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"Perhaps for~£he,firstﬂtimep since‘-the.need for vision, I
have ‘become ‘aware of the-relationship between. the environment
andwmys‘.el.fo A relatiOnship ch$racterized by the "Self=Conce§t“
in which I have more certainty in realising the distance,
speed -and grandeur of objects, moving or otherwise; Due .to
this factor, I find‘mysélf concentrating more on my own ..
physical plane when moving. through crowds, Previously, it was
necessary -to concentrate on.£he position of people .and whatv
they might-do. But with the use of the USG*, I can obtain.
this information well in advance and therefore, am able. to
consider which for me would be .the most suitable mode of

bypassing.as it were, gracefuilyb“
7th October, 1969.

" from the daily training notes of-
I. Pivac, a blind university.
student, during training with the
binaural mobility aid described
in this thesis,

*ultra-sonic glasses
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ABSTRACT

The problem of designing an auditory display for a
binaural mobility aid .for the 'blind is investigated. The
basis for the project was the binaural linear F.M. echolocat-
ion mobility. aid proposed by'Proff L. Kay. The sciences of
engineering- and psychophysics are freely intermixed to define
the optimal form of the azimuthal dimension of an auditory
spatial. display.

It is shown that to. take advantage of- the frequency domain
range coding it is necessary to use ‘interaural amplitude
difference (IAD)-as the localization cue.. A series of experi-
ments- confirmed -this and suggested:- a modification. to the
system concept. .

An extensive: psychophysical inveétigation'ofvauditory
localization with IAD determined the parametriciform'of the
localization function, from~whiéh the azimuthal dimension of
the display was specified and analysed. - The problem of -
genefating this display from an echolocation system is dis-.
cussed.

Measures of the resolution.capability of the -auditory
system in a static.two object ehvironment are .presented. A
computer simulation of the ‘auditory display was .used to -
justify the use of data‘derived.from~dichoticfexpefiments to
specify a display for use with head movement. Adaptive
strategies for estimating the localiéation function:arekdesf

Ccribed. .
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CHAPTER 1

INTRODUCTION

1.1, The Nature of the Problem .

The advent of modern technology, particularly-the develop-
ment of solid-state circuit elements, brought with it many
proposals of electronic devices -to aid. the mobility.problems
oé the blindl’z’B.' Many of ' these devices were tried but then
rejected by,the\blind;population because they allowed .only: a
marginal improvement in mobility. The emphasis in-the develop-
ﬁent of many of the early devices was placed upon the-engineer-
ing and technology of the-.aid itself, With—littlefthought,tq
the. psychophysics of the mobility . function or the sensory
modality used for the display.. Unfortunately, the state of
the art.in tﬁe science of mobility aids is. still such that the-
designer must-.resort to:-intelligent try-it~and-see methods,
with both laboratory and field evaluation of proto-type aids.
Nevertheless the. need for greater understanding.of sensory
processes ‘and percept- formation is now recognized- as essential
for a successful visual présthesis in the human mobility
function, -and much current research'is;directed toward an
understandiﬁg-of:theknon—viSual modalities,

It -has commonly been stated® 9: 4’5’that~the engineer
should take care in his design-not to confusthhe blind user-

with too much infermation., This type of reasoning has led to:

the proposal of many devices with-simple -binary state displays



of the 'stop-go' type, usually with tactile or auditory.
communicatione“g° 6;7; However, the—definitién of information
is "that which increases .the organization of a system", which
implies that too much information.cannot, in fact, be given

to the blind person. The: infermational content of the
sensory display must be defined relative to the human
observer, not an idealised ‘signal analyzer. Careful consid--
eration must be. given tO'the‘systém»deSignwtovensure“that~the
signals-at the display are matched to the behavioural .
characteristics of the sensory modality chosen. The.
dimensions of a-display must be chosen with. regard to

absolute identification of stimulus magnitude, differential
disgrimination‘Sensitivity-ofaeachadimension and masking.
effects in-a complex sEimulUs situation.

The. project described in this thesis washconcernedrwith
deriving the..characteristics of an optimal binaural display
of information.from-a two channel. echolocation system. The.
basis of‘the research was- the binaural ultrasonic mobility

aid'as-propost by Kay8,9,10,ll,12

and which is covered. by
British' Patents Nos. 978471, 978472 and 3366922. This device;
and ‘its monaural counterpart the Kay-Ultra. 'torch', differs
from the majority of previous mobility aids in that-they are
true environmental sénsors,-with‘no information reduction
before' the auditory display, In the-research-described here
the'sciénces of psychophysics andgepgineering were freely

combined in drder‘to use the:behavioural characteristics of-



binaural audition as’ the basis: for the system specification,
Although exktensive literature exists on-the psycho-
physics oﬁ binaural hearing there has been an emphasis- in
the past on qualitative descriptions of localization-
phenomena. It was therefore necessary to. re~examine
experimentally some of the well known aspects of localization
reported by early investigators (circa 1920). In these ‘ex-
periments the emphasis was on deriving quantitative data to
be 'used in an engineering design; with estimates of the spread
6f individual differences of the localization: coefficients
over. the populatien.. This data.was used to define the two.
channel echolocation system. Other experiments were designed.
to eétimate the resolution capabilities of the auditory dis-:
play in a static-environment. Simulation studies using an.
idealized computer generated display were used to estimate -the
localization function- in. conditions of free head movement. - In
thesefpsychophysical~éxperiments'extensivexuse was -made‘ of on-
line computingitechniques, using both- analogue .and hybrid
computers.,. The particular forms of stimulus and response pro-
cessing used are believed to be new and could be adapted for-

use in psychophysical studies related to other modalities-.

1,2 Project History

The concept of a binaural mobility aid using. a linearly
frequency modulated echolocation waveform was devéloped‘by
L., Kay in.1959, but active.research on- it was deferred for-

some-years because of the system: complexity.  During. the



intervening period research-was concentrated upon a monaural
hand-held version of the aid; which after‘preiiminary‘
evaluation proved to be promising eﬁough for a commercial
version to be produced-by Ultra Electronics- Ltd,. England.
Although it has been found that~tfaining is necessary to use
this aid to its full advantage the ¥torch® is in active use
by blind people throughout the - world and is without doubt the.
most successful of any electronic mobility aid to date.

in early;papers‘g!9 Kay hypothesized- that the. sonic
navigation capabilities of some echolocating bats could be
explained on-similar principles. to his proposed binaural-
mobility aid. In these papers the localization phenomena
associated.with such a, display weré stated to be dependent
only: upon propagation path length differeﬁcesd In 1965ll the-
additional use of the binaural intensity ratio, commonly
denoted in logarithmic units as an interaural -amplitude
difference (IAD), was 'suggested, It-is shown in tHis thesis .
that IAD is the only active localization cue in the.display.
Early experiments on -a prototype system confirmed that there
- were localization phenomena associated with theadiSplaylz,»
but the first quantitative measures of these effects were
~carried.out by the'author (see Chapter. 3).

Upon Professor Kay's arrival at the University of:
Canterbury in 1966 .an-extensive programme commenced with
research based in. three areas.

i) The requirements and control -functions of human mobility. -



ii) An investigation of the binaural display of .echolocation
returns
iii). The'-technology of the device (ultrasonic transducers and-
electronic development).
The investigation into the difficult area of mobility did.not
reach -fruition but the work ovaartinlB, associated with the-
technology of the.device, resulted in significantly improved
prototype models that- have been used in field evaluations.
The‘second‘category‘of-reSearch-is~reported-here;x
A peripatologist, R.W. Pugh, was appointea to the
programme in late .1968, Working with devices developed-
during - the programme he has been able to show that the

binaural- aid. can'be of benefit to non-visual mobility.:

1.3 The Role of the Mebility Aid-

Little is-known.of human control functions in the.
environment. A working hypothesis on the role of the-mobility
aid was derived. from a qualitative model which embodied the
behavioural featuresof mobility.® The model is shown in Fig,
1.1 and is briefly -described hefe from. an introspective view-.
point.

All -actions of the mobile mechanism are defined as being-
based upon a mental- image of the environment, derived from
the perceptual processes and a-priori information. Mobility
may be explained by the effect of a finité‘Set»of'éfferent

motor actions upon  .the integrated set of re-afferent sensory
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FPig. 1.2 Efhancement of perception with a sensory aid -
the elements of the information processing.



stimuli across all modalities.. The formulation and -
evaluation of .a control -policy in the execution of a task.
(or set .of: sub-tasks) is, therefore dependent-upon. the
efferent/re-afferent transformation of the sensory stimuli
pattern by each action. Clearly the model resembles a basic
feedback -mechanism but-it~is4defiﬁed;to:exhibit*predictive
and adaptive behaviour.  The sensory stimuli need not- be
derived from. a terrestrial environment;'the¢rolenof~a
simulator. in the training of complexrcontroi tasks is to
substitute the. re-afferent effects ofkafreal,environment by
an artificial set~soAthat~new,control-pblicies may be
developed:

The blind person's loss of ré—afferenticontaqt with the -
environment severely restricts the formulation.and evaluation
of control -policies, and awkward movement results. Satis-
faction, from interaction with the environment, and
motivation are reduced. Furthermore the. involuntary nodding,

rocking -or ungainly headmovements all classed as 'blindfsms'lA

*

reéultgdirectly-fromrthéﬁseverely limited efferent/re-.
—afferent kinaesthetic feedback loop..

The. role of £he mobility aid is to restore the. percep- .
tion- of spatial relations; that .is to reconstruct upon some
display»the‘spatial:nature»of;the\immediate»environment in a
form that may be.readily»assimilated through some. non-.
visual modality.. The failure of the obstacle detector may be

seen immediately.. Although a measure of confidence may: be"



given. the user, the basic problem has not been solved for
the binary state display allows only two -possible actions:
"stop" or "go". The person using the obstacle“detector is.
still forced. to use -his remaining senses to communicate
with the environment,

The elements of the spatial perception process using a.
sensory aid are shown in Fig. 1.2, Objects in the' environ-
ment~perturb a- spatial energy distribution.. A receiving
aperture-is used to sample the perturbed field and after. sub-
seqgquent signal processing a multi-dimensional display is.
presented at the man-machine . interface. - Further sensory.
decoding is necessary to form a percept, Tanner;7; in a-
speculative paper, proposed.that visual type of experience
may- be'derived from stimulation of non-visual modalities..
His arguments were based-upon signal detection theory and-he-.
defined the.réquirements~for spatial perception as a one*to-
one mapping. of the.environment on to a non-visual sensory
display. Optical imagingAtechniques-havetbeen used to' .
generate~a two dimensional tactile:displayl6 which allows..
the¢recognition<of_simple”form815° The- present stﬁdy is con-
cerned with signal processing of the returns from an active

echolocation system for coupling to. human audition.:

1.4 Thesis Organisation .
In Chapter, 2 characterization of' the environment  from.

echolation signals and-the restrictions imposed upon the



display form by the auditory system, are discussed. It is
shown . that the display used. in the FM aids is-one of the few
that will allow perception of multiple .objects.. In Chapter
3 a brief.description of the prototype system is given and
experimental studies of binaural localization phenomena
associated with the display are described. The results of
these experiments enabled the system.to be defined and
re.dUndantvbinaural:cueseliminated°

Chapter 4 is devoted to the psychophysics of the,
binaural localization of tones using IAD. Experiments are
described which were designed\to measure - the effects' of
stimulus parameters upon the localization function; and to.
estimate the spread of individual: differences in the-blind
and-sighted populations,

In Chapter 5 the parametric form of the. localization
function is used to define the--idealised display in
engineering terms. In analyses of the peirformance of this
display it was necessary to use simplified models. of the
azimuth estimation process. The emphasis-in ‘this -particular;
chapter is upon pfoperties of the display, rather-than upon.
characteristics of the auditory localization process. The.
idealizations imposed. in Chapter 5 are-relaxed in Chapter 6
where the display of a practical system is- discussed.

Chapter 7 describes psychophysical experiments designed
to estimate'the. resolution capabilities of the auditory

analyzer in a .static multiple object environment,
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In Chapter 8 a simulation.of the display using an
analogue computer, is presented. The simulator is extended
to include an adaptive strategy in an attempt to make ‘an
efficient estimate of the parameters of ‘the localization
function.

