c ’r i~;t n c ~ - a t  t i~ end of a t e s t  sessioa. Each tes t  event requi res  about two

minu te~; t o  comp 1~~u f o r  a t o t a l  of 15 to 18 even t s  per session .

Littl e was known at  t h e  t ime of th i s  pi lot  study about t he  range of

signal--to—noise ratios at which the listener performance would attain some

pre—de termined probability of correct response P(C). It was necessary , there-

for e, to present the probe at a number of values of signal—to—noise ratios.

Using four signal pairs of interest and five values of signal—b --noise ratio ,

there were 20 performance indices to be estimated . As will be shown later , one

would prefer at least 50 data points per performance index for a total of

1000 events or about 60 sessions.

The availability of trained listeners willing to participate in these

studies was limited , and not all performance indices were adequately studied.

This me thod was abandoned iii favor of the ramped signal—to—noise ratio technique

discussed in subsequent sections of this report primarily because a faster

method was required. This early study was very useful in identif ying several

weaknesses in procedures  and equ ipmen t .

— — 
— -  - - . , —f — .~~~ ~~~~ --~~... -—.-- ---—---- - ---~~~ —-- - - —_________
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4 .3  A M o d i f i e d  Threshold Procedure

Most of the  r e s u l t s  p re sen ted  in t h is repor t  were col lec ted using a

m o d i f i c a t i o n  of t h resho ld  p r o ced u r e s .  The scheme used is modeled a f t e r  the

t e c h n i q ue s  used by Cremer ( 1959) and Zwicker ( 1957) to determine  the  loudness

of va r ious  bands of noise. Some cons ide ra t ions  which s t rongly  in f luenced

the  expe r imen ta l  t e c h n i q u e s  arc l is ted below .

a) Because it was desired at the ou t se t  to make the l i s t e n e r — r e l a t e d

p o r t i o n s  of the  sys tem por tab le  so as to  be useable at the  sonar

schools , t h e  s ignals are pre—rec orded  on audio  t ape .  Also , the

response recorder  is of necess i ty  simple.

b) Responses needed to be recorded au t omatical ly w i t h o u t  t he  t es t

conduc to r  needing to  be present  because of o ther  demands on the

a u t h o r  wh ich r equ i red  considerable  periods of absence f r o m  the

U n i v e r s i t y .

c) The process of da ta  reduc t ion  was to be as s imple  as p rac t i ca l

so t h a t  no one individual  would be overly commit ted  to t h i s

por t ion  of the  e f f o r t .

in the  m o d i f i e d  t h r e s h o l d  procedure , the probe is i n i t i a l l y  presented

in a broad band noise back ground at a low signal— to- noise r a t i o .  This

s i g n a l — t o— n o i s e  r a t i o  (SNR) is then increased l inear ly w i t h  t ime u n t i l  such

t ime as the  l i s t ener  can make a determination of which exposure signal the

probe corresponds to .  This method has an advantage in i ts s imi l a r i t y  to the

sequent ia l  c l a s s i f i ca t ion  t a sk  faced by a sonar ope rato r  in a real—world

decreas ing  range s i t u a t i o n .  The resul ts  only provide data about the  p robabi li ty

of a co r r ec t  (or wrong) c lass i f ica t ion  whenever the  listener has sufficient

confidence to make a terminal decision , however.
- .-  ---‘-

The sequence of occurrences during each test event is shown in Figure 4.1.

The exposure signals A and B are chosen with randomization from the set of

auditory patterns of interest. Generally, these patterns differ by one or more

features. The initial and refresh exposures are of fixed duration which the

listeners generally agreed on as sufficien t for later recognition . The probe

SNR is always low initially but this value is randomized to avoid listeners

responding on the basis of time Instead of the perceived aural response.

•-1

_
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Responses were recorded by listeners by pressing either a switch marked

A or one marked B. Once the listener indicated a decision , the auditory signal

was b lanked  fu r  t h e  r e m a i n d e r  of the response period . The d u r a t i o n  of the

response p er i o d  was also randomized . By not knowing when the response period

would  end , the l i s t ene r s  were in e f f e c t  assigned a cost f o r  con t i nu ing  in the

l i s t en i n g  s t a t e .  I ni t i a l l y ,  it was planned to compensate  the  l i s teners  on

the basis of p e r f o r m a n c e .  The payof f  would have been computed on the basis of

correct  c l a s s i f i c a t i o n s  w i t h  a pena l ty  for  wrong answers , and no p a y o f f  fo r

even t s  where no c l a s s i f i c a t i o n  was made. The use of t ra ined , expert  l i s teners

obviated the  uieed f o r  th i s  gaming approach because the level of m o t i v a t i o n

was high and the  level of per formance  could be established by verbal  i n s t r u c t i o n s

alone.

The p re—r e corded  s ignals were played back us ing  a Crown 700 tape p layer

and a pair  of Telephonics Model TDH—39 dynamic earphones. The signal was

fed in phase to a matched set of these headphones and the l i s t ene r  was f u r t h e r

• a cous t ica l ly i so la ted  by being enclosed in an audiometr ic  b o o t h .  Fi gure 4 . 2

diagrams the  equi pment needed at the  l i s tener  location . A Sony casse t te

recorder is used for  recording the responses which are coded as f r e q u e n c i e s .

Also recorded onto this cassette is a tone which is proportional to the SNR.

This tone and o the r  signals needed to properl y sequence the response e q u i p m e n t

arc recorded on one channel of the two—channel Crown tapes.  The exposure , probe

and i n t e r f e r i n g  noise signals are recorded on the other channel of these tapes.

The equ ipment  needed at the site of the tests  is pic tured  in Figure 4 . 3 .

To anal yze the  data , the cassette tapes were played back on another  cassette

tape u n i t .  The SNR related tone and the response tones were then output on a

cash r e g i s ter  tape by means of a counter and p r i n t e r  combination . Manual method s

were used to determine the SNR at the moment when the listener responded. Also ,

the response (A or B) and the  time from the beg inning of the response period

were recorded on a data form. As the number of data points accumulated , the

results were key punched and copied onto a computer magnetic tape for retention

and accessability. Computer software to perform various statistical analyses

on the data has also been developed.

4.4  Listener Safeguards and Cal ibra t ion  Techniques
Prior to beginning experiments using human subjects , approval was obtained

In compliance with the Institutional Assurance provisions of The Pennsylvania

:
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S ta t e  U n i v e r s i t y .  For approva l , a p rospec tus  of the s tud y was s u b m i t t e d .

This  proposed approach  was reviewed b y a Univers i ty  Commit tee  to a sce r t a in

tha t  no danger  to the  l i s t ene r s  would r e s u l t .  S p e c i f i c a l l y ,  the levels

and d u r a t i o n s  of si gnals a re  such tii :~ L no damage r i sk  is incur red  (Aner ican

Academy of Op h t h a l m o l o g y ,  1957.)  Each sub jec t  was i n s t r u c t e d  as to his role

as p a r t i c i pant  in the s t u d y ,  and it was pointed out tha t  under  no cond i t i ons

would the sounds be so loud as to cause d i s c o m f o r t .

In order  t o  e l i m i n a t e  the  e f f e c t  of sh i f t  in sub jec t ive  loudness as

the probe si g n a l — t o — i n t e r f e r i n g— n o i s e  r a t io  changed , a balanced mixer

fo l lowed  by an a u t o m a t i c  loudness con t ro l  was used . The loudness as presented

to the subject  was c a r e f u l ly main ta ined  at a loudness level  of 65 phons (GD)

(I SO R 5 3 2 . )  This loudness level was v e r i f i e d  f rom 1/3rd octave band

u t c a su r er .en t s  of the vo l tage  f u n c t i o n  to the head phones and t ak ing  in to  accoun t

the f a c t o r y  provided earphone  ca l ibra t ion  wi th  the MX4 1/AR ear cushions.

This loudness level app l ied  to the exposure  s ignals  as well as the probe

si gnal in n o i s e .

The SNR was control led  b y a balanced mixer wi th  step increments of about

1/2 dB SNR per st ep .  The s h a f t  of t h i s  mixer  is connected to a po t en t iom e te r

wh ich is used to vary the vo l t age  of a vo l tage  cont ro l led  osc i l la tor .  The

o s c i l l a t o r  f r e q u e n c y  as a f u n c t i o n  of SNR of the ou tpu t  of t h e  mixer was

c a l i b r a t e d  at  in te rva l s  of about  1/2 dB and it was t h i s  calibration data which

was used in the  subsequent  data  reduc t ion  steps . The combined f r equency

uncertainty due to flutter and wow in the Crown tape player , the Sony cassette

recorder , and the final cassette player was less than ± 1/4th of the
frequency shift resulting from a change of SNR of 1/2 dB.

Each of the two exposure signals was analyzed and p lo t ted  against the

interfering noise background using 1/3rd octave analysis accurate to 1/2 dB.

This calibration was performed with a predetermined setting of the SNR mixer

se t t ing (0).

i 
• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ c.s.a. a ..V —. - - - - -



—3 1— May 28, 1975
CP J : ci b : c j g

CHAPTER V

EXPERIMENTS IN AUDITORY PATTERN DISCRIMD ATION

5.1 Introduction

A total of seven t r a ined  u n i v e r s i t y  s tuden t s  were used as l i s t ene r s

in e x p e r im e n t a l  sessions spanning about  six months . Th~ s~ studen t s  were

c o n c u r r e n t l y ,  or had been , p a r t i c i p a n t s  in other psychoacoust ic  s tud ies

at The Pennsy lvania S t a t e  U n i v e r s i t y .  There were th ree  advanced s t and ing

female  s t u d e n t s  and f o u r  g r a d u a t e  school males w i t h  normal hear ing as

v e r i f i e d  by c u r r e n t  audiograms . These l i s t e n e r s  were f ree  to admin i s t e r  tes t

sessions on t h e i r  own at the i r  convenience w i t h  the  fo l lowing  r e s t r i c t i o n s:

a) No two test  sessions could run sequentially.

b) No more than  two tes t  sessions could be held on one day .

For all resu l t s  presented in th i s  chap te r , the  l i s t e n e r s  used the

modified threshold procedure. Also , they were ins t ructed du r ing  the

initial interviews and by voice comments on the tapes to:

“Ind ica te  your choice as to w h i c h  si gnal is being p r esen ted  in

the noise only when L~~ onab4i certain of your decision .
” The listeners were

paid a fixed amount for each session they participated in. No feedback

as to the number of correct classifications was given unless early results

indicated either a tendency to guess at a very low SNR or a too conservative

cr i te r ion  which resulted in the probabil i ty  of correct  decisions being

obviously higher than tha t obtained by other subjects. The results of these

early results have been diseounted from the data presented .

In the analysis of the results which follows , the term treatment is used

to indicate a particular exposure set/probe combination . Hence , a

situation where the signal pattern w1 is associated with exposure signal

A , signal pattern w2 
with exposure signal B, and signal pattern W

a] 
is used

as the probe signal in an ocean ambient noise , is a specific treatment. The

results of several treatments may , however , be combined (pooled) in some

of the presentations. The statistical analysis consists of testing the effect

of a treatment applied to the population consisting of the seven listeners.

• Except where specifically noted , no distinction is made between the subjects

comprising the population . This method of presentation is tantamount

to assuming that there are no individual differences (Murdock , 1968.) 

w ~~~_ TV  — a.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — _________________________
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Whenever data from magnetic tapes was used as input , a whitening f i l t e r  was

used to make the background noise nearly a broadband whi te  noise.  This

w h i ten i n g  was used to reduce the overall  signal dynamic range and is

cons is ten t  w i t h  o p e r a t i o n a l  p rac t ice  in sonar equipments .

5 .2  E f f e c t s  of IIi~ h Pass_ F i l t e r i n g

In s tudies  of the i n t e l l i g ib i l i t y  of speech in noise , it is found t ha t

a correspondence can he established between the c u t o f f  f requency  and

l is tener  per formance  (Pol lack , 1948.) There seems to be a d e f i n i t e

r e l a t i o n s h i p  between per form ance  in var ious  audiometr ic  tests  and the

t ra ined  speech r ecogn i t ion  process (Stevens and h o u s e , 1972.)  For this reason ,

one of the p r inc i pal areas of inves t iga t ion  centered  around the e f f e c t  of

hi gh pass f i l t e r i n g  on the c lass i f i ca t ion  performance against  marine sounds .