The results of the work described in this thesis are

summarised\in,chapterx9;



11

CHAPTE R 2

AUDITORY DISPLAY OF ECHOLOCATION INFORMATION

2,1 Introduction .

The waveform and signal processing to be -used in an
echolocation system is restricted by the behavioural charac-
teristics of human audition, - In -this chapter it is shown
that a temporal display of range, .coded directly from : -
"'propééétion:délay,iwill-iﬁhibit the perception of multiple
objects within a range annulus of up to approximately 20 feet.
width,i It ‘is also shown that the -two dimension  (range x
azimuth) display used in the FM mobility aids is one of the
few that overcomes inhibition of all. but -the nearest object.

It is implicit in the following discpssions,that,the
echolocation mediﬁm is air-borne sonar. Although the analyses
are .general, the . examples will assume that the-?élocity_of‘
propagation is that of sound.in air, i.e. approximately
1130 ft/sec at réom'temperatUre.’

The choice of sonar is dictated by both theoretical’&ﬁd
practical constraints. The temporal resolution constant of
Woodwardl8 is a measure of the total signal ambiguity of a
waveform and~isjproportional to the occupied bandwidth...Tﬁis
may be related directly to a similar range resolution constant
by a factor preportional to the velocity of propagation, ﬁt
can then be shown that spatial resolution in the immediate

environment -can be greatly enhanced by the use of sonar, -
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In fact, a sonar system with a bandwidth of 50 kHz is capable
of the same range resolution as a radar system with a band-
width of 45 GHz. Present day techniques will not allow a
portable radar system with this bandwidth, ‘but a bandwidth

of 50 kHz of ultrasound'in air is feasible With simple tran-.

sistorized circuitry and electrostatic transducers.

2.2  Spatial Information in Wide-band Echolocatlon Signals

Classical radar signal'analyses%8 concentrate .upon- the
estimation of target range R and range rate %%‘from»theﬂ
propagation delay t since

2R -

2.1
c

T =

where c is the velocity of propagation. The analyses assume
a narrow fractional bandwidth for~the,tran§mitted waveform,
so that no spatiéljinformationAother than delay may be -
derived. The resolution in propagation delay is limited by
the width of the autocorrelation . function of the. received
waveform. Scanning .techniques are normally<uséd~to recon-: -
struct thercémplete target spacei‘

| With wide-band signals further spatial information is
contained in the returns. Consider the environment to be a
linear, passive time-invariant element. Then the environ-
ment is completely characterized by the -impulse response.
hé(t)fas measured at-the .transmitting and receiving apertures
of the echolocation system. No information other than that -

contained in the impulse. response may be.derived. from
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observation of the réceived signal, but the7structure of the
back—scattered-wide—band,signals'will contain further .
information that is ignored by the classical -analyses. The
feceived‘waveform r(t) will -be ‘given by convolution of .the

transmitted signal s(t) ‘with the impulse response, . i.e..

rit) = [: s(o)hé(t-q)dc‘ ‘ 2,2

If the -autocorrelation funection of s(t) is a-Dirac delta
function § (t) the -impulse response may be immediately found

by crosscorrelation of r(t) and s(t). because -

Rpg T

i

: .f_w h, (o) R (t=0)do 2.3

or - Rrs(r) =, he(I) . : 2.4

by the sifting‘propérty‘of the -delta function,‘where-RrS(T)
is the input-output cross'cérrelation function and .
RSS(T) = .8 (1) is the.autocorrelation function- of the trans-
mitted signal s(t).

Let the object space consist .of n resolvable elements

with angular coordinates specified by the vector 6. each

with an impulse response hn(t) so that
hy (t) = E;hn‘t“'fn’ 2.5 -

where-rnﬁis the propagation delay of the nth element. The -
naerw—band,apprOXimation1a$sumes.that hn(t)'= G(t-yn) for -
all n. Then if the transmitter /receiver aperture pair has
an effective\impulsefrésponsexha(t;en).wﬁich—is uniquely

de fined by-en,;the'recéivedmsignal will be.



g

r(t) = s(t)e ] (h (t-t)) @ h_(t;0) | 2.6
n -

where @ denotes convolution, so thatiwithra—priorinknowledge
of hh(t)«and wide bandwidth s(t), the .coordinates. 6  may be
found.

Cahlanderlg:derived,a similar model as a plausible
explanation of monaural perception of elevation by echolocat-
ing bats, - He ‘defined the pinna (oute#regr) as a 'gain-
dispersive' antenna, and, with‘thepimpliéityassumption-that-
hn(t)‘=-6(t),nderived a-signal function -that igzmonotonically
related to the-probability density function of the best
estimator of\enAin noise. .

Consider. now a two channel system with two. receiving,
apertures, denoted by the‘subscript i-= 1,2 with impulse res-.
ponseéxhéi(t;e). If Ri(w) and S(w) ape~the‘Fourier'tranSe ‘

forms of r; (t) and s(t). respectively‘and;He(@)'and H_,

l(w;e)

are the Fourier transforms of‘he(t),and hai(t;e),*then with

suitable constraints upon Hai

(w; 8) a function G(w;d) may be
defined, e.qg.
Ry (w) |

G(w;e) = -I—W[-

lHal(“’7e) I

. : 2.7
HaZ(w’e}l ; ‘

1l

or G(w;9)

which uniquely defines 6. Note that for this estimatqr the
assumption of wide bandwidth is not necessary. - Even'if
s{(w) is a single frequency, 6 may be specified in a single

dimension.
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It is interesting to-note that .a similar mechanism has .
been proposed.to explain binaural perception of elevation in
echolocating bats, Grineli;and~Grinellzq suggested from
neurOphysiologicai studies that ‘coding of this form was
present -in the responses of-auditory-units at the level of
colliculus and that-estimation of G(w;6) from  three.spot
frequencies -should-serve to locate an echo unambiguously-in
azimuth and-elevation. A similar model. to the -one described .
above was developed by the author (Appendix 1) as a plausible.
explanation of the role of the pinnae in passive,binauralr.

sound localization. This is disscussed further below.

2,3 Human -Auditory Spatial Localization

The‘neprall%mechanisms:and,stimulus attributes. that
allow thavperception of the spatial position of a sound.
source. have yet to be quantifatively—defined, .It has been.
shownuthat\the,azimgth and elevation of a wide-band source -
can be determined:binaurally, and to arlimitgd“degree“
monaurally, without.head movement. This, together with the.
ability to discriminate,front and back, cannot be explained
by simple binaural aifferencego

It is commonly accepted ‘that the primary localization
cues,}interaural,time difference (ITD) and'the‘binaural-in;
tensity ratio (denoted.as IAD) interaét to provide?cuesvfor
the estimation of a source's azimuth. Recent studies have .

shown the pinnae to be essential for the perception of
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elevation, Roffler and Butler?4 reported: that wide bandwidth
signals with components above 7 kHz are necessary for the
perception of elevation. ' They found. that vertical localizat-
ion was no longer possible if the pinnae were rendered
ineffective. - Batteau25 found. that .spatial perception.of a-
remote ‘environment with dichotic stimuli was.possible only if
the two microphones were fitted with replicasﬂof‘the.pinnae.ﬂ
It was found that the high frequency components were .
essential for true spatial: localization and that subjects
fitted with reversed pinnae reported inverted vertical
localization and reversed .front-back discrimination.-

Batteau concluded thatnthe,spatiai:information.was'coded‘
upon the incident sound field as delays that wére recognized.
per. se by the central nérvous system, whereas Roffler and
Butlerusugéestedvthqt a comparison of the spectral modificat- .
ions at“the two ears was used.in the evaluation of the.
vertical coordinate.: This ‘latter. hypothesis is essentially
the same "as the method of estimating the,angular.coofdinates
of-a reflecting soufce outlined in Section 2.2, If the
pinnae are. defined as having transfer functions Hai(w;e)
where i = 1,2 as before,.and the, sound. source is described in.
the frequency domaih by . F(w) then some monotanic: function of

F(w)H_q(070)

F(w)Hé,é(Q;e) 2.8

G(w;98) . =

will serve to define 6 as in Eq.(2.7). In Appendix -1l a model.
is developed -showing that, for cértain classes of signal,

|
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peripheral binaural interaction does produce coding of -this
form.

Dynamic: localization with head movement -provides
secondary kineasthetic cues., vWallach26 created an illusion:
in which the position 'of the source reacted in the. opposite
direction as the head was moved. In this condition front-
back ‘discrimination was reversed. However, -Pollack and
Rose27ifound that subjects' responses to free field stimuli
were more variable when free_hea@ movement v}aszallowedo
This .conflicts with the finding that mechanically induced
head movements reduce. localization efrorsgg.

It has been shown that the localization mechanism. can
adapt, over a period of several days, to distortions in’
temporal and intgnsive~binaura1'cue529’30; Ithas found that"
active -interaction with the environment was -necessary for-
adaption.and. that this process could be accelerated by
training. Freedman-and‘Zackssl found that the ability to-
discriminate 'small.time differences was impaired(after
exposure to dichotic white noise, only if subjects moved
actively through the environment. These experiments show -
that the development and reorientation of the.auditory per-
ceptual space is dependent upon efferent/re-afferent sensory
feedback, in accord' with theﬁmobility model (see Section
1.3).

There are some subjective;localization phenomena that

are not related to the binaural stimuli., The-'proximity'.
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effect, reported'by‘Gardnele,'states that in the absence of
auditory distancetcues“Visioh.will{dominate,,and»the'apparent
source position will be: the nearest pléusible'location;
Another 'subjective effect is found with tonal stimuli, in
which case;thé appareﬁt‘elevation.may depend on. the frequency,
with.high frequenqiesgapparently'more*elevated‘than>low: '
frequencies%2’23§a

The.ability\of many blind:. people to use 'active or
paséive echolqcation, sométimesaat a subliminalwlevel;2733,
demonstrateSithat\audit@iy sﬁimulation‘canAresu&txinﬁa-nonf
auditory'(perhapsabettér~de8cribedvas 'semi-visual') type of
percept. The .common experience of those who use ‘facial -
vision'!. is reported as "feeiing.something»like a cloud on the.
face"l4}‘which is .evidence sppporting»theAhypothesisgof

. Tanner-]_'7

. There is no-evidence: of distance perception or
multiple object resolution-with -the natural .sonar, although -
it is found that wideband signals are essential -for its

operation,

2.4 Dichotic Binaural Phenomena -

Much.of:the?behavioural.research on' auditory localiiatioﬁ
has‘been‘designed around experiments. using dichotic stimuli@ ;
The common experience: of listeners.in,thiS»situation is that
thé‘image:no:longer‘has’the~spatialaattributes of.a diotic,
source;but;appears‘td originate from~withinathenheaao Under .

these conditions some subjects report no angular projection
;
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of the image 'and are .able to judge only the 'sidedness' of
the'intracranial sound, This experience has been termed
lateralization as opposed to‘truejangular.localization of the
image in space. Jeffress and‘Taylor4Q; in differentiating
between the two phenomena, found that the type of report that
subjects gave was dependent upon the task set.them.

The presence of a single-.image from binaural stimulation
implies interaction"at some level. Several researchers have -
shown the auditory system.to be extremely tolerant to.
binaural differences before fusion is destroyed and.a
separate sound heard at each ear. Ebata, Sone,and'Nimura41
showed that the maximum interaural frequency difference for
tones within which fusion occurred was dependent .upon -the
stimulus duration. - Deatherage42'used~clicks'of;different
frequency content to show  that fusion could be - maintained
provided the frequency difference was not too great.
Dichoticxwhite{noise stimuli will:give a fused image even.
when, the corrélation between-the,sourceéris.as low as.001'43;
Cherry and Taylor44 reported that to destroy fusion, speech
signals required- an ITD of approximately 15 msecs, which is
about 20 times that experienced in normal- hearing.

Woodworth45 used,‘as a simple model of the human head,
a sphere of diameter 8.75-cm: to calculate the ITD resulting -

from a source at an azimuth..angle 6 as
t. = 254(8 + 'sing) usecs

whieh has-been shown. to be in agreement with measurements



made at~the~,outer,ear»46n Objective measurements of the
binaural-intensity ratio are not so well behaved. Feddersen,
Sandel, Teas and‘Jeffress4§"using‘probe-microphones found. -
results that were_high;y variable between subjects, with
pronounced maxima and minima-as -the. source was{moveddabout'
ther head. - Their results, averaged over five subjects, are
shown in Fig@-ZO}ex The.variability inthe measuremenhts left
Feddersen‘et al at a losé,to,explain how«intensityacues'could
be used in auditory localization.. They concluded that
because the.same IAD can be: measured.at many azimuth .angles,.
the ‘cue of intensity must .be ambiguous. The.results of-
FirestOne47 lead to similar conclusions,

Neurophysiological 'studies have shown that ‘the peripheral
neurons cannot maintain -synchrony .with individual cycles of
the 'stimulus at frequencies; greater than approximately 1500 Hz.
At this frequency, thecwavelength of. sound:in air is. approx-
imately twice:the.intéraural distance so that ambiguous.
estimates . of  the source .azimuth wouldnreSultVfrom comparison
of phase differences -at-higher frequencies, For~tona1‘
stimuli, it is generally accepted that localization is
derivéd. from phase differences -for frequencies below 1500 Hz
and. intensity differences at higher frequencies.. .In-an
elegant set 'of experiments Mills48 compared-the.dichotic .
difference limens with objective measures of .the interaural
disparities-resulting when a-diotic.source was just notice-

ably .displaced from the median plane. The results, shown in
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Fig. 2.2, suggest that the maximum frequency for which ITD is
effective *is .1500 Hz, Sandel, Teas,‘Feddersen;and.Jeffress49
created an”artifiéial‘situation invwhich the.sound. was
loudest in the time lagging ear. - Above 1500 Hz the image was
localized toward the louder ear, while below this-frequency
the phase difference dominated., At approximately.1500 Hz
listeners were confused.

Quantitative measures. of binaural phenomena have shown 
that the stimulus parametersg(intensityf_frequgnCy,‘bandwidth,;
duration, -etc.) will affect results. Teasso;foundwthat the
localization of a low frequency transient was more sensitive
to ITD'tﬁan that of a high frequency transient. Tobias and
Zerlinsl studied the effect of -stimulus duration upon the:
difference limen for ITD and. concluded that the localization
mechanism- included a temporal integration with:a time coﬁstant
of approximately 700 msecs. Thejdépendénce of«the\limen~uponf
the: form of .the stimulus was -studied berlump»and Eadysz‘whO'
estimate&rthe*limen‘as 9 psecs for white noise, 1l -usecs for
a 100 Hz.tone. and -28 psecs for clicks.

The binaural localization cues.may be dichotically
tfadéd_agaiﬁstlone“another to give a resultant image*direction;,
The  interaction of opposing cues. has beenyshownpto be .complex:
and not explainable by simple .cue summation., In general,
localization in the presence of?opposing cues ‘leads to reports-
of the: image being\indistincﬁ,=and highef‘variability-in

responses. - Trading,fUnctions have been found to be highly



dependent upon the form of the stimulus with reported values .

3 and ~150 usec/db54g A typical set. of

betweén 1.7, psec/db>
trading functions, taken from reference 55, is. shown in

Fig. 2.3,

2.5 Perceptioh,ofAMultiple,Objects; A Restriction Upon the .

Form of a Dichotic.Display

In free-field listening, within 'a field of uncorrelated
wideband sources, attention may be. switched at will to a
single;source34; The *'cocktail .party' effect, as it has. been

called, allows a listener to concentrate ‘both ‘temporally and

spatially upon a single speakér»in‘a distributed field of.

i

interfetiﬁg~sour¢es$55‘

However, - the humanwauditory.system shows. a. remarkable
abilitylgo‘inhibitfconfliqting,localization information in a
reverberéﬁﬁ‘environmento ‘Although secondary. echoes may- be' .
perceived. as a change in quality, -the source localization is
based almost-entirely upon information contained in the.
direct path: component -of the,in‘cident‘_sound9 This phenomenon,
known as. the HaaS~oraprécedenqe effect36;‘has»been demonstrated
by Wallach, Rosenweig and‘Newman37,'under both”dichotié and
free-field listeningjconditions; With dichotic. stimuli a
click ;pair-will-be heard as a single ,click if the delay
betwéen them is less than approximately. 10 msecs, and-the.
aiiﬁuthal-imaga«directiqn~willvbe dominated. by. the interaural

differences in the~fir,st.click‘of'the;pairo In-a field of:



INTERAURAL TIME DIFFERENCE

2l

=3.0
L
2.5+ o
v '2.0"'
e .
3
9 1.5
2
~n
J
$2-tof
[}
J
z .
JE‘O-f" . o
[ ]
ql.g '_/o
L) LI ]
NT 0 1 L. s o0 e o |
60 L/ 80
.'./::}’(SENSATION LEVEL
IN DECIBELS
l 0.5k [}
0
% 1.0 SR T O I N )
w -~ -12-8-4 0 4 812
LERT Al RIGHT
= LOUDER LOUDER
& st
@
2.0
25
3.0

w

1)
I
1
N

1
-]

]
»
3
»

o
N

Fig. 2.3 Showing the "trading" effect between IAD and
ITD. Note the dependence of the trading function
(db/msec) upon the sensation level. (From David, Guttman
and van Bergeijk ref.55).



multiplensound»sburces only the nearest will ‘be perceived,
and the .perception-of direction.will be dominated by the
nearest source.. For:'some sounds the, precederice effect may
endure for as lohg as 40 msecs,.

The precedence effect eliminates the possibility of-
using a-real—time‘tempdral‘diSPlay-of:echOLocation~returns in
Which;object‘range is coded as delay.

It seems possible ‘that a‘time~expansion.of the -ultra--
soniC*pulées,’as‘reportédgby~Rupf64, might be used to overcome
the. precedence effect by increasing. the -delay differences;. but.
the rate of sampling the.environment must be reduced

accordingly. The perception of multiple objects in real-time

is dependent -upon -finding. a. form of range coding in which

spatially separated. objects are represented by uncorrelated

display signals. The only other single channel display

dimension is a frequency domain range coding., In-other words -.

the.signal processing must.code propagation delay as some

monotonic -function of frequency.

With this display form the- bandwidth of the stimulus must
be made as small as possibleto attain the maximum range.
reselution and to minimise auditory masking effects. It was
noted- in -the. previous section:that the perception of elevation:
required wide-band stimuli with coding impressed:by the pinnae
and head. The restriction of the display signal bandwidth
therefore will inhibit any attempt to encode the required

information., TFor this reason ‘a dichotic display of: this form-

i
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will be limited to. two dimensions (range x azimuth) and the.
directional coding will not be as used in normal hearing.
The factors.affectingythe\display of ;azimuth are further

discussed in Section. 2.4,

Where .the. criterion. is the perception of multiple

objects, the idealised display is one that uses tonal

stimuli, the. frequency of-which is a.function:of object-range.

The presence of7combination,tones3?'and\threshold»elevation'-
by,maSking38;'willﬁseverely limit, the attainable range
résolution in aumu;tiple”objeCt—environmentz(see Chapter 7),
but it has been found in .practice that .the frequency domain -
coding is far superior to.a temporal display. Experiments by
the author, using an ultrasonic echolocation system, have
verified that pulee<techniques allow- the pe:ception of only
the nearest object.

This form of display affects. the azimuthal coding to match
thexiocalizatignufunction‘because propagation path length .
diﬁferences,‘which*iq normal hearing give rise to phase
differencesv'will~be‘displayed;as an interaural fredquency .
difference (IFD).:  There is no SuggeStiQn,in‘the-literature¥
of a lateralization with.IFDi‘and~ingfact{forvsmall IFD the
instantanequs‘phaSe difference may. be recognized so.that a.
laterally,oscillatinq,image—results§8;a With this type.of
display only the -envelope structure of the dichotic stimuli

remains for localization using ITD. -
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The basis of this thesis is the. specification of the.
dichotic azimuthal display. The literatufe reviewed indicates
that in normal hearing the image position is dependent upon a
complex interaction of- binaural differences, but it is shown
in Chapter 3 that the.localization. . phenomena associated with-
the prototype system.ngbased«upon IAD alone.. The-.rest of the

thesis defines and examines-this unnatural cue usage.:

2,6 Range Coding in the Frequency Domains The Linear FM

Echolocation. System

The mobility aids proposed byKaysfﬂ12

‘usea linearly
frequency modulated transmitted.waveform and;muitiplicativef
signal processing, which codes the range of a reflecting
object as the frequency bf;the«auditory\stimulusb - This form
of echolocatien display therefore overcomes the restrictions .
upon multiple object perception by the precedence. effect.
For this reason the FM echolocation:system must be considered
to be optimally matched to the behavioural characteristics of
audition,

The derivation of the audio signal by the multiplicative
signal processing is 'well documented66’67 but is presented
‘here‘for completeness. . THe linearly. frequency modulated

transmitted waveform s(t) may be written .

2
- 1 , .
COS(mOt +, »mt, ) 0 < t o< T

s(t)
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where TS is the repetitionvperiod,‘Ta is the pulse duration

(T_..<T ), t

o » = t-nT,, n is an integer 1,2,3cc0, @

0 is the

instantaneouS‘angular frequepcy when:tn = 0 and m is the rate

n

of change of angular frequency. The instantaneous angular

frequencygwi at.timeltn is

Wy =Wy + mt.. 2,10

Let the transmitting and receiving apertures be mnon-dispersive -
and. isotropic--and let the. impulse-response of the environment
be

so that the received signal will be,. from Eq.2.2

| r(t). = s(t-1), 2.11
The‘receiver\signal processing consists of multiplication of
s (t) and,r(t)‘followedfby-low-pass‘filtering to retain only

the: difference component f(t) which is the audio signal i.e..

2% ,
f(t). =- %COSCmTtnv+ wyT = Bmt™) T < tn < Ta
2'0'12‘
=20 : ‘ T <t/ <T_
a n S

The'range coding is. contained.in the frequency wa of £(t) i.e..

= -.._R 2013

from.Eg.2.1l.. The frequency domain expression for f(t) may be-

'found:by:evaluating the -Fourier transform



T _jané T 2 =jwtn
Flw) =% ) e [“acos(mtt_ + w,T - Hmt<)e . dt 2,14
which gives. T -1

T -t sin(w=mT) Z - j(wOT-%wT)
= L = - : ! -
Flw) 2wSG(w kws) . T e. 2,15
(w=mr) ~S
where,ws =7%1"and‘k is an.integer‘l,203°°°@ This ‘line spectrum
s

exhibits maxima -in. its envelope when.

w = imt

and zeroes. at frequencies

 om. nm ,
w o= i.IT?R t T;:T}. for n = 1,2,3c¢c 2,16

The  audio signal is thereforg“q repetiﬁive burst of-tone .
whose,freQuency ié‘linearlyrprOPOQtional tolthe range of -the
object. This form of range display allows a restriction in.
the bandwidth of the analyzer without decreasing the system
range. resolution capability. In the -normal temporal display
theﬂsighal bandwidth must be maintained through the
analyzer, if the fullrad?antége of the'transmitted. waveform
bandwidth is to be‘.utilised9 With the -frequency domain.
coding a bandwidth'restriction will only~limit;the region. of
the enyirbnmentlthat‘ban be examined, but the range
resolution will be-unaltered within this visible.region.

Therefore the echolocation system described above 'allows the

t



information gain derived from wide-band signals to. be
presented without loss at the auditory display.

Kay has shown that the absolute judgment of range is
enhanced. by the frequency domain range coding, compared to.
auditory estimates -of :delay using a pulse\echolocation
system§9; It is shown in the next section that the frequerncy
domain,diSplay—gives\an information increment of only 2.3
bits per stimulus presentation,~howéVer.the auditory -
differential sensitivity to stimulus frequency has been shown
to be wvery great (as low as 0,003 of the meanyfrequencyGS)o
This means. that, when related'to the requirements of mobility,
this. display form will-provide efferent/re=éfferent
kineasthetic feedback that.will be extremely sehsitive to
changeé‘in1rangeg - In a practical echolocation system Doppler
, effeqﬁé will affect the kineasthetic feedback;; this is,

¥

discussed further in Chapter 6.