In this  s tudy  there were 16 t rea tments  involving four  magnet ic  recordings

of s u r f a c e  shi pp ing .  In all cases the exposure set consisted of such a

record ing  and an ident ica l  s ignal  which was hi gh pass f i l t e red  wi th  a

sharp f i l t e r  w i t h  3 dB down point at 707 H z .  The f requency  was chosen to

correspond to an octave band edge for octave 30 complying with USA Standard

Sl.6—1967 . Table 5.1 summarizes the treatments. In table 5.2 the signifizant

aural characteristics of the source is g iven . It can be seen tha t  the f o u r

shi p sounds represent a cons iderab le  range i.n characteristics.

On the bas i s of considera t ions presen ted in a la ter sect ion , the da ta

for t r e a t m e n t s  d i f f e r i ng only in the order of the exposure si gnals we re pooled.

The difference in 1/3rd octave spectral levels between the interfering noise and

the probe signal is shown in Figures 5.1 and 5.2. The probe signal in each

case is shown at a relative level corresponding to the point e s t i m a t e  of SNR

required for listener response. 
-

It can be seen from these data that the difference in SNR to respond to

probe signals L L . .  and w. .
~~

, is in all cases less than 1 dB. This difference

is not statistically si gnificant when tested by the t test for difference of

means. We may , therefore , pool all treatments which involve the same exposure
signals in any order.

When the data are thus pooled , we can compute the probabilities

the probability of a correct classification for pooled treatments , and

t he probabi l i t y  —  

~~r-y~ - v — ~~~~~ .~~_ -- _.
~~~... —— - ~~—-
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TRLA TMLNT A B 
______ 

PROBE NO. OF LV I- .NIS

I. 1 (1)
10 12

I. 2 Wi0 W1çj11p 32

1. 3 W10 16

I. 4 wlo,jl, 12

1. 5 W~~1 
W1111~ W~~1 

4

1. 6 W11IiP W11~~~ 8

1. 7 W
11H1) ~~~ 

28

1. 8 W~~~11~, W1111~ 15

1. 9 W12 W1211~ W
12 

18

• I 10 (1) w w 21
12 l2lIP 12HP

1. 11 Wi2 111, W12 
12

1. 12 W
1211~~ U

12 
— 

W1211~ 
— 

36

I. 13 W1411~ U14 
6

1. 14 WI4 W
141~~ U14HP 13

I. 15 W
1411~T~ 

~l4 8

1. 16 W
14HP ~14 W14HP 2

* w. . • HP 
is signal p a t t e rn U. . . high pass f i l t e red  wi th  a f i l t e r  with

cutoff frequency of 707 Hz.

Table 5.1. Summary of Treatments for Studies
of the E f f e c t s  of High Pass F i l t e r i n g

a Z p ~~~~~~ J1 ~~~~-
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SOUND
PATTERN D E S C R I P T I O N  OF ITS SOUNI )

Hig h speed r h y t h m i c  Sound w i t h  pronounced b u r s t s  of h igh

f re q u e n c i e s  but  of s h o r t  d u r a t i o n .  Sound is best descr ibed  as

tha t  of a number of horses g a l l o p ing across a concre te  b r idge .

(a
ll 

Very  r egu la r  r h y t h m  l ike  that of a st ( a m  eng ine  or slow

t r a i n  as h e ar d  i n s i de .  Some i r r e g i i l  ar  h i g h  f r e q u e n c y  p o p p i n g .

W12 
N o i s e— l i k e  wi thou t any n o t i c eab l e  r h y t h m .  Sound l ike

t h a t  of hi gh speed a i r  hut  at . t h e  same t ime having a low

r u m b l i n g  c o~i1 o n~•n

N o i s e— l i k e  w i t h  ~~n’ i r r e g i l ar  h igh  f r e q u e n c y  sounds like

w a t e r  s p l a s h i n g .  Al so , has a ve ry  pronounced  s teady tone  in

octave ba nd 34 a round  F7 . A hint of o t h e r  tones which wax

and wane .

Table 5.2. Summary of Sound s Associated with
Patterns 

~~~~~~~~ 
U
11, 

~ l2 and

- —a~~~~~~~~~~~~~~~~~~~~~ a. -- a ,  — 
- ~~~~~~~~~~~~~~~~~~~ - . a a ~~~~~_________ —
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FREQUENCY ( kHz)
0.1 0.2 0.6 0.8 1.6 3.2 6.4 (0.0

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 6 I i i 1 1 1 1 1 1 1  I I I J  1 1 1 1 1

1 1 1 1 1  I 1 1 1 1 1 1 1 1  i i

~ G I J  J~~ I I I I I 1 1 1 1 1

I h u l l  I l l  1 1 1 1 1 1  I _
PROBE

1 1 1 1 1  1 1 1 1 1 1 1  l l I .~~
- 

4 : PR0BE W IIHP

- :
ONE THIRD OCTAV E BAND NUMBER

FIgure 5. 1 SIgnal ~x cess  at the Terminal l)e& I sion , Signal
Pat t e riis 

~•J ~ 
‘ 

~
1)
10IIP 

(a~ I ‘ I Ill’

- - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . ____________________
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FREQUENCY (kHz )
0.1 0.2 0.6 0.8 1.6 3.2 6.4 10.0

17717 I _ _ _  _ _ _

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  l .
4 :PR0BE~~I2HP

(dB) 
— — H

~ ~ 1 ± 1  ~ ~~~~~ ~ ~~~~~~

I I I I I  I I I I I I I I I i i  I I

~-2 

___________________________

6 1 I I I I I I I I I I I I I I I I I — 
—

‘~ :~~~O~~~
w I4HP

2 -  -

0 - —  
-

-. 4 .  -

— 6 ’  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
20 25 30 35 40

ONE-THIRDOCTAV E BAND NUMBER

Figure 5. 2 Signal Excess a the Terniiua 1 Dccl sion , Si g u i  1
l’a t t o m s  ~~ 2 ’ (a~ 211 ’ ~ i /~

-
— - 

_~~~ _ _ _ _~: - 
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of an incorrect classi  I icat io ’i  f o r  the pooled d a t a .  Ihe number of no—response

s i t ua t i o n s  was small f o r  t h i s  group of data and any events  which  d I d  not end

in a term inal d ec i s i o n  for  any sub jec t  of session were  e l imina t ed  f rom con—

s ider at  ion in any seso on by any s u b j e c t .  T h i s  hand l ing  of t hc  d a t a  was

a d e q u a t e  ev en  thoug h i t  d id  reduce  t h e  t o t a l  number of even ts  u s e f u l  in the

analysis. ha d the numb er  of no—responses been g r ea t e r , the  s i t u a t i o n  would

have been handled differentl y by the application of s t a t i s t i c a l  c o n c e p t s  va l  Id

for marg in I d istr ibut ions (Winer , 1962 . )

The reoul ts  fo r  t h e  pooled data are shown in Table 5.3. These are the

point €- sti m ;t t es for the SNR required for a t e rmina l  dec i s ion  under  the  c r i t e r i o n

of “reasonably c e r t a i n. ’ W i t h  each set of exposure  s i g n c i s~~~. .  and m .  t h e r e

is associated an observed probability of correct decision . This too is a point

est  i n . ~tt - d  of t h e  u n d er l y ing p r o b a b i l i t y  govern ing  the likelihood of a s p e c i f i c

ou t c ne to t h e  experiment each t i m e  i t  is p e r f o r m e d  ( Swets , 1964.) Assuming

that the 1oole d even ts  compri se B e r n o u l l i  t r i a l s  w i t h  equal  p r o b a b i l i ty  of

o c c u r r e n c e , t h e  b i n o m ia l  d i s t r i b u t i o n

1 (x) (~) ~X U — ~)
fl_X 

, x 0 ,1,2 . .

= 0 e l sewhere

app l i e s  f o r  x observed cor rec t  c l a s s i f i c a t i o n s  in n t r ial s  (I l ogg and Cra i g,

1970.)  Ag a i n  th i s  a p p r o a c h  assumes no i nd iv idua l  d i f f e r e n c e s  between l i st en cr s~
and no o rde r  e f f e c t s , and no d i f f e r e n c e s  a t t r i b u t a b l e  to the  probe used . M u r d o e :

(1968) s h c ws  t ha t  th i s  b in o m i a l  d i s t r i b u t i o n  may be transi.~~med to an approxi-

m a t e l y  Gauss ian  d i s t r i b u t i o n  using the  t r a n s f o r m a t i o n

O~~~~2 arc sin / X/n

The va r i ance  of the t r a n s f o rme d  v a r i a b l e  will be:

0~~~= l/n

Hence , 0 is n ( 0 , 1/n) where 00 is the  t r a n s f o r m e d  samp le p r o b a b i l i ty  of

cor rec t  c l a s s i f i c a t i o n .

t

- -~~~~--—~~~~ .- -.. —
- -

~ ~~~~~~~~~~~~~~~~~~~ w ~~~~~~~~~~~~~~~~~~ 
— -  - ~~- - - - ~~~~~~~~~~~~~~~~~~~ 
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90 PER c !-::;i ( :oN i -  I i ) I . N ( L
MEAN ~NP~ STAN DARD 0EV 1 Al I O N  OB S ER VED I NT LE V A ! .

P A t  I ERN ~ SNE SSNR 
P (c)  ON NNR UN P ( )

10 ’ b liP 
2 . 9 9  db 2.81 db 0.67 2.35 , 0.62 ,

3.63 0.72

II ’ 1IJJP 
2.41 db 3.48 db 0.80 1.49, 0.74,

3.33 0.85

~ l 2 ’ 12HP 4.80 db 3.20 db 0.59 4.15 , 0.55 ,

5.45 0.62

~l4’ 1411P 
4 .92  db 3.81 db 0.70 3.58, 0.62,

6.26 0.77

Table 5.3. Summary of Resu l t s  Pooled Across
Order and Probe

I 
_ _ _ _ _ _ _   

_ _ _ _ _  - -. - - - ______________
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The 90 per cen t  c o n f i d en c e  i n t e r v a l  on the  mean SNR when t h e  sample

s t a n d a r d  d e v i a t ion  is  used is:

[~~N R — t(0.95,v) S
/~

r-
~

-- 
< 

SNR < + t ( O . c 5 ,~~) SJ7~~~~1

where  t (0.95,v )  is the  s ing l e  t a i l  t s t a t i s t i c  at  the  95 per cent level with

V degrees  of freedom (Weinberg and Schumaker , 1962.)  In t h e  l imi t  of a

large number  of degrees  of f r eedom

t (0.95,. ) = 1 .69  , V > 33.

The 90 per cent confidence interval on the p r o b a b i l i t y  of cor rec t

c l a s s i f i c a t i o n  is g i v e n  approx imate ly  by:

[0 0 
— z(0.95) 1 / b r~ < < 00 + 

z ( 0 . 9 5)  ~~~~~~

w h e r e  7( 0 . 9 5 )  is the  Z score corresponding to  the  one tailed normal

d i s t r i b u t i o n  (Murdock , 1968.) Also ,

z ( 0 . 9 5)  = 1.69.

These c o n f i d e i e i n t e rva l s  are also g iven in Table 5 .3 .  N o t e  t ha t  the

co n f i d e n ce  i n t e r v a l  on the p r o b a b i l i t y  of a co r r ec t  doci s ion  is q u i t e  la rge

(~ 
± S per cent) even when a large num ber of even t s  are pooled .  F igure

5 .3  s loj~-: .-; the  be }L ;L .’ior of t h i s  c o n f i d e n c e  i n t e rva l  for t he  two cases where

the a c t u a l p r o bab i l i t i e s  of the occur rence  of a cor rec t  decis ion are 0 .7

and 0.5 r e s p e c t i v e ly .  It is seen tha t  the number of events  must  exceed

about s e v e n t y  f o r  t h e  90 per cent con f idence  in t e rva l  to be w i t h i n  ± 10

per cent of t h i s  va lue .  The number of events needed to  e s t i m a t e  th is

paramete r  is t h e r e f o r e  g r ea t e r  t han 50 and p r e f e r a b l y  70 if the  c o n f i d e n c e

in t e r v a l  is to be at  all  u s e f u l .  Workers using the  fo rced  response

t e c hn i q u e s  r o u t i n e l y  use 300 or more events  to es t imate  each da ta  po in t

(Swets , 1964 , Green and Swets , 1966 , Green , l960a)

A n o t h e r  p roduc t  of t h i s  research is the  observat ion  of the types of

errors made by t he  l i s tener .  Table 5.4 summarizes these r e cu l t s .  I t  is

seen tha t the types  of m isc la s s i fic a t i o ns  are not  s t r o n g ly biased , and these

data  tend to  suppor t  the conclusion t h at  the listener is equally likely to

misclassif y U. • as w. 
hi? 

as he is to misclassify w. .
~~

, as U ..

- - ~~~~~~~~~~~~~~~~~~ - ~-~~ - -~~~~--‘~-- —- - - - -- -~- -~- - - --~~~ --~~ -—--——-——— - — - - - - —--—- —-— — - - - — - -
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OBSERVLD PROJ3ABJLJ TiES

I ’ROBABI L iTY E X P R ESS I ON it

0.19

I tJ
J~f~

) 0.14

~ l l I lI’~ 
0.07

“~ llh1P I 0.13

~
°l2 h IP~ 

0.18

P(~ 1211~ wl2
) 0.22