2.7  Multidimensional Auditory Displays

An early‘aﬁtempt”to substitute the auditory for-the
visual modality.in an instrument monitoring task was the
Flybar (Flying- By Auditory Reference) display56‘developed‘
during World War II. Multidimensional displays-using
frequency modulated tones and binaural differences were
studied’in flight simulators to investigate .the. possibility
of ;auditory display of turn, bank and airspeed. Thesauthorsi

concluded. that the amount of training.for non=-pilots. to use:



the auditory display was approximately the same as for the usual
visual display.

Mudd57 evaluated a three dimensional display (frequency,
intensity and interaural difference) to determine. the
effectiveness of auditory cuing in.a multiple instrument
monitoring task. ' He concluded. that the frequency and inter- -
aural differeﬁcé dimensions were the most effective in
reducing‘reaction time. -

A study which is relevant to the present work is that of

5? who used.a two dimensional .display (frequency x inter=.

Black
aural difference) to '‘represent the spatial position of a pen
on a square writing: surface. The horizontdl coordinate ‘was
displayed as an interaural difference and the wvertical
position‘was coded .as the stimulus frequency. It was found.
that,handwritten—letters could be recognized at -a rate of 20
letters/minUtéP' Anothervéxperiment,askedxsubjects to .
indicate the pen position:on 'a sheet. The stimuli were
derived from the nodes of an 11 x 1l square matrix presented
in ‘random order. The results of 'this experiment are repro-
duced in Fig., 2,4 where the mean responses are shown-as
white: nodes and the true positions.as black nodes.  This .
study demonstrates that with training subjects are able to
relate .a two dimensional display to the generating spatial
coordinates,

The informational content of multidimensional displays

has been investigated by several groups. . Although mainly of:
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Pig. 2. The spatial perception afforded by a simple
two dimensional (frequency x interaural difference)
display representing the position of a pen on a writing
sheet.

The mean response at each black node is shown
as a white node (From Black ref.58).



academic interest, these studies have shown that the auditory
system is limited in channel capacity. The original work of
Pollack59'showed that the vast majority of human' subjects
cannot, in'a task requiring absolute ildentification, discrim=-
inate more than five logarithmically distributed: isolated
freguenciess Similarly,_Garner§o‘hasnshown that only five or
six 'states of -absolute dintensity can be recognized., These
studies show that in a recognition task a single-dimension
display allows” an - increment of dnly 2.3 bits per. stimulus
presentation.:

Pollack and,FicksGl’extended the dimensionality. of the
display to-:include frequency and intensity with other
independent stimulus parameters (direction, noise content,
duration etc.) and concluded that the maximum information per
stimulus presentation:could,be increased'to:approximately,7

bits., This finding has been supported by‘other;workers6af63o*
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CHAPTER 3

EXPERIMENTS IN AUDITORY. LOCALITZATTON USING A

3.1 Introduction:

In an early set of experiments Kay reported: that he was
able £é localize:the‘image and maintain’:fusion:when using a
prototype model of the binaural mobility aidlz° He concluded
that "the localizationﬂeffect-was the result of a complex
interaction bétween the binaural differences:generated by
differential propagatiOn.delaysi(ITD and IFD) and- differences.
in the angular response of the two receiving apertures (IAD).

The experiments- reported in,this\chapter were the first
quantitative measurements of the auditory-localization-
phenomena associated with this auditory display. Two series
of -experiments were conducted to estimate .the effect of the -
inherent binaural -differences upon untrained subjects. The.
first of these experiments waswdesighed to -verify the
existence of ‘localization cues ‘in the display and to attempt:.
to map the azimuthal dimension-on to the,auditory;spaceh
The subsequent experiments were designed to study the
activity of the -three binaural differences .in the localizat-
ion -process, -

From the results of these experiments it~wa§ possible

to.modify the concept of the binaural system and design a.
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modified echolocation' system that.overcame:several disadvan-

tages in the prototype display--

3.2° The- Binaural Linear FM. Echolocation System

The mobility:aids‘proposedlbvaay are .designed afound
the linearly frequency modulated waveform and multiplicative.
signal processing. described in.-Section 2.6.- The elements of-
the binaural system are shown in Fig. 3.la."

3.2.1, ThezErototype“SystEm: The: electronic circuitry of the-.

device used-in the experiments was similar to that -of.-the. 'Kay
. Sonic Aid' manufactured by Ultra Electronics Ltd, and described
by‘Martinl3, with the addition of a second receiver channel,
Slight modifications were madé,to the receiver. preamplifiers

to reduce*capaciti?e'loading of thejeléCtrostatiC~transducers
by.the connecting cables..

The - transducer geometry of the prototype-headset is shown
in Fig. 3,lb;.therac£ual headset used in the experiments is
shown-at the. top of the Frontispiece. The radiator was .a
solid—dielectric‘electrostatic—transdﬁcer}3'inqthezform of a
600\circular arc. because of the thééretical constancy- of thé
beamwidth of this aperture configuration over a wide bandwidth770
In‘practice;these;circﬁlar arc: transducers proved extremely
difficult to make and- they weré later abandoned in favour of a
simpie;disc'rddiatoru(see.Frontispiece)n Two' 1 cm diameter:
transducers, . with a beamwidth of approximately 500, were-used.
as receivers.

The- parameters of the echolocation waveform s(t) were
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Fig, 3.1a Block diagram showing the elements of the
prototype binaural system.
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Fig., 3.71b Geometry of the electrostatic transducers
of the prototype bhinaursl system.



Y
P

37

Repetition.period'(Ts) 250 msecs
Sweep duratiOn’(Ta) ‘ 220 msees
Sweep limits 90-50 kHz
Envelope: rise time- 20 msecs .
Sweep - direction Downward

which gave a range:coding at the display of‘320‘Hz/ft9f (In
practice it is necessary to limit. the bandwidth of s(t) to
slightly. less than one actave to prevent ‘harmonic inter- .
modulation products from appearing as spurious display.
signals,) ‘

A spectrum analyzer -capable ofaresblving-spectral~lines
2Hz apart was .developed by the‘auth0r7«._8 (describedfbriefly
in»Appendixl2)<to,examine;the nature of the audio signals..
The ﬁeasured spectra were found to bear little resemblance

to. the theoretical

812;5 form derived in Section 2,6.. All

“measured'spectré had -a pronounced 'sidelobe' on the high-

frequency side of the:main peak. This distortion was found
to be present in-all of the monaural -mobility.aids from Ultra
Electronics Ltd, and. can be explained by.the presénce of .
higherﬂordervterms~injthe\frequency modulation- of the trans=
mittedfwavefbrm79q',The.eqvelopes~and amplitude..spectra of
typical auditory stimuli in.theuexperimental situation are .
shown in Fig. 3.2, |

3.2,2, Binaural Differences .in the Prototype:System: The two

receiver transducers were separated by 16-cm, which is

approximately the normal interaural-spacing, so as .to
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preserve propagation path length differences.. From the
geometry shown:in Fig, 3;3fthe\path‘length difference AR
from an 'object at range R .and azimuth 6 will be

2

2 2 , 3 2 o . L
AR = . (R7.+ 4"+ 2Rdsing) °* - (R” + d° - 2Rdsing) . 3.1

where 2d. is. the receiver spacing. The ITD (At) and IFD (Af)

are given by

. _ AR
A= ==
302'
. . MAR |
A= o

where C is the-velociﬁy;of§propagatipn,‘and m:is the: ratée of
change of angular frequency as defined in .Section 2.6,. |

Calculated.values of these ‘binaural differences are plotted
in Fig. 3.4. Because -the dependence of AR.upon R is small,

the limiting form of Eq. 3.1, i.e.

lim AR = - 2d sin 0
R+ -

is a satisfactory‘aﬁproximation:overmeSt,of'the‘working
range of the device.
It should be noted. that inh a. two channel systém with

spaced receivers the estimation of objectvbearianfrom path

39

length differences will;introduce~multip1e target ambiguity.

If:n resolvable objects are .present . within a range annulus
of -width equal ‘to the receiver. spacing, estimation of both
range and direction from- propagation delays will give nz

possible-objéét poSitionsSQ;‘ Sugh,ambiguitiesvmay be.

resolved only by a_series of independent measurements. on
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different baselines.
‘ If the, azimuthal polar reSponse,functions“qfvthe,two
receiving:éhannels;areldénoted?Fi(e;R), where the subscript
i ‘denotes. the channel (i = 1,2), th¢n~the”IAD:(AI), expressed
in“decibels,~at the display will be
' F,(0:R) ,

AT, = 20710g104F5T§T§T'° 3.3
If;the<£wo receiVing;aperturesware'identiqalﬂwith{an\
azimuthal‘responseaF(ei),uwhe;e ei,%s‘the:azimuth'Subtended;
at»each:aperture;sthe“IAD-wilL be

F(8,)

AI R 20 lOglO \F"'(_e—z's" ° _30'4’ ‘

From- the. geometry shown™“in Fig, 3.3 the azimuth angles will

be:.
T i :,;",
_, [[R* +.@® = 2rd cos(f.+ (-L)Te)1°7]
6, = cos ! — e i‘ - 3,5
R sin(f+ (-1)%6) |

The range dependence of AI may bé shown by substituting an .
analytic form for F(ei); Fig,  3.5a shows the variation of AI:

for.

_ ‘ 2
F(ei) = exp {,Yei] 3.6

where the constant y is chosen to specify the.beamwidth -of -
the. aperture response. « The variation of AI in\thg‘figuren
'was computed with.y.=~4°49.which corresponds to-a 6dbubeam—
wi«dthxof‘450° ,The;ratibnale!fof choosing. this eXpreSs&on for .

F(ei).is discussed. in. Chapter 5,~s@ffice'it to say -at this -
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point that this form is an. approximation to the measured
response of the electrostatic transducers (Chapter 6).
Additional IAD may be introduced by splaying: the two
receiver apertures.outward at an ‘angle o as shown in Fig.
3.1b,. The expression for IAD then becomes |

AL = 20~loglq;iqﬁziar : 3.7 .

The measured.variation of IAD with object azimuth in  the
prototype system, within the environment used in the experi-
ments described in this . chapter (R.= 3'1?), is shown' in

Fig, 3.5b for values.of a of 0°2,,10°,.20°, .

3.3 Experimental Methods”

All experiments were -carried out using dichotic. stimuli .
derivedufrom~a‘static-environment., Although this experimental.
situation does not simulate -the-use of a mobility aid in“a
dynamic’ environment, it'doesxenableaa study of the binaural
cue ‘usage without interference from secondary cues.such as
head mQVEment«and-kinaesthesisq,

The'environment for-all but one. of the .experiménts con-
sisted: of a single lO"'diameter‘precisionfbrass;Sphere sus-—
pended 3'6". in front of the transducer assembly in an
anecboic chamber, This range was chosen. because it wasvone‘
half-of theﬂspecified{wquing\range of the“'Kay-Sonié'Aid‘,1
and because the. signal to nbise ‘ratio at the diSplay-was\much”

reduced, at appreciably -greater ranges. The headset was



Plate 3.1 Whe prototype binaural echolocation system
in the experimental environment for localization
experiments.



pivoted so that the effective azimuth angle of the sphere .
could be altered, The,subjects;were;seatedfin_an adjacent:
room and listenetho the signals without knowledge of the
object azimuth angleg,

In the localization experiments. an objective measurement
of the azimuthal image direction was .required. 'The:common
psycho-acoustic techniques. of matchingSl}_centringsz, and -
nullity83 were unsuitable because they do not recordlthé“.
imagejplacementa' Furthermore, it was .desirable. that the
image indication method should be suitable. for ‘both blind and -
sighted. subjects. . Therefore, methods that involved:pointing.
in the direction of the image, or:.notihg a position on a
horizontal chart, were not satisfactory because of their
dependence on vision and the requirement that  the.head
position. be fixed throughout-each experimental session.

The: method used waskthatvdescribedﬂby,voanekesy84; A
pulsating jet ,of air was.directed on -to the subject's fore-
head as shown in Fig, -3.6. The subject's task was to align
the tactile sensation with the auditory image so that the.
image direction could then be read directly from.aiprotfactOr,‘
or monitored externally.. Because' the apparatus was affixed.
to the subject's headset, all measurements. were made with
réspect;to the auditory egocentre:.and there-was no need: to
restrict head movement, This methdd forces -the. subject to
localize the image in azimuth~and’therefore‘lérggly

suppresSes,reports}of pure”lateraliZation4o.‘



Fig. 3.6 Schematic representation of the method
of image direction indication used in localization
studies (from von Bekesy, ref. 8l4).
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All subjects who took part in the- following experiments
were qugrgraduate.or‘graduate,malé‘studentsﬂin Electrical
Engineering, none of whom had-previdUsly participated in.
psychophysical experiments. Audiometric tests were given to
all subjects to ensure the absence of any threshold-

abnormalities..