~~~l4 ~i4Iif’~ 
0.17

P(~~14}1~ (0J4 ) 0.13

Table 5 .4 .  Misclassif ication Probabi l i t ies
for  Hig h Pass Fi l tering Exper iments

- a — ______________________
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Ag a i n  r e f e r r i n g  to  the  f i n d i n g s  f rom speech intel I ig ibility, the intensity,

f r e q uen c y ,  and t i m e  s t ru c t u r e  of a s ignal  would he expec ted  to  be i m p o r t a n t

(L i c k l i de r  and M i l l e r , 1 951) .  ‘I wo sets of e x p e r i m e n t s  were performed to address

t h i s  ques t  i o n .  The f i r s t  of t h e s e  compared t h e  c l a s s i f i c a t i o n  p e r f o r m a n c e  when

the exposnre set  c o n s i s t e d  of two s igna ls  w h i c h  were s p e c t r a l l y  s i m i l a r  h u t

d i f f e re d  in  t h e  si gnal envelope- s t r u c tu r e .  The second set of exper iments  i n —

v e s tigat e d  t h e  e f f e c t  of “ sof t ” l i m i t i n g  of the  s igna l .

A total of f i v e  t r e a t m e n t s were tes ted  in which  the p a t t e r n s  were  a re-

cord ing  of a m a r i n e  sound ( p a t t e r n  class w . . )  and a s p e c t r a l l y  s imi l a r  shaped

Gaussian  no i se  ( p a t t e r n  class w. . 
~~~~~

) .  These t r e a t m e n t s  are summar ized  in

Table 5 .4 .  The shaped noise was obtained by passing t h e  ou tpu t of a broadband

noise  g e ner a t o r  t h r o u g h a Genera l  Rad io m u l t i — f i l t e r  w i t h  t he  1/3r d oc tave

wei g h t s  a d j u s t e d  to  g ive  a r e s u l t i n g  s p e c t r u m  which  by 1/3rd oc t -ave a n a l y s i s

d i f f e r e d  by no more than  1 db in any band f rom the  recorded m a r i n e  source spec-

t ra l  l e v e l .

Time shaped  no ise  d i f f e r e d  f r o m  the  recorded source  both  in i t s  amp l i t u d e

vs. t i r e  b e h a v i o r  and in i t s  nar rowband  spect ra l  s t r u c t u r e .  Sound p a t t e r n

i s ( - l I a r a ( - t e r i z e d  by a pronounced  envelope m o d u l a t i o n  h u t  has  a r e l a t i v e l y

smoot Im averaged nar rowband  s p e c t r u m .  In con t ras t , sound p a t t e r n  
~ l4 has

l i t t l e  sy o t em at i c  v a r i a t i o n  of level wi th  t i m e  but  has a tonal  q u a l i t y  due to

s t rong nar rowband  components .  When the da ta  are  pooled across order  and probe ,

the  r e s u l t i n g  SNR and P(C) are as shown in Table 5.6.

To t e s t  the  e f f e c t  of l i mit i n g  on signals , the  tape recorded s ignal  was

passed t h r o u g h a n o n — l i n e a r  circuit with t he  t r a n s f e r  c h a r a c t e r i s t i c  shown in

Figure 5.5 .  The input  level was so ad jus t ed  t h a t  l i m i t i n g  began at t h e~ lo

point of th e t ime waveform . Such a transfe r  func t ion , whi l e  mod i f y i n g  the de-

tailed amp litude vs. time structure of the signal , does not greatl y reduce the

intelligibility of speec h (Licklider , Bindra and Pollack , 1948).

Five treatments using two marine source record ings were investigated . Of

the 55 events , only 18 resulted in a terminal decision and of these 55 per cent

were correct classificat ions. The treatments and number of events tested in

each case are summarized in Table 5.5. The r~~ponses and listener comments

_ _ _ _ _   

_ _

- a a - a - - 
. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—-a _____ - - -
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1
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5 To invest  igat  e t he  e f f ec t

o .  r ep l ac ing  a record ed
1 1. 2 to , U U 18IOSN 10 10 source b y a s p e c t r a l ly

similar shaped noise
~~ ~°l4 ~~~~~ ~°l4 

11
(to . . .

~~~ ) .

11. 4 
~14 ~

°
~14 SN 

tol4sN 17

11. 5 W
i / S N  

W
14 ~l4 

17

Ill. 1 
~l0 

~l~ lo to
~o 

11* To a s c e r t a i n  if 10 l i m i t i n g

of a recorded source
111. 2 ‘

~~o ~1O1o ~10lo 
11* 

( to. . 
lt) 

has a discern—

able  e f f e c t on the si~’na1.
Ill . 3 10

14 
tol!da ~i4 

10* -

~~~~~~ L
~14 ~

°l4 lo ~l4 lo 11*

111 . 5 U14 
Ui

1410 
10*

* No. of events attempted .

Table 5.5. Summary of T r e a t m e n t s  Inves t i g at i n g
Temporal and Tone E f f e c t s

MEAN SNR STAND A RD I) EV I ATION OBSERVED 90 PER CENT C O N F I D E N C E  1~~ I .

PATTERNS ~~~~ SSNR 1’(C ) ON SNR ON i’(C )

U
10

, — 3 . 2 3  db 2.15 db 0.78 —3.99 , —2.47 0.61, 0.87

0114, w14~~ 
—0.45 dl, 3.26 db 0.84 —1.27 , 0.37 0.72, 0.92

Table 5.6. Summary of Results for Tests with
S p e c t r a l l y  Shaped Noise

L
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i n d i c a t e  t h , m t  t h e r e  is l i t t l e  s u b j e c t i v e  d i  f i e r e n c e  in t h e  sounds attributabl e

to  t h e  l i m i t i n g  process .  Those responses which  were made occur red  at a SNR

near the  m a x i m u m  p r e s en t e d . At th i s  h igh  SNR t he  s i gnal s  are  l i t t l e  con tamin -

ated by the b a c k g r o u n d  n o ise  and the  task is one of matching  an e s s e n t i a l ly

pure probe to t h e  exposed si g n a l  set .

5.4 Learning Lff ects _an~I_ Exper in : a it a 1 B~~~~ç~

In any e x p e r i m e n t a l  t echn i qu~: such as the  i t iodified t h r e sho ld  p r o c e d u r e

used here , the  q u e s t i o n  of b iases  i n t r o d u c e d  by t h a t  t e c h n i q u e  mus t  he inves t i -

gated . R e f e r r i n g  to  Figure 4al it is seen that in every case s i g n a l  B is pre-

sented just prior to the response period . It is worthwhile , therefore , to ask

the  ques t ion .

Does t h e  order  of t he  si gna l  exposures  s ig n i f i c a n t l y  e f f e c t  the cx—

p er i r a -n t a i  ou tcome?

That is , can we disprove the null hypothesis that there is no order effec t

due to  the  sequence of t h e  exposure  si g n a l s ?  From Tab] es 5. 1 and 5. 4 we see

tb -m t the  b e l o w — l i s t e d  p a i r s  of t r e a t men t s  d i f f e r  only in the  order of the  ex-

posure s ignal .

1. 1 and 1. 3 , I . 2 and 1. 4 , 1. 5 and 1. 7,

1. 6 and 1. 8, 1. 9 and 1.11 , 1.10 and 1.12 ,

1.13 and 1.15 , 1.14 and 1.16 , 11.3 and 11.5.

When t es ted  by app ly ing the t test for  d i f f e r e n c e  of means (~~~k ) ,  only

in the case of t r e a t men t  pairs  1.1 and 1.3 is the n u l l  hypothesis  disproved at

the  0.1 level .  Some d o u b t s  about  the  cal lb rat ionr  in th is  case may account  f o r

t h i s  d i s c r e p a n c y .  On the  basis of these r e s u l t s , it appears  that t her e~~is not

a significant order effect. These f i n d i n g s  allow pool ing  of the da ta  wi thou t

regard to  exposure o rd er .

Another  c o n s i der a t i o n  in t h i s  t y p e  of experiment is that of the t ime f a c t o r .

In s t u die s  of a u d i t o r y  memory span , it is r o u t i n e  to present an exposure signal

fo l lowed by a shadowing  stimulus prior to the probe presentation (Parkinson ,

Parks and Kroll , 1971). The effect of the shadowing stimulus is quite pronounced

when tests are done with isolated letters on phonemes in a non—rehearsal situation , 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - _ a - -  - - - -
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If we n e w  i- a n s i  ei e i t i m e  low SNR p r i s m - n t  c i t  ion at  t lie hi-ginning of t he  rcs pen sc’

per foci as cm shad owi n~; st iou I tic ; , we m ay  m x  p t -c t the 1 t -r formanc e to  dec rease as

the t i n . -  t o  r e - s i . e . i c d  i n c rea se s .  A l s o , t h er e  is t h e  qu e s t i o n  of memory I a t e ’ m m c y

w h i m - h  re ly  e n t e r  in .

In  order  to  t e s t  f o r  t h i s  ef ~~ect  , t h e  r ank  c o r r e - l a t  ion c o t - f l  i c i e n t  of SNIt

to respond vs .  the t inc t o  r e s po n d  was ( -o cl p t i t ed  . ‘rim is va l u e  var ied  be tween

0.03 t o  0. 3 3. W i t h  these  d at a  a lone , h m o w e - v i r , i t  I -; d i f f i c i m l t  t o  d e t e r m i n e  if

t h e  r an t - , c o r r e l a t i o n  c o e f f i e i e r m ~~s on t !I (  o rder  of 0 .3  does i n  fa ct i n d i c a t e -  a

s i g n i f i c a n t  c o r r e l a t i o n . I f , fo r  e x am p l e , t i m e  i n i t i a l  SN R W e C e  a l w a y s  to be ’

f i xed , tim e response-s  w it h  hi gher  SNO. w o u l d  be p e r f e c t l y c o r re l at e d  w i t h  r e s-

ponse t ime by v i r t u e  of t he  f a c t  t h a t  the  SNR v a r i e s  in  a p r c d e t e i : : i i i m e ~d f a s h i o n

with time. We have purposefully random ized  t h i s  i n it i a l  SNE to  reduce  this

e f f e c t .  I t  is not i m m e d i a t e l y clear how i ;mue h renal i n in g  c o r r e - ]  -i t  i on  one ~h o i  I d

expect  . In a l a t e r  c h a p t e r , a .ev i s e -d  e -x p e ’r  i nme n t a l  ap p r o a c h  i 5; 5u~~e ’
wh ich  may al low an answer ing  of t he  q u e s t  ion :

How f lu e  h e f f e c t  is t h e r e -  due t c coot - ; , ,  mm - c t  ion oi t lie ref ( ‘ I d ice s o m m c c ds

in memory due to t im e l a p s e -  or s m c , d o - .- in~~?

The responses for two pairs of s i f i m a l  p a t t e r n s a re  p l o t ted  in FI gu r e - s  5 .5

and 5.6.  I t  is SeCO t h a t  here  may In  f a c t  he some t t J)dal fl C> ’ f or  t l i e -  r c - ; cm I r eu

SNR to inc rease  wi t i m  r e sponse  t ime .  Ti m e degree of t i m i  s trend , i f  i t  doec : I I I

f a c t  e x i s t , cannot  be ascertained , it should also be po in ted  out  t h a t  t h e

p resen t  set of data does not conform to t h e  tes t  wi th ou t re hearsal done by

other  workers. The listeners were in fact encouraged to make notes which could

help them in the classification task. 

-
- 
- - — - — - . ~~~~~~~ ~~~~~ ~~~~a.a- “- ---~~~~ ~~~~~~~~~~~~~~ 
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CHAPTER V i

D I S C U S S I O N  OF’ THE EX1’I N1~-P:N TAL Nl - 1 S~~l l ~

:it’ion el tlie Re-sults from the - Point of \ ‘icv of Si gn a l .
Dot • - C t  I on 3m -u r c

in t h i s  c h a p t e r  we w i l l  anal y z e  the r e s u l t s  of t i m e -  e x p e r i m en t s  to

dat e ’  f r o m  the point of v i ew of si gnal  d e t e c t i o n  t h e o r y .  S p e c i f i c a l l y ,  t he

q u e s t io n s  r ai s e d  in C h a p t e r  11 about  t ime d ichot omous  f e a t u r e  c l a ss i  f i c - a t i o n

p r o b l e m  w i l l  be pursued .

Cons ide r  an a u d i t o r y  r e c o gn i t i o n  task  w h i t e  two si gnal  p a t t e r n s  w .

and w.  di f f c - r onl y b y the  p r e s en c e  of f e a t u r e  in one case.  This f ea t u r e ’

wi l l  have a s s o c iat e d  with it a d e t e c t a b i l i t y  d ’ . We w i l l  then model  t i m e

c l a s s i f i c a t i o n  task as a hypo thes i s  t e s t  desi gn~cd to d e t e r m i n e  t ime  presence

of f e a t u r e -  I t  is certainl y net obvious th at the a b i l i t y  s imply  to

d e t e c t  the presence of a feature is adequate to make the pattern classif feat ion .

There  are , a f t e r  all , o the r  f e a t u r e s  p resen t  in bo th  si gnal pat  t crn s  w h i c h  can

pe rhaps  c o n f o u n d  the  c la s s i f i c a t i o n  t a sk .  It wi.] 1 be seen , however , t ha t

t h i s  s imp l e  app roach  does y i e l d  some r a t h e r  cons i  s t i n t  r e s u l t s .

6 .2 A n a J~~~ is of R e s u l t s  f o r  Hi g h l’nss F i l t e rin g

When t h e  t e a  p a t t e r n  c lasse s d i f f e r  in that one (e. 
~~~~~~~~ 

has  t i m e  low

f r e q u e n c y  noise  comp on en t .s e l i m i l m ~ctc -c l b y I l l  t e r in g ,  we can d e f i n e  a d i c h o t o m o u s

f e a t u r e  w h i c h  embodies a l l  of the low f r e q u e n c y  i n f o r m a t i o n . This is

i t s e l f  a f e a t u r e  comp lex  in t h a t  i t  cons i s t s  of at  least the fo l lowing  componen t s :

a) A b a n d — l i m i t e d  noise w i t h  non—uniform spectra] density in time

a u d i t o r y  band from about 120 lIz to 707 Hz. (Limited by the tape

player  at the  low e n d . )

b) A m p l i t u d e  m o d u l a t i o n  components  of t i m e above band—l imi t ed  noise-i

c) Perhaps some time dependent s h i f t s  in frequency of the spec t r a l

components of this band—limited noise.

d) Tonals f a l l i n g  in t h i s  band of f r e q u e n c i e s .

F u r t h e r  assume t ha t  th i s  d ichotomous  f e a t u r e  1
~L1~ 

can be c h a r a c t e r i z e d

as a f i r s t  a p p r o x i m a t i o n  as a band of noise w i t h  r ec t angu la r  b a n d w i d t h  W f f
and co r responding  spec t ra l  level S f 1 . The c l a s s i f i c a t i o n  under  these

assumptions t hen  becomes:

Conclude H ;  decide signal pattern is ta. .
~~~

Conclude }I
~
; decide si gnal p a t t er n  is ea..

~~~~~~~~~~~~~~~~~~~ 
_ _wj  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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where  t ime  h ype the -s c ’s  a r e :

II : F e at u r e  ~ is absent
0 1, 1

F e a tu r e  is present.

‘l’he p r o h l e u m  of d et  - c t i n g  the ’  h : e ; m d  of n o i se  c- -ac d i  c c m c : ; s  ci i n  C h a p t e r 1 1.

We s — sw t h e r e  t h a t t im e  opt  i m emmn d e t e c t  or p e r f o m  m i n c e -  is g iven  by I-;qu a t  ion  2 . 2 .

Green  (I 960a ) ext • - , m o  i v o l  y inv~-st i g m  t eel I i  s t e - n c r  per for ; :e ;n ce  in t i m e  de—

t i c ’  t ion (i f b onds  of n o i s e  i n  no i se -  pi obi e m s ,  l i e ’ found  t h a t  d ‘ = a ciebS Opt
t i m e  observed d et e c t - a b i  l i l y ,  f o r  a l a rg e ’ range ’ 01 W i  . F’or a I’ (C) 0. 7’ , t h e

v a l u e  of a was b et  w - e - n  0. 25 and 0 .3 .1 dc-p er - id ing on s uh j  c - c - I .  Th is i i  mmd i m g ,  was

seen to  hol.d f o r  a large range  of c e n t e r  f r e q u e n c i e s  ( f )  f o r  th e- har ’cd o f

no i s e .  The r a ng e  of was f r o m  400 t o  6000 lI z , W v ar i e d  f r o m  1,55 to 514 3 liz ,

and 1’ varied f ron 3 to  1000 msec .  Ti m e r est i l  Is above 300 ins; cc sc-c-nC ci t ii de-

viate f r o m  t i m e  expec ted  be h a v i o r , h o w e v e r .  A l s e - , h i -  n ieasur~~ an f of IiO ( t  l i z
C

hut fo em nd some anomoli  c-s w h i ch  he - a l t  r i b u t es  to the c-I fe-ct of earjmhoime be - I -mv hui .

F i g u r e  6.1 combines;  a l l  of Green ’ s f i n d i n g s  on p i e i s h i  lit ,- l iu r . 1 i m i ~;

f i ge ir e  i nc lu de - s  t h e e  r e s u l t  of two e- .- ; [ e & - m i m I m e n t s  e-i ehi f i ve -  d ,i f l e r e - m : t  smm h } i - r t  s

w i t h  t h e  f ol  lowing set of I C c  r m c i e t  c-r s .

f 400, 800, 1500, 2500, 4500, 6000 usc .

W 655 , 156:’, 5]/~3 liz.

1 = i , 10, 30 , 100 , 300 j im sec .

These results arc f o r  a 2AFC p roc edure  and t i m e ’  d a t a  is n o r m a l i z ed  by u s i n g

the equation :

10 log d ’
1 

10 log (~~.) h/2 
G~2 

[l/2(o~ /o
2)2 + (~~2 + ~~2 ) + ii.~~

/2 .(6.1)

In our results , the d e t e c t a b i l i t y  of f e a t u r e  ~. . can then be t houg ht  t o
LP

correspond to the band of noise used in Green ’s e x p e r i men t s .  When t ime equiva-

lent s q u a r e  b a n d w i d t h  W f f  is computed f o r  time four si gnals use d , It is seen

that most of the signal power associated w i t h  fl . . 
LI~ 

falls in no octave band

centered nominally abou t 500 lIz. Hence

W 345 Hz.
ef I

‘a
* _ _ _ ‘~~.~~~~~~~ ‘ “ ‘ ‘ ‘ ‘ “ “ - - -~~~ ~~~~~~
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T u e  rat IC ) hetw ; - e i c  t i m e  si gn a l  ami d n e m ’ ce- sp e c t r a l l i v e - i

2 2 2 2S IN  = 0
e l f  u

is sh oe- se i n ‘ l a le  I c  6. 1 f o r  t i m e  f e w  r pai l s of s i g n a l  i °~- t ern s  used

if w e - are t o  l i e )  i i : ; I I z ( -  ou r  d : i t a  as does;:  Ci - c - c - m m , how do we- th I I n c  1 , time

sy s t e m  i n t e - g r ~m t  1 0 m m  1 i n s ; - , in t i m e ’  E q u a t i o n  6 . 1.? T i m e  I - m g - I l .  of t i c : ; -  f o r  wh ich

is SNii  c- - ms n ; m m t  a I nod const  n u t  i n  the  exper  imelen t  was 2 seconds . Ih owe v c-  r

t he 1 i s l e - n c r  c ou l d  hi.- i n t e g r :m t  ; u g .  o v e r  i-;u c- -c - :cc i V c-  s t m - p s . Or ’ , t h e  time ‘1

may hi ’ n i e t i  - h o m t e -r  dne ’  t o  sonme as y e t  u n m e n t i o n e d  i : m e - c h a n i s m .  We- sc-e t h i n  I

t i m e  ex p r e s s i o n  f o r  d ’
~~ 

i m p l ie s  c o n t i n u o us l y  i n c r e a sin g  d e t c c t m m h i  l ily  w i t h

t i m e .  I t  i s  f o u n d , imo we v er , t h a I . a l i s t e n e r  e x t r a c t  a l l  u s e f u l  in f o r n a t  i c i m

from an nc-ou s t  Ic st imulm is in t ime fi rs~ f ew  h u n d r e d  n i l  li second s (Tanne r  and

Sork in  , 197? . ) J o  I n c - I .  , time bc-he ;m vior ol ce- ry e -  d by C roe- n f o r  iii-  d at  -a w i t h

duration of 1 second i n d i c a t e - ; ;  t h a t

d’ for T 1000 since d ’ f or T = 300 msi- c: .ohs oh-i s

A cl e’ t a i l ee1 m u m  1 vs is of I. li e’ re cpozm.se’ bel -iv I or for th e - mod iii ed t hr ~-c m m o ]  d

p r o c e d u r e  i mid l en t  c-s t I m s i l  1 i St c -h e rs  c x i i i  i i  I ec -pa roLl e bc ’ lm mv ior ~~ii  ti is: I y i e c

of expe -i ’ i - n - m i t  . Tim e n ui immb e ’ r of observed r e- :-:pon sec ; as a I unct i on  of dc  l a y  I m’ s--

the ~,t  ep - L i m e- i i i  ~NR is plott ed j i m  i ” i ; u m - c’ 6 , 2 .  T h i s  d ; m t m is f o r  160 re-

sponse ’; ; c - l i e  ri cit r an dom f r o m  ; m m r o n g  the appe- ox i r e 1 e ]  y 1~ 01) available c- v t -n

in Figure 6 .2  the independ ent var l a b ] . -  i is  t i m e  delay to respond  f r o m  t h e

onset of t he step cimang e in SNR. ‘l’he pe- sik i n  the u m u m l ) e - r  of re - spous e-s  a t

600 mse - is si g n i f i ca n t  a t  t he  0.1 level under t h e  a s s u m p t i o n  of a Po i sson

dis t  r i  l i i i  I on  f o r  t i m e ’ number of re’sponsc- s p e r  100 since of d c - l a y .  Th i s  oh—

s er v at  ion s u p p o r t s  t h e  view tha t :  each s t m - 1 ’  -iemngc- in  SNE can he t r e a t  ed as a

d e t e c t  Ion oi) 1)ort un i t  y . A f t e r  a d e l a y ,  t ime ’  I i st oner h as ;  ex t  r o e  t eel a l l  o,L t i m e -

add it i o n - a l  i n f o r m a t i o n  p r o v id e d  by t h e  change  in d e N - c - t a b i l i t y  nn : ;ae  i a ted

w i t h  t i m e  c h a n g e  in  b b I - ~ and c i t  her  m a k e s; a t e r m i n a l  d c - c - i sb n or d e f e rs t h e

d e r i s i o n  u n t i l  a n o t h e r  such c l m ; m i m , o ccu r :- . I t  is noN wurt hv t l m : m t t h i s  r e s u l t

is observed in spite ’ of t h e  f a c t  t h a t  l i s t  r i o - i ’ s were  un a b l e  re -I  i - m i ] y te l  d c : ; —

c r 1  be ’ the way in w i m i  ch t h e  SN i ~ c i i a r igc ~d when nsk -d to  v e rb~i]  ize  t 1 c m  and  i t  ory

Sen s it  i C e S )  . They W i - r i -  ml Hal )  Ic  eons ;  c Lou s l y  t (i t e l l  i f  t lie SNE e’ Li ii 1 e-d C 0111 1 I1t1O)IS I v

or in ~;t e p s !p
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1-r e;:; t h ese  do In  , and a l l  ;, s ’ I i ig  f or  a response I. iii ;: of 100 IISOC f rom

time  t ICe of t !me te -r ri n al deci sion to tim es r e c o r d in g  of tha t respon se , i t

was it -i l  e r r e d  that an i n t e g r a t i o n  t ime of 500 msec i s  reasonable .