3.4 The'LocaliZati¢n'Ability‘of'Untrained'Subjects~using the .

'Prototype,Auditory‘Display-

This experiment was designed to confirm the.localization
phenomenarreported'by_Kay12 and to estimate”the quantitative
mapping of the azimuthal dimension of the display on to each
subjeqt'S‘auditorymsbacee The observation of Kay that the.local-
izafion'abiliﬁy was affected by the splay angle-o was examined

by measuring localization curves with. o set at OQ, lOQ, 20°.

S
The. object azimuth angle 6 was randomised within and

between sessions, with stimulus preSenpationsvat~300, 200}7100,

0O

to the left and right of the median plane. At each.
stimulus presentation- the subject's task was to indicate the -
image direction using the apparatus described in Section 3.4,
To prevent possible 'adaptation of the auditory space no corr-
ective feedback was given to subjects at any time.. Several
sessions were devotedrto.familiarisation“with‘the,task,‘

and during one of these sessions all subjects were informed
verbally that the object would‘alWays lie within 30° of
theAmedian'plahe,ialthoUgh,they should feel free to

respond- in..any direction if appropriate. This was done for
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reasons similar to those given. by Sayer585

yle€o tbFindicate*
to subjects- the expected range of responses, . It was
realized.later‘thatvthis instruction had significantly
influenced the" responses,

The. stimulus frequency was centred-about. 980 Hz., In.
retrospect it would appear that this frequency may have been
an unfortunate choice, ‘for later experiments (Chapter. 4)
showed that the localization function exhibited minimum .
senéitivity at approximately 1 kHz.. The sensation level .in
each headphone. (Akai ASE-9) was adjusted to 50 db.when the"
object was on. the mediaﬁ plane.,

Seven. subjects were used, although it¢was necessary to
discard two of them as: reported beloﬁo, Ten observations at
each object azimuth were taken over a total of ten sessions
per;sﬁbjecto« No attempt was .made to hasten: responses; T
subjects reported verbally when they had made their judge- .
ment, The stimulus was remOvéd‘after each response. to
eliminate possible cues from movement..
Results: Two subject were -unable to assign any directional
Quality to the image and reported that they either heard two
separate sounds at the two ears or that the sounds appeared
. to surround them° There was no noticeable improvement after
several periods of explicit corrective feedback, so it was-
.thefefore necessary to discard both of these, subjects.

The other five subjects were able to localize the image

immediately, although one (RJA) reported from time to time



Lg

that fusion had broken down with the result that he heard
two distinct tones; one at each ear. With practice he was
able to .maintain fusion throughout the experimental

sessions (c.f. Thurlow .and Elfner86

). Two other subjects.
(DB and JE) expressed difficulty at times because the image
appeared to originate from behind thems They found that‘with'
practice it was possible to. project the image forward.
Localization cﬁrves,-relating~image and -object azimuth
angles, were plotted for the five subjects and were 'found to
be: similar in form. Mean localigzation curves.for the data
from~all\subjectsxére presented in Fig. 3.7a and the rms error-
curves are shown in Fig. 3.7b., The localization  curves for
_a'single sﬁbjectJare=shown, for comparison, in Fig., 3.8..

Discussion of Results: It was found from discussion with. the -

fivefsgbjects,‘at the completion of the. experiment, -that they"
had learned to-recogﬁiZe'the"extreme angular positions (30°
either side of the.median‘plane), by the reduced stimulus
intensity at the fringes of.the polar response of the. trans-
mitting transducer, and were confining theif responses. to
within the 60° sector mentioned to them in- the instructions,
The\aétivity of the binaural differences at the extreme
angles. was,therefore masked and doubt exists as to the true’
effect .of the angle ‘o upon the quantitative mapping of the
binaural differences on to the auditory space;‘
Nevertheless, the. experiment proved that the prototype

display contained localization information that could be
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RMS localizstion error curves for sll subjects.
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used by the majority of subjects without training. The fact
that for some subjects binaural fusion was not present at
all times suggested that the azimuthal display might be

optimal. This is discussed further later in this chapter.

3.5 The Role of Path Length Differences in the Localization

of the Image from the Prototype Display.

3.5:1. The Role of ITD: The experiment to measure the

activity of .,ITD in the.localization mechanism was ‘based upon
the argument .that if ITD was :being used, the addition of a
further delay in'either channel would -cause a detectable

shift in the image position. - The experiment proceeded in.
three parts as-follows:

a) It was first,established that all subjects were "able - to
use. ITD in~theflo¢élization of‘dichotically identical stimuli
by using the signal from a‘single channel of the prototype
display applied:to the two ears with a differential -delay.
After two familiarisation sessions the image-placement was
measured for delays in-both channels of 0, 100, 200, 300 usecs.
Twenty=-five observations .at -each delay were recorded, for each"
subject and-localization:curves were plotted. For this part
of the experiment»fhe.spherevwas‘located.on the median plane
(9 = OQ) and the splay angle 'a was set .to doq The sensation
leveiVin éach;headphone was .50 db.

b) In the main part of thé experiment the subject's task

was to track the:image position as the differential‘delay

was continuously varied between * 300 usecs. Stimulus
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presentations were randomised, between the full binaural
~display and that derived from a single channel as in part
(a) above.. The subject was required to give a

"movement" or "no movement" response., This part of: the
experiment consisted of 14 sessions, with two sessions
devoted to. each of the seven.object azimuth angles 6 = 300,
2Qo, 10° to ﬁhe.left andaright,Hand 6 = 0°, The splay
angle o was zero and the. sensation: level in_eaéh headphone -
was 50 db when 6 = 0°.

c) The final part was:designed to test an. apparent anomaly
in\the‘reSuits'of part (b). The experimental method was the,
same but. the object was caréfully‘aligned‘on to the median.
plane sp that the audié\signals‘fromvthe‘two channels

remained in phase. throughout the pulse.

. The additional time delay was introduced by using
teleScoping sections of acoustic waveguide to insert acoustic
paths of different lengths.in the two channels.K as described |
by von Békésyg79‘ The unit is shown schematically in Fig.
3.9.. 'If the difference in path. length is Al -then the’

differential delay At will be

_ AL
At = - ""é"'o 304

Substitution for the acoustic velocity of propagation in air .
gives At/Al = 29,2 usecs/om. The end 10 ft of each tube

was, filled with acoustic damping material (wool) to reduce-
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the amplitude of standing waves. The measured variation of
amplitude with delay was less than 0.5 db over Ehe full
range Ofvde}ay~(i-l msec) . The frequency response of the
unit was within 3 .db between 500 Hz and 2500 Hz, which was
agequate«for the narrow band stimuli used in the experiments,
Rgsgl;sp
a? All threenstjectS were able to localize the-image
immed¢a;ely§ Tbe*least squares line of -best fit for individ-:
ual localizatio? curves.had slopes of: DWB 00139/usec,
PMC O,,-J_J.Io/psec,‘JDH‘001_49/usec° ' The regression coefficients
o$‘phé“three~curVes‘were highly significantv(p‘<,OQOl),'.The
datq of the three subjects were pooled to give the
localization curve shown«in-Figo-B;loa The slope of this
curve (O¢1279/usec) shows good agreement with the.objective -.
- meagurements of:ITD resulting from-a displaced'sourCe46,’which’
indicates that Femporal differences~wouid probably be ﬁsed
for -the localization of the experimental stimulus in a -free
field s#tuation; |
b?~ The secgnd par£ ofqthevexperiment gaﬁetconcluéive>result$;
No -gubject reported any movement of the image'over the total
range .of interaypral delay (t 300 usecs) with the full
b+naura; display,»and all;reporteé-image movement for-every
stimulus derived;fromga single channel of the.system. There
were no reports of breakdown.in binaural fusion. during this

‘experiment,



c) When the object was .carefully aligned on to the median
plane;,sq,that the signals. from the two channels remained

in phase throughout the whole pulse, the ability of all
subjects to detect an image shift as the ITD was .varied, was
restored. However, it was found that a very slight dis—
placement of the azimuth. angle -(< 0059) was sufficient to
destroy this ability. |

Discussion of Results: The :first part of the experimert proved

the stimulus structure was such that ITD could be used for
localizaton by all. subjects -if the dichotic stimuli.were .
identical. This suggested that binaural mechanism would use-:
this cue if it was 'available in the:.display. However, when
the full binaural display was used, the. difference limen: (DL)-
for . ITD was eliminatedg(qr\at-léast degraded to greater than
the maximum delay of 300 pusecs used in this experiment)..
This was found to be so even when the object was on- the
median plane.. Therefore the third part .of the experiment

was undertaken to find the condition that would restore the
limen.. It was found that ?ery careful~alignment of the
object on to the median pléne; using an oscilloscope ‘to

check the -phase relationship betweén channels, was necessary
to restore the limen. In.part (b) of the experiment the ™
alignment had not been caréful»enough and'theksméll IFD was
sufficient to prevent the use-of ITD, It was therefore-.con-

cluded that the IFD destroyed the-ability to use ITD:
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When considered as a whole, the three parts of this
experiment show that the form of the binaural display
renders -the natural localization cue of ITD unavailable to
the auditory systém, The lack of -cross-correlation between -
the microstructure of the-dichoticnstimuli»deprives the
localization mechanism of the delay information.that would
normally be used, .and: the envelope structure of the tonal
stimuli is unsuitable .for the detection of ITD from an
envelope ‘comparison.process.

3.5.2. - The Role of IFD: The following experiment.was

performed to study the effect of IFD upon the*pérceived image .
position.

Pairs of stimuli were preéented, with the object at - a
fixed azimuth angle, in which the IFD in the first and second
stimuli differed by a factor of approximately 2:1 while the -
other.binaural differences were maintained constant. The
subject's task was to localize the_image on the first presen-
tation using the. inherent locaiization‘cues, and to indicate
the direction of any image shift. ('left'®, 'right' or 'no:
change') upon-the second presentation of the pair.

The IFD-azimuth angle relationship was altered between
presentations by switching a resistive attenuator into the
control voltage circuit.of the FM oscillator (Fig. 3.1la)
thus reducing the sweep limits to approximately 70-50 kHz.
The-.sweep rate m and hence the range coding were therefore

reduced accordingly. The change in frequency of the-dichotic
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stimuli was ‘compensated by changing the effective object
range. . It was found.in a pilot experiment that it was
impracticable to move the 10" diameter sphere between
stimuli, therefore the reflector was simulated by switched
remote transmitters at distances of-.7'0" .and 14'0". These
transducers were fed from.pre-set attenuators to.equalize the
stimulus intensity at.the two rangesl The differences.in the"
other. two binaural cues between the two IFD conditions with .
the object azimuth at~30°,”which-waS'the,worst case used in.
the. experiment, were subliminal (calculated difference in

ITD < 5 usecs, measured difference-in IAD < 0,5 db).

The order -of IFD presentation in the stimulus pair and
the object-azimuth anglei(30Q; %OO, and 10° either side of
the median plane) were randomised between and wi;hin_sessionsw“
The splay angle o was zero and the. sensation:level in each
headphone was 50 db with the object upon the median plane.
The same three. subjects who participated in,the:eXperiment on
the 'role of ITD were used iﬁ this experiment; théy»were»
experienced.in detecting any lateral image shift. .
Results:.The three subjects were able to use the inherent
binaural cues to localize the-image on the‘first»preSen£atiQn
of each ‘pair, irrespective of the order of IFD presentation,
with no reports of;breakdOwn‘in'binaﬁral fusion.  Although -
they noted.a .slight change in pitch between the two IFD
conditions, no subject was able to detect any change.in the -

azimuthal image direction. The experiment was discontinued-
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gafter each subject had spent three half-hour sessions.
attempting to detect any image shift.

Discussion of Results: The experiment failed to confirm any

lateralization of the image when IFD .alone is changed; as was
reported by Kaylz° The subjects were not able to detect the.
frequency difference or any change in it, therefore it could
not be used for the detection of azimuth as hypothesized. in
therearlier,papersg’g’loo However, this and the previous
experiments demonstrate that binaural fusion and localization

are not dependent upon correlation between the microstructure

of dichotic stimuli88°

3.6 The - Role of Interaural Amplitude Differences in the .

Localization of the Image in the Prototype System-

The centring technique was used to estimate -the IAD
required - to align a displaced image,for various object
azimuth angles, back on to the median plane. The resultant -
trading function estimated the IAD required to compensate- for
the summed»effect'of all active localization cues., Conclus- .
ions as to cue usage were inferred from the previous ex-
periments described in this chapter.

Experimental Method: A continuously variable differéntial.

attenuator was inserted.in the binaural audio channels as
shown ‘in Fig. 3.11. The,potentiometer\Wasvunder the subject's
control but was :designed so that only the experimenter could

see the calibrations.
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Pig, 3.11 Continuously variable differential attenuator
used in centring experiment. The subject was not aware
of the absolute setting of the potentiometer.
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Fig, 3.12 Mean centring IAD-azimuth trading function
for five subjects. The slope is 0.23 db/deg.
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At each stimulus presentation'the subject's task was to
adjust the potentiometer so that the auditory image was
aligned on to the median plane. . The object azimuth angle was
. randomised within and between sessions and was presented at
: 300 'QOO 110° left and right and 0° (straight aheadi., Th:
) tradlng function was estlmated from twenty ObSQLVaELODS taken
fat each a&lmuth angle,. All centrﬁng judgements were Stafr“];,

with the attenuator set for 0 ab dlfferentlal attenuatlon'an5

1

vno attempt was made to hasten. judgments. The stimulus ‘was
removed after each responseo

'Five~shbjects'were employed in this experiment; two (PMC
and JDH) haavpefticipated in the‘egperiments on the role of
- ITD and IFD; and the others had not previously taken part in
psycho—physical expe:'uﬁent,so Two half-hour familiarisation
sessions were given\tOpall subjects before results were
recorded.

The auditory display was -as ‘used.in previous experiments,
The reflecting object was the 10" diameter sphere at a range
of 3'6", the receiver transducers were set with o = OOpfand
the sensation level was adjusted to 50 db in both channels
when the object was located on the median plane ‘and the -
potentiometer set for 0 db differential attenuation.
Results: All subjects were able to centre the auditory image -
at all object azimuth.anglesglalthough some reported‘
difficﬁlty at times because of the diffuse nature of the

image. Trading functions were calculated from the regression
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coefficients of the object-azimuth--centring-IAD data; the.
results for individual subjects are presénted in Table ‘3,1,
All regression coefficients were highly significant-

(p < 0,01),

Table 3.1. 1Individual Trading Functions. for IAD Centring

Experiment
L Trading‘Function=, St.Dev. of EStimate
Subject db/deg | db/deg .
PMC-- ' <29 ' .07
JDH 1930 L. olO
AER- .23 .06
DR . 27 ’ .06 -
RPS - 17 ' .07

The results of individual subjects were compared in an
analysis of variance (similar to the one developed in:
Appendix 3 for.a factorial design) to test the significance
of differences -in the. slopes:-of the regression lines.in a -
one-way classification. It was not possiblé»to réject—the
'null hypothesis of a common trading function for- all.
‘subjects. (p > 0.1) therefore all results were pooled to derive
a mean estimate of thewtradiné,function of 0.23 db/deg,‘of~

object azimuth,



62

The trading function derived from the pooled - data is .
plotted. in F;go 3.12. The correlation coefficient,between
the mean centring IAD at-each azimuth angle and the measured
IAD at that angle was calculated.as r = 0.97, which suggested
that subjects were compensating only for the .IAD in the |
display.

Discussion -of Results: The activity . of IAD in the localization

process must berinferredlfrom the results of the previous

experiments, and- the correlation between centring IAD:and.

measuredzIAD at each object azimuth. This-experiment. showed
that, within sampling errors, subjects were compensating for
the summed- effect of-all cues with: an opposing IAD which was .
almost' equal to the IAD in the display. Because.it was shown.
Sin theiprevious'expefiments that the other binaural differences -
had no. localization effect, it is reasonable to conclude that

the only active localization cue in the display isIAD. .

3,7 Conclusions as to Cue Usage.

The conclusion .drawn from the above series of experiments
was that IAD was the only binaural difference.recognized by.
the localization mechanism.- This finding is at variance with
the conclusions drawn by Kay-l2 who described a series of
experiments on the“role of-the binaural differences. It was-
stated that with -IFD aloneand in combination with ITD a-
definite lateralization of the.image resulted; experiments

described. . in this chapter- failed to confirm these phenomena.
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There was an implicit: assumption in Kay's experiments

- that when the transducer. splay angle e was zero there was no
IAD in the display;. the author has shown this to be incorrect,
see Figs 3°5a_and;3.,5b° The binaural cues .in these experiments
were therefore similar to those of the experiment described in
Section 3.4 with o = 0°. If‘the‘IAD~is,conéidered, the
qualitative results of Kay's experiments are-reasonable ’and
agree with the conclusions of ‘this 'chapter. -

In the. same paper Kay found. that with ITD alone there was
only a vague lateralization effect;“The'results~of the
experimentﬁon'ITb:in'this;chapter showed -a definite and
senéitive localization effect when: the dichotic stimuli were
correlated. However, the stimulus' frequency. used by Kay was.
3 kHz, which is well above‘the‘accepted'maximum-fréquency of
1500Hz for the recognition'of phase differences -by the
localization mechanism. The author considers that the vague
lateralizationveffectSnreported by Kay were caused. by the IAD

in~the«displayo.;

3.8 The Effect of Object Orientation upon Auditory

chaliZation~with'thefPrototype System

In localizatioﬁ exberimentstusing objects with- a direct—
ional back-scattering reSponse~i£rwas fouhd that~the image .
direction was~criticallyrdependent.upon thekbbject_orieﬁtationa

For example,-with- a metal strip 2" wide on the median-plane at

a range of 5' a small rotation (approximately 109) was
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sufficient to completely lateralize-the image in either
direction, This ‘effect is not the same.as that induced by.
head movement, when .the azimuth angle of the object is
changed.

Consider. the geometry shown .in Fig., 3.13., Let--the.
rscattering object at P have.range R, azimuth 6 and orientation
p as shown, Thenjthe‘amplitude-ofrthe back-scattered energy
may be' described by a function B(6+p,%) where 6+p is the‘angle
of the incident energy and y is the"scattering,anglec In this -
situation the IAD AI® Will~be |

F (e, -u)B(9+p,6 )

I}
AL 20 log, F(62+u)B(6+p,6 ]

Il

B(9+p,9 )

AT + 20 loglo m——r

Il

where AI is given by Eq043;661 The condition that there will
be: no detéctable change in image -direction with orientation-
is
B(6+p,6 )

20 lOglO —73:37—_T < $8I for all o,
where ¢6I is the psychophy51cal dlfference limen-in IAD.. For
a-given. object the function- B(e+p,w) will be~flxed‘so:that\
the design of the echolocation system so as to overcome this
effect will be dependent. upon the rélationship between 61
and 6. The localization experiments with finite'rgflectors
showed that £he prototype display was not satisfactory.-in:
that it did not preserve a oﬁehtofone mapping of the.

environment on to the auditory space.
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Fig, 3.13 Geometry showing addition IAD impressed
upon the display by a directional scatterer.
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<aperture elements

Pig. 3.14 A possible method of eliminating path length
and scattering angle differences by synthesizing the

angular displacement of two receivers using a single
aperture.

1 |kdelay elements.
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3.9 The Modified Binaural Echolocation System

The experimental work described in this chapter showed
that the auditory display from the prototype system was not
optimum for the following reasons:

i Some subjects were able to detect the dichotic frequency
difference by a breakdown in binaural fusion (Section 3.4).

ii. The display contained redundant binaural differences that
were shown to have no effect upon localization but which:
could have introduced additional variability into the
subjects' responses (Section 3.5).,

iii For: some environmental objects the apparent azimuth angle
was ‘critically dependent upon the orientation of the
object (Section 3.8).

iv Theractivetlocalizatiqn cue, IAD,was dependent upon the;
range of the reflecting object (Section 3.2.2).

These four factors have -a common cause}‘the'spatial separation

of the two receiving.apertures. |

The. author proposed that path length differences should -
be ;:eliminated by ph&sically mounting the. two receiving
apertures'as;closé‘together\as possible, In this»mbdified”
system the binaural differences caused by propagation delays.
are elimingted~(6r made as small as practicable) and 04 is -
made*equal to 62 so that the range dependence of IAD'and the
effects of directional scatterers are "‘eliminated, The .only .
remaining binaural differénce is IAD, which is a function

only of the system parameters, namely F(6) and o, If 6, = 6,
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Ed.. 3.6 may be written

F(o-
AL = 20 logy, FT(‘E?L%)T

In the following chapters the form of F(6) is derived so that
the display IAD is matched to the behavioural characteristics:
of the.localization. mechanism,

The idealized echolocation system based on. this concept
would use. a.single receiving aperture to derive the" two
dichotic signals, as shown. in Fig. “3.14s With a suitable
linear delay taper—acrOSS‘theltwo outputs from the array the -
signals in the two channels will be the same as that derived
from two separate but coincident apertures., If the spatial
separation of the elements is -§x the delay At between:
adjacent eléments to simulate .an angular displacement'a will
be

At = 5% sind .
. G '

The form of F(6) can-be -controlled by further amplitude’ and
delay tapers across the aperture.

The present state of air-borne\ultraéonic transducer.
technology has required. the -use of separate but adjacent
transducers. The eVQlution of a suitable transducer geometry
for the mobility aid can be. traced through -the Frontispiece,

Extensive tests were carried out .to compare the.
original and modified displays in both static and dynamic
environments, A modelxqf the mobility aid-was made in which

the tWO{diSplaYS\COUld be compared. by switching between two:
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sets of receiving transducers (see the second model in the
Frontispiece) , the first palr spaced at the normal interaural
distance,. the second pair mounted vertically above one
another. The modified display was found to be superior and
has been used on all subsequent models-of the mobility aid.
In the development of the specification, and the . |
estimates of the performance of the'binaural'echolocationk
system in the following chapters, the modified system is
assumed and-all analyses are based on the estimation .of

azimuth from IAD -alone.
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CHAPTER 4

THE LOCALIZATION OF TONES USING INTERAURAL -

AMPLITUDE DIFFERENCE

4.1. Introduction:.

The experimeptal results of Chapter 3 showed that in a
display using a frequency domaih range coding, IAD is the only
binaural difference that can be used as the azimuthal dimen-
sion. A specification of the analytic form of the azimuthal
response of the receiving apertures, to map the environment on
to the auditory space, is therefore dependent upon a
quantitative knowledge of the IAD localization curve. - Iﬁ
order to.detefmine;the.range of system parameteré requiréd to
match the system to all individuals it is also necessary to
know the spread othhe_coefficients'of the-localization
curve throughout the blind and sighted populations.

Two experimenté were conducted with dichotic tonal
stimuii to derive'quaﬁtitative data on the effect of IAD:
upon the' auditory- image direction. The first experiment was-
a detailed study of the 'within subject' dependence ofﬁtﬂel
localization function upon the stimulus parameters. The::
second experiment used a larger sample, containing;both-E
blind and sighted. subjects, to estimate\the sprea% of the
éoefficients ofvthe_lééalization.functiono' A third

experiment investigated localization phenomena when the IAD
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was time varying, as is the case with the dichotic signals

from an echolocation system,

The object of these experiments was to measure the
peréeptual éffect of IAD and to gauge the reliability of this-.
display dimension. Some of the questions that were implicit.
in the experimental designs were:

i What is the required analytic form of -the IAD-azimuth
angle relationship to map the environment on to the true
auditéry space,. and will the . coefficients of this function
have to bé'determined,for-eachiindividual?

ii Are there any significant differences in the localization.
functions of the blind and sighted populations?

iii Is the .localization- function frequency dependent, i.e. .
will there be interaction between the range and azimuth -
dimensions?

iv. Is the-localization. function intensity dependent; i.e.
will the apparent direction of an object depend upon the
scattering cross-section and, the system power gain?

v Is the localization function dependent upon' the stimulus
duration (as it appears to be when ITD is . the.active:

cueS;),'and the .repetition period?