We can  then d e fine a d e t e - c t m b i l i t y

= (W T )
J / 2  °~~ [1/2( /:2)2 + (

~~ 
+ o~~) + ~~ 

-1/2

mt e f f  e f f

where

W = 354 lI z , T = 0.5o f f  e f f

and d ’
1 

is time observed d e t ec t ab i l i t y  using the  m o d i f i e d  t h re sho ld  p r o c e d u r e .

The point estimate and 90 per cent confidence Interval on 10 log d ’
~ 

is also

given in Table 6.1.

Wh eim d ’ is compared to d’ f rom Gree n ’s results , we find that
ml ohs

10 log d’ — 10 log d ’ 5.3+ 1.2mt obs —

when t u e  p o in t  estimate of P(C)  is used fo r  comparison pu rpose s .  It  is

seen t h a t  the  f o u r  s i g n a l s  g ive  cons i s t - e l_ C t r e sult s  one to another in s pit e

of t he  f a c t  t h a t  t i c c - v  d i f f e r  s i gn i f i c a n t l y  in t hei r  overal l  sound . Also ,

in s p i t e  of t h e  f m , m ct t h a t  t he  l i s t e n e r  i n s t r u c t i o n s  in oi l  cases was to

.indicate your choice onl y when r o m e s c s m : m b I ~~ c e r ta i n .  u , t he  p rob ab il i  t i c - s

of a coer ce- I response; d i f f e r e d  sig n i f i c a n t l y  e s p e c i a l l y  in the  case of

signal pattern ~~~~~~ The reduced P(C)  was also made at a significantl y lower

SNR , however. The behavior is consistent with the  results obtained by Green

and conf orms to t h e- model. The reason for th is difference in what is

apparently the listener criterion is treated in more detail, in a later

sect ion of t h i s  c h a p t e r .

Wha t  of the f ive  dli d i f f e r e n c e  between d ’  and Green ’s results? Up tomt
this point we have treated the classification as if it were simply a detection

problem on feature 
~ Li”~ 

However , the  l i s tener , in order  to e s t a b l i s h  a

threshold for the t e r m i n a l  decis ion , mus t  also l i s ten to the rest of the signal.

Stallard and Leslie , (L974) conclude on theoretical grounds t h a t  the difference

between a 2AFC experiment and passive sonar detection performance should be

abou t 5,4 dB . Their reasoning is as fol lows :

a) The effect of f r e q u e n c y  uncertainty because two bands of noise

mus t be attended to introduces some decrease in detectability.

— -- -~ 
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b) Time tiflc &-rt a i n t v  abou t  t h e  Onse t  t im e  of the s l i - h a l  a] so

has t h e  same effect.

c) They mode-led tim e passive sonar probl em as a YN t a s k  and

add ed ano the r  1.5 dl i  for  t h e ’  d i f f e r e n c e  between t h e  c f f  i—

c i e i m -y of a YN and 2AFC t e s t ,

This l a t t e r  c o r r ec t i o n  was ui~’ide i n  our  case by the  d e f i n i t i on  of d ’
opt

hence is not a p p l i c a b l e- . It  is , t h e r e f o r e , suggested by t h e  a i i a ] y c i — : p r e—

set t l ed  by St o l  l a r d  and Les l i e  t h a t  t h e  p re sen t  r esu l t s  shou ld be r e l a t e d  to

Green ’s ( 1960a ) r e s u l t s  by a f a c t o r  of about  4 dl i , o r :

d’ = 2 . 5  d ’  , t heo re t i ca l ly.
tnt obs

The r e m a i n i n g  d i s c r e p a n c y  of about  1 dB is of d o u b t f u l  si g n i f i c a n c e .

More ’ i m p o r t a n t  is the  m a t t e r  of which SNR to  use in computing t i m -  eI ’~ a t

the  t i m e  of t h e  t e rmina l d e c i sio n ,  if the  l i s t ene r  somehow in t egr .- I t  C - ; ,  over

previous  obse rva t ions , t i m e  apparel -i t SNR at the  t ‘ th observa t ion  wou ld he ’

higher t h a n  measu red . T h a t  is, if at observa t  ion t — l  t h e  l i s t e n e r  is a w a r e

~ f t h e  fac t t h i ~~t the log likelihood r a t i o  almost  exceeded the  t h re sho ld ,

t h i s  is u s e f u l  i n f o r m a t i o n  and , hence decreases  t h e  u n c e r t a i n t y .  (R.-il she-e- k,

1963 . )  In  f a c t , Swets and Green (Swets , 1964) have d e m o n s t r a t e d  tha t a

I i  ot  ener is  in d e e d  cap ab i  c; of i n t e g r a t i n g  th e- i n f o rm a t i o n  in  s u c c es si v e  ob—

Ser vat  ions  in very spec ia l  ized c i r c u m s t a n c e s .  In general , however , t hey

note t h a t

“This analysis leaves little doubt that the assumption of no integration

over success ive  obse rva t ions  is a good one 

That  Is not  to say t h a t  the thresholds and 1B 
are imo t i n f l u e n c e d  by

the  s eq u e ’n t i a l  n a t u r e  of t h i s  t ask .  These thresholds affect t h e  respect  ive

p r o b a b i l i t i es  of c o r r e c t  and wrong classifications but not the  f o r m  of ~~ml

In F i gur e  6 .3 , the  90 per cent c o n f i d e n c e  i n t e r v a l s  f o r  t lmes e e x p e r i m e n t a l

r e s u l t s  are p lo t t ed  on p r o b a b i l i t y  paper  along w i t h  a f o u r t h  order  pol inom ial

regression f i t  to  Green ’s da ta  ((;reen , 1960 a , McGi l l , 1968). The p r e d i c t e d

performance- for a sonar detection problem is also shown (Stallord and Leslie ,

1974.)

• 1
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6 .~~ Ana l \- ;- i s ;  t e f  R e s u l t  s O b t - i i i m e d  i i ;  , 1 x 1 a - m - i n - - m i t s U aj n ~, Shi ; mj ee d  N o i s e

In time expe-rirnent s vi t i i  si i ap e-d  h e a l se vs. the recorded marine soui’id , the

d i c h o t om o u s  f ea t u r e  was c i t  b ier  L i me -  p r e sence  of amp] i lod e -  m o d u l a t  ion (fl
\~~) in

t h e  case  of si gnal p a i r  ci , or t h e  p r e sence-  of a s t r o n g  t o n a l  (i, : - )~
f o r  si gna l  p a i r  Ul 14~ 

N e i  t i i c - r one of t h e s e  f e - i t u  re-s i s  as s inmp lc as

in ;p l l e d , h o w e v e r .  The’ spec t  ru in of t h i , - s e  sou r e - c- ;;  e- ;- ;hib i  Is  f r e qu e n c y  as we l l  as

amp l i  t u d e  v a r i a t i o n s  w i t h  t i m e .  A l s o , si gna l tm 14 
has a f a m i l y  of tones wi th

o n ly  one- pr on ounced  s tead y t one  and r-em e v a r y i n g  c omponents .

‘l ime f e a tu r e  appears  as a r e p e a t e d  b u r st  of n o i s e  impressed upon a

c o n t i n u o u s s pe c t r u m .  M i l l e r  and T ; e v i o r  ( M i l l e r , 1948 , M i l l e r  and Tay lor , 1948)

have i n v e s t i ga: ed the-  su bj e -c t i ve  e - i - ~r n c t e r  of t h i s  t ype  of si gnal .  it was

found t h a t  t lie d i f f e r e n t i a l  t h i r e s h o l d  f o r  i n t e n s i t y  L I / I  increases  as t im e

d u r a t i o n  of t h e  added bu r s t  of n o i s e  dc - c r e a s e - ; ; . In tb _ CC- l i m i t  w h e r e  t i l e -  d u r a t  ion

of time added i n c r e m e n t  exceeds ’~bout  250 msec • , t ime p e r f o r m an c e  is g iven by t ime -

Weh er f r a c t i o n

A l/ i  0.1 , t > 250 h 1 a e e .  (Gr e - e i m , I 960 mm )

I-’or t i m e  s igna l  in que ; ;t  ion , t h e  n a t u r a l  m o d u l a t i o n  corr - spond ing  to  f e a t u r e

is  in t i m e  f o r m  of shor t  b u r st s  of n o i s e  which m ire- r eh ) 1-ated more  or less

p e r io d i c a l l y  a t  a r a r e  of 8 to  15 l I z .  T h e  d u r a t  i o m i  of t h e  n o i s e ’  I ) u 1 l ,— c  is ap-

p r o x i m at e l y  25 msec . but  w i t h  a n o n — r e c t a n g u l a r  wavefo rm . From Fi gure- 5.1 we

see t h a t  th ì e  e f f e c t i v e  b a n d w i d t h  of t h e  s igna l  vs.  noise background is approx i-

m a t e l y  6 khlz f rom 400 liz to  6400 Hz at t he  3 dli down p o i nt s .  The Weh er f r a c t io n

A l / I  is then t h e  i nc remen ta l  change in  i n t e ns i t y  vs .  average  i n t e n s i t y  j u s t  per-

c e p t i b l e .  Moore and Raah (1975) f i n d  t h m a t  t he  Wcbcr fraction is:

—1.4 db for 3160 lIz b a n dw i d t h  and d u r a t i o n  10 nisee- .

—0.9 dh f o r  1000 lIz ban d w i d t h  and d u r a t i o n  10 msec.

— 5 . 5  db fo r  3160 lIz b a n d w i d t h  and d u ra t I o n  250 msec.

— 4 . 9  db f o r  1000 Hz b a n d w i d t h  and d u r a t i o n  250 nmsec .

— 7 . 3  db  for  a 18 kfLz h a n d w i d t im  and d u r a t i o n  250 msec .

To compare t he  p resen t  r e - s u i t s  w i t h  these f i n d ings , we must  know the amp l i—

h ide e x c u r s i o n  associated w i t h  t h e  n o i s e  b u r s t .  The spectral level near the

• 1  
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c- c-n I cr  12. 5 msec t i ic period of t i me -  ;mmpl i t  nd c- inodu l i t  ion  p u l s e -  was r e - m i  am r e -c l

to  he 4 dli h igh er t h mimi  t i m e  ave - rage  spect  r ;m I l eve l .  From t h e  r e s u lt s  simown i n

T a b le  5 .4 , t i n -  f o l l o w i m m g  can  be c a l c u l a t e d

a. ‘ric e- ave rage  si gn a l p lus no i se  I e-vei  ~; ;m s +1 .65 dl i  r e - I  at  lye t ime back-

ground  l e ve l  a lone .  Tiic action of t he au to ;c c L Ic- l o u d ne ss  ic-ye] c o nt r o l  c i r c u i t

would  be n e ; c ly  to  e l im i n a t e  t i - i f s  e f f e c t .

b.  Ti m e point e s t i ma t e  of i n s t a n t a n e o u s  s ign a l  p l u s  noise l c-vcl was t im en

+3.5 dli r e l a t  ic e  t u e  ha e’kgr oun d  ] c-vei or 1.85 db re la t  ive the  average  s i g ni l

plus noise r ; c t  io. ‘Ib i s  r e s u l t s  in  a observed Weber f r a ct i o n  of — 2 . 7  dl i .  ‘ihe

90 per cen t  c o n f i d e nc e  in t e r v ;m l  on t ime observed Weher f r a c t i o n  in our case i s :

— 3 . 5  db W < — 2 . 6  dbobs

When t h e - ; ; e -  r~-su I  ts  are  co mpmm ree i  to  those of Moore and Raab (1975) i t  is

sc-c- n t h a t  t i~~- p r e s e n t  observed SNR to  respond agree-s rcasonrml )l y well . The

pu l l r e - s  cu t s p r  i s  i m i g  t h e -  m o d u l a t i o n  [ m i l l  betwen t i m e - s c  i n v e s t i gat e d  by t hese  a u t h o r s

and t l - m e r - f o c  c- c anno t  be- d i r e c t l y  compared w i t h ,  those .  However , e x t r m m p o l . c t  lu g

ti c -j r  r e s u l t s  u s i n g  t i m e  e m p i r i c a l  niethod proposed by the - i cc , t he  p r e d i c t e d  Weber

f r a c t i o n  w e l d  be abou t — 4 . 0  dl i .  The d i f f e - r e -n c e  between  t h is p r e d i c t e d  wi lc ie

and the r e - su i t s  o b t a i n e d  us ing  t h e  m c i d i f i e - d  t h r e s h o l d  p r o c e d u r e  is c e r t a i n l y

not  u n rca :- - c e m m a l c l e -  c o n s i d e r i n g  t i m e -  s impl i f y ing  a s s u m p t i o n s .  h ence , as fo r  the

c l a s s i f i - m i t i o n  of t he  high pass f i l t e r e d  si gnal , the r e s u l t s  observed can  he

explained reasonabl y wel l  by simp ly assuming tha t  the  problem Is one of de-

t e c t i n g  a d i eh m o t o m o u s  f e a t u r e .  It must  be no t e d , however , t ha t  t r e a t i n g  these

pu l se—l ike  i nc reases  in t im e a m p l i t u d e  as i s o l a t e d  pulses to be d e t e c t e d  iti a

noise back ground mus t  he done w i t h  cau t ion . Thmcse pu l ses  occur o f t e n  enoug h

so tha t they are approaching an indistinguishable serie’s of pulses as i n v e s t ig at e d

by Miller and T a y l o r  (1948).  The c r i t i c a l  f r e q u ency is ai)out 20 Hz am-id is also

a function of duty factor.

In time case of feature 
~TONE 

, the tone at abou t 2.5 kIIz has a spectral

level whi ch Is some 21 db per Hz greater than is the 1 liz broadband spectral

level of t h e  s i g n a l .  The po in t  e s t i m a t e  of t h e  SNR requi red  fo r  c l a s s i f i c a t i o m m

was —0.45 db. The calibration in this case was mad e In the 1/3rd octave band
which contained the tone. h owever , to obtain t h e average broadband background

- - 
-
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aga in s t  w h i i  e l m  t i m e  t one  is  heard , we-  t a k e  t i m e  ave rage  sp e-c t  ra l  level in t ime

a d j a c e n t  1/ ~rd oc t av e -  band s as r e p r e s e n t i n g  t i m e  s ignal  b a c k g r o u n d  l ev e l .

W h i c n  t r e a t  e d  in t i m i s  way , we o b t a i n :

a. Time ’ si gnal  p l u m ; noise  to noise  background  at L i m e  t ime of c l a s s i f i —

ca t  j o t _ C r e sp o n s e s  war -4 1  . 4  d l i  r e l m i t  I vee t i m e  b mm c k grou m md l e v e l .  ‘fbi s is  the

po in t  of ne er ~~- i i i z a t i o n .

b . Time s p e c t r a l  l e v e l of t i m e  p r i n c i pal tone was tim e - i - i  19.5 db in a 1 lIz

band r e l a t i v e -  t ime  haei~-g r ou n d  or about  18 db r e l a t i v e  the  signal  p lus nois-

to noise r e f e r e n c e  p o l l _ C t .

Hawkins and Stevens  (1950) i n v e s t i g a t e d  the required spec t ra l level of a

tone fo r  i t  to be j u s t  audib le  in a broad noise background . Timey found  t h a t

an average relative spectral level of about 20 db is required for a tone at

2 .5  kiIz to be a u d i b l e .  The r e su l t s  foun d  in the presen t e x p e r i m e n t  are con—

sir-tent withi Li ie se  f i n d i n g s .  The d i f fe r e n c e  noted is wel l  w i t h i n  e x p c r i n e c - m m t u l

errors in calibration and spectral measurement.

While the  pub l i shed  da ta  aga ins t  which time - p r e sen t  r e s u l t s  are  conmparc -d

do not s p e c i f i c a l l y  d c - f i n e  a d e t e c - t a b u l i t y  d ’  f o r  the respec t ive  f e a t u re s ,

s i m i l a r  r e - s u i t s  have been ob ta ine d by worke r s  u s ing  s igna l  d e t e c t ab i l i t y

t h e o r i e s  (Green , 1968 , Green , 1970 , Swets , Gree n and Tanner , 1962 , Tanner , 1961).

The r e su l t s  ob ta ined  by Moore and Raah (1975)  are somewhat at v a r i a n c e  w i t h  a

model of th e ’  a u d i t o r y  process as an energy de tec tor and a d if f e r ence of some 3

to 5 db is observed by them between their s tu d i  es and the  energy d e t e c t i o n

model .  In any case , t i m e  p resen t  r e su l t s  a g r e e  reasonably  well w i t h  the f l m m d i mmgs

of a nm mmn b e r  of workers  who have concen t ra ted  on the  s i g n a l  d e t e c t i o n  t ask .
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Ch11\I”l’ER Vii

SUMMARY PcN I) CON CLU SIO~;S

7 . 1. S uu a n a r v

In t h i s  r e p or t  t he  complex task  of aural  c l a s s i f i c a t i o n  of a source of

sound is reduced  t o  a sic ; :p1t r p rob l em of d e cid i n g  between two sound p at  t e - r n s .

I t  was f u r t h e r  assumed t h a t  in sonic cases th is  pi-ocess cou ld  be t r e a t e d

as a d e t e c t i o n  p rob lem where t i m e l i st e n e r  must  f i r s t  have t i m e  o p p o r t u n it y  t o

d e t e ct  a s igna l  f e a t u r e -  b e f o r e  he can make a c l a s s i f i c a t i o n. When t ime

c l ass i f i c a t i o n  is c o n s i d e r e d  in t h i s  way , it was found  t ha t  f o r  six cases ,

t h r e e -  e n t i r e ly  d i f f e r e n t  d ichotomous  f e a t u r e s , the  observed c l a s s i f i c a t i o n

p e r f o r m a n c e  is w i t h i n  a few dii of r esu l t s  p red ic t ed  by o the r  r e sea rche r s .

The s t u d i e s  ag ai n s t  w h i c h  t h e  p re sent  ex p e r i m e n t a l  r e su l t s  are compared  were

done w i t h  much  simp ler signa ls  and all t r ea t ed  only the d e t e c t i o n  problem .

Time good agreement  be tween the  p r e sen t  r e s u l t s  and those ob ta ined  by

o t i m e r s  argues  iii  f avo r  of an i n t e r p r e t at i o n  of t hese  ex p e r i r a - i t s  as t ime

d e t e c t i o n  p r o b l e m  of a d i c im o t o m o u s  f e a t u r e .  C e r ta i n l y  t h is is  an over-

s i m p l i f i c a t i o n , because the  c r i t e r i o n  w i t h  which i  the l i st e ner s  responded seems

to dep em md on o the r  c h a r a c t e r i s t i c s  of the  s ig n al .  i t  is a simp l i f i c a t i o n

w h i ch , however , is u s e f u l  i n  the  i n ter p r e t a t i o n  of a very corp iex problem

in c o gn c t i o n .

If indeed the- r e s u l t s  can he i n t e r p r e t e d  on the bas is  of t h i s  s in p i lf y i n g

model , the implications are far ranging. it. is possible  t h e n , f o r  e x a mp l e ,

to p r e d i c t  d i r e c t l y f r o m  t i e  r e s u l ts  of f u n d a m e n t a l  s t u d i e s  wha t the  e f f e c t

of c u t o f f  f r e q u en c y  of a f i lt ~’r w i l l  be on c la s s i f i c a ti o n  j m e r f o r c c m m m c e .  A

wealth of such results is available in the literature- some of w h i c h  is i s t e d

in the b i b l i o g r a ph y of t h i s  r ep o r t .  Likewise , t h e  e f l e c t  of c e r t a i n  t\ -pes of

m o d u l a t i o n , am _ Cd of tones  c - a im be d irec t ly inferred .

Another significant f i n d i n g  to da t e  is the f ac t  t h a t  l i s t en e r s  arc

equa l ly  p r o f i c i e n t  in  m a k i n g  a decision about the absence of a feature as they

are about i t s  p resence .  This resu l t  was ob ta ined  for the  case where t he

two s i g n a l s  ha d equal  a p r i o r i  p r o b a b i l i t y  of occu r r ence , and t ime p e n a l t y  f o r

each type  of error was nomthaliy the same .

— ~~~~~~~~~~~~~~~~~~~~~ -‘ - 
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7 . 2 Li i ; ;  i t  at  i on - ;  on t iii Pr - c - ‘ c u t  Pesu I t

W i m e n at t e m p t  ing to  rd ate ;  the-  p resen t  f i n d i n g s  to  the  a n t i c i p a t e d

p e r f o r m a n c e  of a sonar  ope- rato r , some d is t  i n g u i s h m i n p ,  f e a t u r e s  must  be

co n s i ~ r~ d . l ime- l i s t  c i m e - i s  u-;ed he-re were trained coil e c e  st u d en t s  w i t h

c o n s i d e - m ;eb l e c x  r i e n c e  j i m c - r i  t i c -a l  l i s te ni n g .  ‘ l u c y  imave not been t r a i  ~e d

L. t b m ~~ sonar class if icatiomi t a - ; k , however , and t i m e  s i g n a l  p a t  t er n s  to  w i u i c i m

t h e y  i?~ ’ Fe-  exposed W e-re  esse ’nt i a l l y  c o n t ex t  f r e e .  Also , t h ey  did no t  n e -c - i

to c la s s i f y omi t ime  bas is  of l e a r n e d  and retained information ; r a t h e r  i t

was a m i t c h i n g  p r o b l e m  w i t h , at most , i m i t e - r m n e d i a t e  d u r a t i o n  n : ; : o r v .

A sonar op e r a t o r  genera l ly  would nc-ed to c l a s s i f y t a rge t s  i n t o  orme

of a s u b s t a m - i t  m l  set  of possible  t a r g e t s  a it h o ug im a t  t imes  a two—poin t

classification nov be possible. The som ma r  o p e r a t o r  also is able to a l t e r n a t e l y

l i s t e n  to t i m e  t a r g e t  of i n t e r e s t  and t i m e  am b i e n t  t m u i s - ~ b y i~c a i l s  of a

t r a i t _ C ab l e  beam ( i n  most sy st e ms . )

‘ri m e e x t e n t  to w h i c h  t h e  t r a i n i n g  of a sonar oper ator  allows h im t o

out  p e r f o r m  the ’ college- s t u d e n t s  wi l l  he i n v e st i g a t e d  in experim ents to  be

c o n d u c t  c- i l a t  t - i~~- Sonar  School i n  San Diego in August 1975.  These t e s ts  am i d

t h e i r  p r i n c i p a l  ob jec t ives  are described in an ap r ) er m d ix  h e r e - t o .