4.2 Literature Review. .

89,90

Despite. the volume of the literature” on dichotic
phenomena there are few references of direct relevance -to

the present study. The majority of works  that .quantitatively
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define the effects of .IAD were published in the. period circa:
1925, when the available apparatus did not accurately

specify or control the stimulus parameters. More .recent -
studies have tended to concentrate upon defining the role of
the binaural differences in normal hearing, and the experimen-
tal: techniques devised. for this purpose have not given
quantitative measures of the dimage direction,

In an early paper Stewart and Hovdagl'reported~that-the
azimuthal .direction of a low frequency tonal image :could be
expressed in the form
6 =K log EB. + 8

IL 0

4.1

where 6 is the.estimated azimuth,—IR and IL are .the. stimulus
intensities in the right and left ears respectively, K is a

constant .defining the activity of the cue, and eovis:the‘
value of 6 when £he IAD is zero. In a later paper Stewart92
reported. that IAD was ineffective in displacing the image.
over:. a range of -frequencies: between 200 and 4000Hz. Other

worker593’94

‘féiled to confirm this effect éhd'concludeq
that IAD was effective;over.the,whole;audio spectrum,

Recent -papers relating the. image .displacement to
dichotic differences are :rare.. Researchers have "concentrated
upon defining‘thé‘phjsiological%sitgs,of binaural interaction,
and :measuring therintefrelation betweén dichotic, phenomena

andebjective binaural differences at-the outer -ear in free

field listening. - In these studies; two. experimental methods
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have commonly. been used, both of which are variants upon the
psychophysical method of averageierrorgsov The' interrelation
between cues has ‘been studied by the 'centring' method, in
which a disPlaced‘image is realigned on-to the median plane by
another\cueﬂacting,inﬂoppositiongzo (This method was used to
.investigateithesrole of IAD in- the prototype. display, see
Section 3.6.) The'matching' or 'pointer' method uses a second
dichotic image as direction indicator. Observed localization
phenomena may then be related to known binaural differences' .
in - the .pointer stimulus which is usually wide=band noisestl°
Neither of these methods gives a direct-estimate’of the effect
of a~sipgle;cue acting: alone,. and:have led to different con-
clusions as to the physiological processing of IAD.. For
ekample,,Deathérag'e‘and'-Hirsh?G;,'”using‘centring‘te,chnique,s7
concluded: that' IAD was,effective‘only‘inwvarying the latency
of peripheral»neuronsjrwhile'Hansbn97;’and*Moushegain,and,
Jéffressg8;‘usingjmatching, inferred- that IAD must be recog-
:nized per se by the tentral nervous system.

Many experimenters have reported-that, under conditions. .
of unnatural binaural stimulation,. discerning subjects are-
able .to report the presence ofamultiple“images99’lOO'lOl}102°
In centring experiments two images may be reported; one' of
which will be dependent upon time.differences. for its lateral -
position, the other dependent upon‘amplifude differences.

The ‘trading functions for. the two images differ greatly in-
magnitude. In reporting the presence of-dual -images in

‘dichotic loéalization experiments Trimble%9 stated that IAD
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alone did not give rise to a splitting of the image, whereas
phase differences- alone.did so. . He reported that the dis-
placed image was sharpest and best definedjwhen‘IAD was the
only localization cue. . Other. workers have .contradicted. this
finding by. reporting the.image to be ‘diffuse and ill-defined
under impressed IAD103’104; Sayerslo5 reported difficulty in.
conducting localization experiments using IAD because of the -
imprecise nature of the image. .

- There is further 'conflict in papers defining the role of.
IAD in free-field localization:;: As pointed out in Chapter 2,

Mills?®

concluded that IAD was actively used for localization
of tones above lSQOHz,-whilé'Feddersentet al467found that
there was insufficient IAD - induced from an offset source to
explain localization.at frequencies below-5kHz:.

The available .literature ‘on the effect of dichotic IAD
must- therefore be.described as contradictory. I-would appear
that the conclusions. drawn are. dependent upon the experimental
techniques used. Even between. recent papers there exists .such
differences in the-results and conclusions that it is not
possible. to collate the available data and produce .a unified

theory/of:auditoryulocaliZatiOnlO6o;

4,3 The Effect of IAD upon the-Azimuthal Direction -of a Tonal
Emiggw
This experiment was -undertaken in an attempt to resolve-
the contradictions in the literature,on thenquantitative

effect of IAD, and to investigate the effect of:the stimulus
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parameters (frequency, sensation level, duration) upon the.
localization: function., The experiment was .constructed in a -
three way factorial design with seven' levels .of  frequency,
five:levels of pulse duration, 'and three levels of sensation
level, In:each cell of the design, seven- levels of- -IAD were
applied, each a total of ten'times, to derive the coefficients
of the localization- function.:. The activity. of the cue was
estimated by the slope of. .the localization curve..

The-.levels of the factors in the design are defined. in
Table- 4.1, A table of random numbers was used to divide ‘the.
complete block of 735 stimulus. conditions into. seven'sub- .

blocks .each containing 105 stimulus conditions. .

TABLE 4.1 . DEFINITION OF LEVELS: IN.THE FACTORIAL DESIGN.

Factor. Units .

Frequency Hz 100 - 300 500 1000 1500 3000 5000

Duration . . msec., 50 100 - 250 500 * - -

Sensation- db. 40 60 80 _ _ - _
level. N

IAD db 8 - 4 2. 0 -2 -4 -8

*Continuyous tone

These sub-blocks weredpresented,iﬁ randomised\directiqn and

order, between and within .the ten repetitions-of the. complete
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block.. In a pilot>studyrrun before the main experiment,. the
localization® function for two stimulus conditions (300 and
3000Hz at 60db. sensation' level and 250 msecs duration) was
estimated., The purpose of this part of the‘exéeriment;was
twofold: to familiarise.subjects with the experimeéntal
technique,and:localization~task; ahd‘to,eStablish’thegstatisv\
tical significance and-the. form of»the—lbcaliZation;curveo
All subjects épent at -least 15 sessions on.the pilot study -
and did not proceed to the main' experimént until an ahalysis .
of;variance_for a- linear regression had éstablished that the .
slope of the localization curve was significant -at-p < 0.0l

Experimental- Apparatus: The stimulus generator was built as.

a special.unit with push button 'selection of the-stimulus
parameters, The block diagram of the apparatus:is shown in.
Fig. 4.1,

Thewtone\generator»was,an’ampiitude(stabilised~We;n
bridge ,oscillator with harmOnic'contént‘of less than 1%, - The:
pulse duration and repetition period were controlled by a
synchronous gating circuit that was triggeredbe‘positive%
going-Zero—croSsings of ‘the oscillator. All pulses were
therefore "an-integral number of complete cycles in duration.
No attempt was made to shape.ﬁhe,rise—fall-chanacteristics;
of'the‘envelOpe,7other,than the inclusion of a-small time
constant. (250 pseCﬁ) to eliminate'the switching transiernts
from the FET gate. The breakthrougﬁ‘from‘the”géte.in the.
'off' condition was greater than -80db with respect to the .

'on' condition, -
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Fig, 4.1 Block diagram of stimulus generator. The
apparatus is shown in Plate 4.1 together with the image
direction indicator.

Inset: The elements of the synchronous gating logic.
See Appendix b for definition of the symbols.
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The switched .attenuators .(sensation' level: and IAD) were
constructed. from 0.1% tolerance"resistors.H,Pre—set~equalf
izers were 'used to compensate:for the heédphOne response and-
the. frequency déﬁendence of .the audiometric threshold. The.
buffer:ampliﬁiers,;and:headphone,drivers were compound emitter
followers with\anfinput'impedancetgreater'than‘AmQ and an
output impedance of less than '50Q.

The choice of_heédphone type for- this.experiment was
based ‘upon -a series~of:tests,of~the,repeatabilityaof;the
measured. sound pressure .level (SPL) on successive fittings:
of -various headphones.to. a-synthetic rubber mould of the
human pinna. It-was found that 'large amplitude standing
waves,were‘seﬂfﬁp in the aural cavity at frequencies: above
1500 Hz for circumaural and supra-aural headphones; at high. .
f;equencies;thé‘measured SPL was Critically dependent upon
the‘heégphone ﬁbéition; ’The}most;repeatable,results were»ob—v
tained with an'insert~t§pe of headphone with.moulded poly-
styrené inSerts; The units-used:ih the .experiment were con- -
structed #rom dynamic microphone inserts, (Akai DM261) - fitted.
in ‘turned brass. cases.: Thesefwefetacoustica&ly coupled to
the ear insert by polystyrene‘tubing~(inside diameter: 2 mm,
length 10 cm) that was léosely.fil&ed with acoustic.
dampingrmate‘r‘ial‘to:ﬁ:éduce'stan:ding'wav,es°

The image direction indicatibn,apparatus”was basically
ﬁhe same as used: for the experiments iﬁvChapten:SQ The

subjects generated the pulsating air jet with a rubbef



-
=l %
Plate 4.1 Equipment used in dichotic IAD localization experiment.
The subject is holding the image direction indicator; the meter at

i S
right provides a remote readout.
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squeeze bulb. The indicator position was ‘taken from a
potentiometer fitted to the headset and was monitored exter-
nally by the experimenter. -

Calibration: The ‘SPL from the ‘two. headphones' was ‘calibrated

in an ASA 2 cc coupler using a capacitor miérophonej
(GRlSSl:Pl).and1sound‘level'meter (GR1551-A) , *. The
calibration was done with' the ear ingerts -and. connecting tubes:
attached, . The SPL from both- channels was checked throughout
the. experiment. and: was. held to withinul~db;of-the specified .
level. -

The oscillator frequéncieS'were chécked at the start and-
finish of.the.experiment and were found to be within 2% of
the nominal value specified\in‘Table'énlo

Experimental Méthod: At the start of each session the.median

plane was established by taking a series: of readings of the
subjects' judgment. of. 'straight ahead'. The mean of these -
angles was defined‘asdoo azimuth. = The variance of these
estimates was much smaller than. that of the localization'.
judgments and¢was‘not?compensated,forwinfthe_data.analysis,
Subjécts were ingtructed to localise:the image with the,
indicator. and to respond verbally when they had made their.
jﬁdgmentd The 'stimulus-was then:removed and the response was
recérded; . No attempt was made. to hasten requnSes;»the‘
normal responseArate‘during,the main -experiment was. between
100- and 150 per half-hour session;, After each response the

indicator was returned.to the median plane.-
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Five male“unive?sity—studenﬁs were uséd4as-subjéctsb All
were given audiometric tests. to. ensure that there.were .no.
threshold abnormalities. No:subject had previously partic-
ipated,innpsychophysicalrexperimentsip The. duration of the -
experiment was apprOXimateLy\ZQrweeks during which time
subjects reported daily, except for weekends. : The sessions
were postponed i'f a subject reported-any sign of a,common*cold; 
Analysis: Polynomial regression analysiscwas:usedﬂto define;
the form of the"localization curve in each cell of the
factorial?design;» It~was;estab1ished that a¢linear curve:

described  the ldcalization*process‘as-,

1 —_
o = Bigx

I+ o,., + & 4,2+
: ijk-_ :
where 6' is the azimuthal ‘response, AL is the impressed IAD,

% 5k and;Bijk_are:the‘reqreSSLOn‘coefflclents under the ith
level of frequency, the jth-level.of: duration: and the kth.

level of. sensation:level. The variable ¢ is zero-mean normal

randpmnprocesSy Then,thefstatistiéal»expectationkof‘e! is

5 = Efo'}
= B, .. AL +.d,.y 4,3
~ o Tijk ijk
Then”sijk énd_uijkia;e estlmators of K.an@ eo ;espect;vely,ln
Eg. 4.1,

Cochran's testvforrhomoscédasticitylo7 (constancy of.
Variancé)uin,all Celis wa$*applied\tO'jusﬁify-thekuse“of
analysisvof;varianCehtechniquésw< Least squares estimators of.