Time ex pc - r i n ; e -uu t a l  t e c h n i q u e  used , t i m e -  m o d i f i e d  t h r e s h o l d  p r o c e d u r e , a l l  is’s

o n l y  a d c t e r m i c c - mt  ion of l i s t en e r  p e r f o r m an c e  at t h i n  t ime- tha t a t e - r c ’ i u i a i

d e c i s i o n  is mad e- . While  t h i s  is i t se l f  a u s e f u l  b i t  of i n f o r m a t i o n , i : m  m a ny

cases it would be des i rab le  to  know h o w  t ime p e r f o r m a n c e  ( i .e .  P ( c ) )  v a n - s

with signal to— noise ratio.

7.3 Suj~gestions fo r  Future S t u d i e s

To address  t h e  q u e s t i o n  of how the classification p e -r t u r c .a ; c c e  v , 4 r j c s  ~a t h m

si g n a l — t o — n o i s e  r a t i o , two a d d i t i o n a l  sets  of ex p e r i m en t s  cite j-ro ~ o ;ed .

The f i r s t  of these  w i l l  be conducted  at  t i m e  Sona r Se hu u  I a c o n j u n c t  ion

w i t h  t i m e  m o d i f i e d  th resho ld  p rocedure .  The cqu ipm ~~- m c  t to-CS t hi t ’  same S I 
~~~~~

p r e n e - n t a t  ion sequence ’  as is shown in Fi gu re 4.1.  Tim~ l i s t e - ; e i  w i l l , h~~ s-v e - r ,

c o n t i n u o u s l y  i n d i c a t e  h i s  degree  of c o m m f i d e n c e  oud h is  t e nt a t i v e - c l a s s i t  i c - a :

dec i s ion  by means  of a l ine-ar  p o t e n t i o m e t e r  g raduat ed  as bc~~uw .

A B
10 8 6 4 2 0 2 4 6 8 10

- ~~~~~~~~~~~ 
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Time l i s t  en cr  o- i i i  i n d i c a t e - , s a y ,  a 2 toward t h e  B if hi p has low c o n f i d e -n c - c

t h a t  t he  probe s i gna l co r r e sponds  to  exposure  si i;n~m l B aimd w i l l  move up t he

scale - as l i i  a c o n f i d e - a c e -  i n c rea s e s .  Sonme pr c-i i n u i n ar y  t e s t s  of t h i s  sc-he-rice

a sc e r t a i n  t h a t  t he  i i  stene rs arc able -  to c l m a i m g c  f rom at-i i n i t i al  class i  f .i c a t i o n

of say A t o  t i m e a l t e r na t e - c l a s s i f i ca t i o n , i n t e r p r e t a ti o n  of t i me - s i -  r L - su i t s

is l i t  t r i vi a l , h i oweve r , si n c e  the  couf ide-nc -c  s c a l e  t ends  to m e a s u r e  t h e

p r o c c ; ; s :

S t a t e  a c o n f i d e n c e  o1 a c l a s s i fi c a t i o n  g iven

t h a t  an in a n d i a t e l y p r eced ing  c o n f i d e n c e  was

t hough t  to a p p ly .

Time second t e s t  to o b t a i n  more knowl ed ge abou t  the  p s y c h o m e t r i c  f u n c t i o n

w i l l  ice ’ c o n d u c t e d  at The Pennsy lvan ia  S t a t e  U n i v e r s i t y  tima n1- ~s to  t h i n  e f f o r t s

of D r .  Jane -s ~l a r ti n .  The -se- wi l l  he two a l t e r n a t i v e  fo rced  response- t e s t s

(2~’-,l C) u s i n g  a large numb er  of z ia lv e  co l lege  s t u d e n t s .  ~i m l I e  the  p e r f o r m an c e

f o r  such ii at  e n c - r s  is e:- :pecte-d to be less p r e d i c t a b l e , t ime e x p e r im e n t  wi l l

also be s i m p l e r .  These r e s u lt s  wi l l  p r inc i p al l y t es t  t im e degree  to w h i c h  the

m o d i f i e d  t h r e sh o ld  p r o c e d u r e  con f o r m s to  s t a n d a r d  si gna l  d e t e ct ab i l i t r  n e o s u r es .

An a d e i i t i o n a l  t i - s t  w i l l  be made in the  sonar  school s tud ies  of the -  e f f e c t

of s h a d o w in g  a l l u d e d  to in  a p rev ious  c h a p t e r .  An a de q u a t e  number of events

w i l l  be ’ in te-r s~u n r a e - d  wi t im o t h e r  m o d i f i e d  t im r e s h o l d  t e s ts  to address  t h is

p o in t .  For these  e-ve -nts , am - i a d d i t i o n a l  30 second d e l a y  w i l l  be i n t r o d u c e d  by

a t i m u e r  be tween t h e  onset  of the  response p e r i o d  and t i m e  beg inning of t he

s tep  increase  in  SNR. I t  is then possible to tes t  the e f f e c t  of a prolonged

shadowing per iod  i n d e p e n d e n t l y  us ing  ti-ic t t es t  fo r  d i f f e r e n c e  of means.

I. 
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A l t I ’ I N P l X  A

S1,2IMAIIY OF ‘~~ ]6 I ll-I D ‘I’ l i b P NII OLI) TEs’l-b ;

AT TIlE SONAR 5 (210/u].

Plans  ; - r ~- t o  c o n d u c t  ex t  c-rmS ive  t e s t s  o~ tb ’: c o n c ep t s  i ro~uo sc- d  I i i  t h i s

m e - I - c u r l .  ‘1’I~e~~e ’ t e s t s  w il l  be- held in August  1P?5 a t  the A NN Scicool , San Diego

C al i f o r n  m a .  Ten t a t  i ve ly ,  it  is p lanned  to usc 8 s e m i i o r  sonar o(’er~i t or s  f o r

f i v e -  day s  t o  c - b u m i n  in  exces s  of 800 e v e nt s .  Of these , 720 even t s  WI .] I u.;-akc

use of the ised i f  k-d t h r e s i m o l d  p r o c e d u r e  to dot  e r m i n e  t i m e  SNE r eq u i r e d  to  make

a t e r m i n a l  c l as s i f i c a t i on  decis ion .

The t e st s  a r t -  desigm led to  t e s t  t i m e  f o l lo wi n g :

a) h o w  do r e s u l t s  ob ta ined  to  da t e  u s i u u l ’ , U n i v e r s i t y  s t u d e n ts  c c i r i i j -a r c

w i t h  tht os ee U s ing  t r a ined  sonar  opera I ors?

b) V e r i f y  aspects  of the  c l a s s i i icat io n  model , as proposed , to  i d e n t i f y

the r ; cucge  of a p p l i c a b i l i ty  in the sonar  c O ;u t C x L

c) At t r -pi  t o  measure  t i m e  s i g ;m l f  ic -once  of v a r i o u s  fc -u t u res  in h ue-

c l a u , s i f i c - a t  ion t ask .

d) Provide  more d a t a  p o i n t s  f o r  s i g n a l s  of special,  s i g n i f i c an ce -  to

the  e- ;po iu sor .

e) At t e - t iup t  to  d e t e r m i n e  the e f f e c t  of cn ’r t ory and shadowing as re la ted

to  tills type of task .

The t r e a t m e n t s  to be applied to the p o p ula t i o n  of t r a i n e d  son ar  opera tors

are summarized in Table A . 3 .  T rea tment s  1— 9 w i l l  be t e s t ed  w i t h  a s u f f i c i e n t

number of even t s  to  allow es t ima t ion  of the r e spec t ive  probabilities I’(C)

and P ( E ) ,  t i m e  p r o b a b i l i t y  of a correc t  t e rmina l  decision and of an incor rec t

t e r m i n a l  d e c i s i o n .  T r e a t m e n t s  10—17 will be used s p e c i f i c a l ly to  t e s t  fo r

d i f f e r e n c e s  in the mean s i g n a l— t o — noise r a t i o  (SNR) r equ i red  fo r  a t e r m i n a l

dec i s ion . Thce t test for diffur e -muc e of means applies in these cases.
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F e a t u t e
0 C h a r a c t cr  i u - u t  t o u t  I t lee F c - a t e u u

1 P r t - s - u i e - &- of a im octa ve L,~u;d s t a t  i u u u : - c r y  noise w i t  Ii f 500
L

2 1 e c e - _ e - e t r  t i  an o c t a v e -  b ; m e cd s t a t . j r ; u , u i  - - u o e c t  w t t l m  f = 41- l i z .

3 St 1 u t t  ,- e- , c v , -  10 l I z . - i — i l -  f t  u d c -  - J t u I I u~ j o:u of  urn o -  t -ic b u u n d  n-u t h t  I c- 
500 i : .

4 S c u t e r e -  C - ’’t I C  i I z . ; t e s ’ i i t e u , l t  ru _ o du lu c it’s o ’ - c - : u u v , - b ac u d n ’j t l u  I 4k l Iz ,
- C

5 }r t ’’ - i - c c u  - of arm oc ’ it - b and c t , u ~ uc - ’ u z u r y  m u ul ;e w i  tb 250 l i z .
C

Ce Ii iuiL ’  r u t  u t u - - 1 ’~ c i e d e  u : , ’ I u ~~u t t t u r ,  e l  un  ~ u i . e  I - : 5  t. t i P  = 4 1 i i .u-
7 M a r i n e ~~~i~ c i t  s; c - u - t I n s  ‘-‘ t  t is ti t a t ;  I i t e u le - t d u n l , . t  eo n

8 Blad e - r u t  c- u c : ; ’ l  i t u e b ’ - c ’) J uu i i i  m c  of b i - o u u i / u , u .  -. - :  c u e -  s t _i r e

9 Man ic ’— c~oeu t c e- I u m c ’ i u  ~-ac ; s  c~I c - t r u ru n i  tb f 7 0 7  I, : . -ed ac ; - i  e t u d e  i i e d : u l - t  1 , : -

10 M a r i n e  t er r e  b a n d r a  - - ; , c t r u ~u nu t h I = 500 l I t  . u a : , u i , : : , t ’ l l t U u l c  r o d u l , u t  u c t uC -

11 S - c r  i t o  s o u r c e  b a u d -  u-u - ;  u~ ’ u t Ccmr, t  nm tie f = 2 wi hut . a i d  o ’uç I u t  n J  e- u - tout . , u t  c e u tC
12 N . u r l n c  o ou r e -e J u uw ~ 5 !  ~~~ t rue s w i th t h 177 l Iz  . md u i r n ; i  m tieN - - r o u J : i : t mc::

Tab] e- A. 1. S umc um nma r y  of I)i chotonioci s Fe-a t el  res

— 
P a t t e r n  F ea tu r e -a Co:’ -z- i s i nr  t l m c -  I N - i t t e r m i

1 2 
- 

3 4 5 6  
— 

7 8 9 10 I i  12

1 1 1

2 1

3 1 1 1

4 1 1 1

5 1 1.

6* .25 1
7 1 1

8 1 1 1

9 1 1

10 1 1

i i  I

12 1

13 1

14 1 1.

a 15 1 1

*A feature Is present (1) or has 1/4th re la t ive  d et e c t a b i l i t y  ( . 2 5 ) . 
—

T a b l e -  A. 2. Summary of S ign eu l  Pa t i  c - r u m s

- 
- 
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lii i A l  l - t t R l o l ; F c :  Ii u : li~_ \u l u  I : _  t u l i - )  t ,  i - c l  y r . - -

1 To i t t  l i t ,  ,-f! - t i  of ( f u r - - m r - - c  u t - c -  c i  2 3 .~~u ( t , 8.0 77
a i t _ ic ed  t i  e u -  - -

2 l u ’  ( t e l  t i - -  c - I f -  - t of i 1 - l  l i e u 5 ,  ‘ J u t —  1 3 — f u ll , 5. 0  72
l u c t  I c - u  u ’ u ,  - _  I t e e ’ !  u - u - ,

3 i n l t - ; t  m i t t -  c - l i t  t c - f  i l -  u - u - r e  u - f  S 4 — 5 . 1 1 , 3 .0 7.i
.i h i  ci I e’ t I~- ’  i - t e l  C u ’ t  I
a r e l r l  i t  c o l t -  u ’ h u  t~~~ 1 i c - c t

1, ‘in t e s t  l i t -  c - i  I t  - I ccl i i - - - c t  -~~~~- t  r I 2 ‘ — i- I’ , 5 .0  7?
arm t - u ; - ]  j u t - I - - I s ’  I i I u l _ t , - ,i I~~ i t i

it 1. - u  m i t e  c i  I t  cr -1 ~i c ’ u~ c ot  C r  d c -  ~‘ , C —2.0 , 1 1 . 0 e e c
I t - u  r i l ’  u I i i  - -  .e t i m  I c - - c  t I - - _  C c e  c- 

-

6 in  th-t  c - i - u - 0,.- t h u  , I f t - u t c - i  u e e l  e , I -  u ‘c B .  I )  — ‘, - (e , - 82
u t  u t  u ’ . c u r  ~r I u i   ‘I I t  1 I , -  a l t d  

-

of n c t i - - t -  
-

7 ‘fe-u d c ’t c  i i l t , - t i e -  c - f  ic-ct c i  r . u r l l r ~t i c t i ~ 1 1 . 1 1  I c 11 - ‘J. (t , -‘1 .0 12
t it e -’ n i t  c u l t i on  l e e - c c  ~i t , , - i l ,  1 s I c —
n - u 1

S Ti. c-v_ -c I t e - c t , -  l ice- i c c - r f e ’ r u t u e e -  r -  f o r  I . - I i .  1? I ‘ e . I - ‘ — 2 . 0 , 1 1 _ 0  17
ce -tid e d r , i 3 , i s  t i t le - u r r - i I u ~ : I - o e u , I  u
of f c c - u ; -  u - i t t ;  -

9 m u ’  t t t - i e - e u - i u u ’  l u - c. l~ i- - < ‘ H i - - c i t - i t  d i f f t - i -~ ~ . 1 2  P012 —2 .0 , 11 .0 72
irc- t~~ r - , i  l i v e  i l y  c ; O - !r u e l  I
so m l a m  o r  .0 ot  S

10 To len t f o e -  I lee d i r  l e e - t i c  u -  Ire b c —  9.11 1 ’ - , I I  —3 . (I , 10. 0 17
tw e - c t e  h e t i  ‘_ - . u - i t  v u t  u u , I t u u I C  a r i d  r i - u i - c e  -

ojtc- r a l  u - I - c m e i r lu I - c

I I  ‘In t c - - I  f c t r  t lie - d i l l  u t : ’ , -  f t c  I- ’ i t , ’ —  9. 10 15 . 1 Ci , - - t ~ - i t , 9 .0 3?
w e - c - c e t t ct i v u  r - I , ! c  I - a r Icee t l  c c c  I C - I l  -

operat cu , Ici bte i- - - r ~ 
C u t -

12 i n  1 , - u t f o r  I I t c -  d i f f c - m t  e , u  e i n  I - l It in -— 1 1 . 1 0  10. I t t  — 9 . 0 , 4 . 0  12
~~~~~~~ 

(c l v i i  s i t  y - r e  u - - c I u ( c c  . u c u t i  sonar
Operat ore. , sie ;e 1t -d r c u u i  — c rca -

33 To d ,~ t , - m e i e ’ e -  t iec- e l f , - ,  m cr 1 , t e u  c -x t e n d c - d 2 6 — 2 . 0 , 1 1 . 0  12
~~i t ; i c ! t - ~ : i n S  ~rt ’r  iod c d t  I c e r  I r ’ r u — u u n ce’

14 lo t ee ; t  t ite t h e - v t  of t l i e -  I t t c - s r - n t ’ , - of 2 7 .5 . 0 , 8 .0  16
a b ar ed of n u t ]  c c t - I c r  c - r e - c l  le t  21e0 lIz

-~~ 3 5  To dc- u c-r e i n . -  ( I i ’  c- I f c - t  I of -en ext end ed  9 8.  11 — 5 . 0 , 8 . 0  12
sh.-cdowi rr1; ; - c - c  m d  Oe~ , c i , e ;  u l t u

36 To cv,-m l , , ; c t .- c-f h i t i  ore SI II cc l  - l c ; c n t 1 ’ f n ~’ 14 .1 1  1 5 . 1 1  — 2 . 0 , 1 2 . 0  24
h it’ tel l;), ;r . t _ , ’ c- c i t  t n  I Ii c - q u i t - n e , , y

17 To ev .c l u a r  c- c - t i c -c - i n ec 1 151 (I f  t i e r c t 1 i n g  1 4 . 1 2  1 5 . 1 2  0.0 , 1 3 . 0  24
t ii t’  1t 1 5 1 1  i t t .  CLZ L O I  I I r eq t e c n e ’y

__ _ __~~ - - - -— ~~~~~- —— - -- - - - - - — ~~~~~ —~~~~- - - - — ——— ~~~~~~~~~ _— - - — — ~~~~~~ ~~~-~~~~—--— ______ _________

+ Fea t  e r i e - s  v Iel  c-h u c. ,  r t ’ e o r d c - u l  n e a r  j u t e - c- c t u e r e r l  art- hit-nt I f  led
t by t h e  c o r r e - s l r u r l l i i t t 1 :  e ; t g i e ; c  I ~~i u - e t l  i i  c e - e l  ion

Table A,3. Suirmimmary of Treatments Using the Modified Threshold
Procedure Scheduled for Sonar School Tests
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uA R ]) ~-:AI~L SYS’l i i~~;

‘l i m e -  t ap e ’ s  t m : t -d as the  o e m r i e - -  of the  aud i t o m - y s t i m u ll i  I i e  t hese  t c -t ;t

a r < ’ t l t e  e f l i  I c i u d U C t  of ~t c-i I e : f U I l y  e - u ; i t i - u r l h’d sc :m ’ i e - u -~ of t a I i m ; ~’, s t I l t s .  ‘l ime

lic :u l i n e .  sourc  c S  i ‘ i~ i ft c-r e - u - t 1 C’t iC re -i - oi’de--d Ofl a I l Irge e van c- i  y of r is c -h  i~su u - u

a t  \‘: i i  crus t ap t - c-c j c ec ’d s  and r e cord ir m g t t  - u : U1 l (joe-S . Selec ted  por t  i o mm s of t i m e - - s i -

r a t -  r o u r e e - t ~q’ e u u  .-m re - r e - — r e - v  ord -d on to  1/2 i n c h  eut ~ i p n i t  t i c  L ; i p u u ;  i n  i-~-I r c - u - o r d  I ng

i t u n i c  ; u i m d  at ,  t, (c 1cr 30 i n c - i u c - s  i - - c ’ second .  I i u r i I m ~-, t I m e -  r e — r e c o r d i n g  of t l ie-se

n ,  a I i i ’  Ui p t-s , a d j  ut-u t :1 _ ci t Is j i s de -  f u e r  Im y d ro p imo rt e or o the r  f r e q u e n c y  \.,r u  I g ht  ing

a l u i r e a r i r i g  C I I  t i n ’  r aw d a t t i  . The si gn;~ic ; a re  also p r e - .-; i t i t c - i c c d  b y an am ~ e I  i f i e r

w i t h  a 6 dP I - c -c oc t a v e ’  i n c r e a s in g  p a i n  vs f req m i - n u y beh a v i o r .

The m a s t & - i -  t ap e s  s e rv e  as i n p u t s  to a ny  s tm m u l i i  r ecord in gs  w h i c h  use

a c t u a l  re-co rdu 3 t u a r i n e  s o t i i m d s .  A l t e r n a t e l y ,  a we,c i g icted n o i s e  source  r c :uy he

suies l  i t u t e d  f or  c - i  t imer  iuu e u c ;be r  of the  exposure  set .  Recorded ocean ambi e :nt

or shaped noise-  s e rve s as t i t e  back ground  noise a g ain s t  w h i c -h  the probe signal

is p r e - c ; e I i t  e d .  Thcc-~: v a r i o u s  si gnals  -mr e p roper]  y t nrc mul t i leicoed by no ons

of arm a n a l o g  s e l e c t o r  wh ich r e - c e - i v e - c u  c o n t r o l  si gna ls  f rom a di g i tal  u ; c - c ~u v- n cer .

F i g u r e -  A .  1 shows the  various c o m p o n en t s  of th e -c  sy s t e - - u n  needed to create’  p r i n u a r y

tape - s I ri ce - c  m a s t e r  t ape s .  The f low of analog and d i g it a l  si ~c cs] s is a lso

shown . In  Fl c - c u t - c - A .1, t h ose c o m p o n e n t  s ‘, , l i i c i m  t i r e  no t  spec-i  f it - a l l y i m u l i c a t e d

as being commercia l  i t e m s  we-re f a b r i cat e d  at  t ime  App l i ed  R e - s c - a r c h  Labor i-m t o r v .

l~1ost of these c t en c p on e n t s  wer e - -  desi gned and buil t by the  a u t h o r.  Time m a j o r

por t  ions of the  s y s te m  w i t h  the except ion of the analog inpu t  tape  u n i t  are

p i c t u re d  in F i g u r e  A . 2 .  Necessary  i n t e r c o n n e c t i n g  cabl ing  ima s been o m i t t e d

from this p iiotograp im , howe-ver. Fi gure A .3  shows t ime  s e q u e n c e r / c o n t r o l l e r  in

greate r  d c - t a i l .

The digital sequencer and associated controller orchestrates the required

f u n c t i o n s  in r es ;eonsc  to a s imp le program s tored in a read—only  memory .  The

sequencer starts and t Ib I a ;  the o u t p u t  t ape  drive , s e q u e - m m c u c ;  the various audio

sign : i  i s , and cause-s  t h e  g e n e - r u m b  ion of con t ro l  si gnals  which will be used at

t he  U-st s i te  to i n d i c a t e  re sponse per iods  and to record responses.  The exact

order  of the  p r o c e s s  I s  d e t e r m i n e d  b y a p rogr am se l e c t o r  and by the  s t a t e  of

sense s w i t c h es . The s e t  t l u g  of t i m e  ba lan ced m i xer  is performed manua l ly  in
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Fi gur e A.1 Flow D iagram , Creating Primary Tapes 
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response- to a que li ght w h i c h  i n d i c a t e s  the response p er i o d  po r t i on  of t ime

audio sequence

A d i r e c t  r t n - c r r d c d  m o n i t o r  channel  of t h e -  o u t l eu t  t ip e -  is cu c ;e d f o r  v o i c e

a n n o t a t i o n  of c - c i t  t m u m z u b e ’ m ’s on t i m e  p r i m a r y  t a p e s  and to record a 12.5 k llz p i l u u t

t one .  T h i s  t e)nc it ; on du r ing  v a l id  po r t i ons  of da t a  on ami I-~’I r eco rded  a u d i o

channel  and an FM r ecorded  c o nt r o l  ct , ann ct l . Ibis  con t ro l  channel  has tones

for control of the response recorder and a balanced mixer setting proportional

VCO outpu t .

C u t s  f r o m  the  p r n v a r y  t apes  are r e— r e c o r d e d  on to  t ime f i n a l  aud~~o t a p e s

in a r a n d u ’m i z e d  o r d e r .  The mon i to r  ch annel  of the p r in m a r y  t ape  is used both

to loca t e  t h ue -  des i red  cu ts  and to allow for  voice anno ta t ion  between events

on the a u d i o  t a p e - s .  This voice annota t ion  of event numbers and of special

i n s t r u c t ions to time listener is usua l ly frost  a c a s se t t e  r e c o r d i ng .  A phase

locked l o o p ,  a n a l o g  se lec tor  corumbinat ion , insures t ima t  the objec t ionable

FM d i s c r i m i n a t o r  noise ou tpu t  w h i l e  s ea rch ing  time p r i ltuary  tape does not  appear

on the  t it l e-S used f o r  l i s t e n e r  t e s t s .  F igu re  A.4  d iagrams th i s  a s p e c t  of

the  r e c o r d i n g  process .
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