O .

ijk and Bijk were calculated-and the significance of the
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slope Bij was established:.from the ‘analysis of.variance for

k
a=linear‘regréssion108;z
The slope Bijk:of-the~locali2ation—curve was -taken as: a
measure of the cue: activity under the prescribed stimulus
conditions. The analysis of variance technique ‘was extended
andvused»to~estimate‘théASEatistical*significancegof
differenCes«ingthe estimates of Bijk

and interactions in the. factorial designa. The -derivation of .

for‘the‘mainAeffects

the,analysis;ﬁsed;is‘givenain“Appendix\3;

Results: All{subjects were'ableftoﬁlocalimgLthé auditory'
image; . there were no reports of-pure lateralization and a:
consequent‘inabilityAto assign an;iﬁage direction. - Similarlyi
there were no feporté'of the image. posseSsing eleVationzg;aor
béing "in.the?backvof~the;head"'as;was-found in the experi-.

- ments described in Chapter 3.

As stated‘above,fthegp91Ynomial regréSSion analysisﬁ
verified. the éuitability.of Eq¢f4°2 as- an empirical descrip- ..
tion*ofjthe_localiZation proéessol A.few of the-localizatioéon
curves showed a marginal improvement 'in the Faratio:when*a
3rd, or even 5th, order polynomial was fitted to the data,
but -these. instances were not Widespreado‘ All  of. the-linear
reéression éurves had a-highlyjsignificant\slopev(p <0,001);
therefore'theunull,hypothesisgphat ali responses were drawn.
from -a commbn population was‘rejectéd;

Fully tabulated:resﬁlts giving the 'least squares'

109

anduBijk are given elsewhere °'~. The

estimators of. o, .
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variation of the cue. activity Bijk}over the: complete experi-
mental -block is summari‘sed,i’n,.‘Figo 4 ,2a-e where the results
for each subject are presented against an abscissa.of the
stimulus frequency; ‘the pulse duration is represented by
different»lines within each graph, and thé,sensation“leVels.
divide the. results into three plots. It should be noted’
that in these, and all .subsequent graphs, it has been necessary
to represent ‘ther results for subjecﬁ ARJ on- a different
ordinate scale to that-used for the other four subjects.

The results of;thefanaly§is of variance to test the sig-
nificancewqf 'within‘subject' differences:. in the;estimate;‘

8 are summarised in‘Tablev49207 Thevlimits—ofﬁthe_available

ijk
computer‘storage'prevenﬁed}theiincluSiQn‘of a 'between subjects'
factor-iniﬁhéfanalysis,-ho@ever;the results of Fig. 4.2a-e
suggést.that:there‘is.a sigqificant mainveffect‘difference
between subjects°

The only highly sighificant main ‘effect for all subjects
was frequency (p.< 0.005); the other two main‘effects were
significant-in three of the five subjects. The only.highlyp
signifiéant interaction: for all 'subjects was frequency x
sensation: level, | | ’

‘The-results of ‘the.regression. analysis are “further,

summarised: in Fig. #.3a-c where‘the,main”effects Ei-°’ B'j"

B are presented for all subjects. These curves: should be -

ook
interpreted with care, for  although they-iﬁdicate:trends in

the responses the'significant interactions. are masked.
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TABLE 4.2

ANALYSIS OF VARIANCE: TO TEST THE SIGNIFICANCE OF DIFFERENCES IN THE REGRESSION

SLOPES (see Appendix 3)

Source of Variance af F-ratios
Subject Subject Subject Subject Subject
JTA PSB GSB ARJ RN
Common Slope 1 11682,383***% 12972,707%** 5212,297**% 16487.949%**% (6252, 941*%*%*
Between Group Means 104 49 ,478% %% 69,.,856*** 28.381*** 77.479%%% 30,025%*%%
Between Group Slopes:
Frequency (F) 6 144.070%%% 38.383%%% 115.349%%%* 31.607*** 29.,424%%%
Duration (D) 4 1.695 5.238%%% 2.474%%% 27.441%%% 0.843
Sensation Level 2 13.522%*% 0.450 110.801*** 59.980**%* 2.498%
F xD 24 1.493% 1.640%* 2.335***7 2,140%%% 0.953
D x SL’ 8 1.694%* 4,919%%% 2.641%** 2.660%%* 0.996
F x SL 12 32,306*%** 9.808*%%* 33.112%%%* i 28,402%** 6.998*x%
F x SL xD 48 0.806 1.581** 1.351%* 1.354% 0.995
Mean Square’

Error 7140 36.315 25,876 25.654 223.075 40,912
Significance of F ratios: * p < 0.1

*¥% p < 0,05
***  p < 0.005
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Discussion: The linear relationship. between IAD and . image

azﬁmuth‘angle,;as,prbposed by Stewart.and‘Hovdagl,‘was
- verified. The statistical analysis of.the results showed
that thé constant of proportionality in Eqs. 4.1 was depeﬁdent
upon the stimulus parameters. |

Thé frequency dependence of the‘1oéa1izationifunction'is
of particular inéérggngécause it shows that the two display
-dimensions.(freqﬁencyzx IAD),;re‘not'independentk' It is
shown in Chapter 5 that thezaZimuthal dimension of the
display -can bé~matched‘to_any:loqaliZatiQn function described
by‘Eq§‘4;3 but,that;the‘ﬁwithin‘subjédt‘variation?cannot-be”a
compénsatedpv,Therefbre'asgume&that,the display is matched:to

the\overall,mean~locali2ation function, B , then the expec-

tation: of the bias in the estimation of azimuth may be expressed
as-

E{e"ie} = —————6

The expectation of the fractional error .is plotted, for-all:
'subjects in Fig. 4.4. The éimilarity‘in all curves.is
evident;awith'a pronounced'underéstimation»of-azimuth-at3
frequencies of about 1000 Hz, It-is interesting-to*Coﬁjéctureg
that~thistip inaresponse,magnitude may have beenpthegreasqn“

for the report by Stéwart,92

that IAD was ineffective over a
region of the audio spectrum. -
A comparison may be made between an extension”of_thesg i

‘results and the frequency dependence of the DL iniIAD as



0.8 T T T T T

-08 | 1 1 | !
150 300 500 1000 1500 3000 5000
frequency (Hz.)
Fig. l. Fractional error in the azimuthal estimator

as a function of frequency for a display based on the
overall mean localization function.

16 I L L T T

1410 i
‘g
3

12 =
o
=

10k -
[an]

0.8}-= s
§=

065”77 ek
=
-/

041~ ———— measured [Mills (1960)] 4

o~ predicted '

0.2~ .

¢ i 1 1 1 L

100 300 500 1000 1500 3000 5000

frequency (Hz.)
Fig. 4. Comparison of the predicted form of the

fregquency dependence of the just noticeable IAD with the
results of Mills ref.}8.



91

reported\by'Mills48° If-it is hypothesized that the DL in a

two-choice eXperiment»results from a constant angular dis--
placement of the auditory image, then ‘the DL will be in-
versely.proportiohal to the-slope of the localization
function:. &In.Fiéo 4,5 theanormalised results of-Mills are’
compared'with‘those.prédicﬁed‘on'the,above‘hypothesis using-
the ‘results of thefpreSent:exgerimento - The two curves are
similar in form..

The otherytwqrmain~effects~(pulSe duration and: sensation .
level), al%hough;both statistically significant.in three: of.
the»fi?essubjects, show no. general trends and. therefore do
not enable specific conclusions to be ‘drawn. - There.is no.
evidence of a time constant of the. order of 700$mseCSbin=the.
processing of IAD as reported by Tobias andmZe;linﬁl"onvthe
DL, for ITD.

The only significant two way interaction,. frequency x
sensation,level,’occu:raiprincipally in ,the. . low frequency
region,(Figb 4.2a-e) . : At these ffequencies four,éfrthe,five
subjects. showed a”deCreaseﬁin'Eiok with increasingvstimu;uéf
intensity, This could be iﬁterpretednasrsuppoft‘fornthe“\
hypothesis that IAD.is processed in the latency of-peri-.

pheral neuronSQG”llo;

“for the IAD-ITD trading function
(typified by Fig. 2.3)-is-decreased: in magnitude with sensation
levely.

The»magnitﬁde of.ngk is in general agreement-with:

results published by earlierrworkers46o« In Fig. 4.6 the mean.
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value of Eiec is compared with the required localization
function to use the. IAD existingrat the outer ear in free-
field listening. The latter curve was derived from the data
of Sivian and Whitelllo Below. approximately .5 kHz there is
considerable difference between the two curves; it would
appear that of the five subjects who took part in‘the
experiment, only  ARJ could use IAD in‘thé‘free—field local-
ization of toneso‘ This finding supports the conclusion of
Feddersen et al46.who also found that the IAD localization.

function was not sufficient for free-field localization below.

5 kHz.

4,4 Estimation of Population Parameters

Whereas“the previous experiment examined the 'within.
subject'. variation df'the IAD localization function in detail,
the experiment described here was designed to estimate. the
range of. variation in the/localization,function throughout
thelpopulationa, A larger sample, containing both blind and
'sighted subjects, was used and the-distribution of the slopes-
of the localization curve. at three frequencies was ‘derived.
The blind and‘sightéd samples were compared in order. to:
justify the use .of data froﬁ sighted: subjects, such ‘as in
‘Section 4.3, to specify the auditory display for a mobility
aid for the blind.

The second part of the experiment was designed to

evaluate the centring method. as a means of estimating the
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intercept o offthe.localization'curvei The value of IAD -
required to centre the image was correlated with that pre-
dicted_from»the'localization curVeof

‘Experimental“Apparatus: A clinical audiometer (British

Hearing Aids. (NZ) 'Ltd, Model UAL 11/271) waS<used as. the tone
generator, An. additional unit‘containing.steﬁped and con-
tinﬁously variable differential' attenuators, - and buffer am-.
plifiers (Fig, 4;7) was used to impress the IAD on to the-two
éhanne;s? . The headphones were Telephohics type*TDHBQMwith
M#e4l/AR‘ear‘cushions,ucalibrated,foruuse with: the audio--
'meferb‘.The-image”indicating-appaiatus was the . same as used
invthefprevious“experimenﬁg'

Experimental Method: Subjects were chosen to cover.a wide

range‘of,agesw(from teenagersrto pensioners). of both sexes.
Oflthe.24'sgbjeéts;ilG-were sightéd and: 8 weré=blind?- Each |
subject attended.for;threenhalfrhéur-sessions‘on,cbnsecutivé;‘
Week days°l Thévfirst.sesSibnrwas used for audiometric-
threshold.tests,\loudness,balance—tests,:andafamiliafization~
with the localization and centring tasks.. The data from the
localization.andgcentring!experiﬁents¢were recorded on. the -
sé&cond énd third days.

TheAlocalizatiqn'curvés_were measured at' frequencies of
500, 1500,;3000.Hz with themfollowing'parameters:

Sénsation level : 60 db. .

Pulse duration‘{ : 1 sec.

Repetition period: 2 sec,:
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Envelope rise-fall time: 50.msecs..

The-localization experiment was conducted in a similar
manner to that wused in Section 4.3, Thermedian plane was
estimated from a,series.of judgments of "straight ahead"
before each session,.- The‘stimulus~presentatipn»ordergwas
completely randomiséd,;with‘a‘total of 15 observations "at-
eacthAD leVelv(+8i,0,'f8 db re left ear). Least squares
estimators were. used to dériVé*thefcoefficients of the local-
ization: function, |

The' centring experiment consisted of 10 judgments of the
IAD rquired-tb centre the: image at each frequency. At each .
judgment - the subject aligned the image to the. "straight.
ahead" pqsition with. the: continuously variable. attenuator.
The initial position of the attenuator-was randomly set- by.
the experimenter between judgments.

No attempt was made to limit the time taken for responses:
in\eitherApart of the experiment. The stimulus was removed
after each judgment. to remove possible*cues(from changes. .
Results:. The sample,diéﬁributions of~thé¢least}squares
regressiqnvsiopes aré‘éummarised in Fig°*4°8 as histograms
and. fractile diagrams. .

Thewhypothesis of a common parent-population for Lhe
blind,and;sighted~samples wasrtested:withva‘distributioﬁefree
statistic of»the~Kolmogorov—Smirnov“typel12’113} based upon
the maximum difference betyeen the two sample cumulative

frequency distributions. . Further statistics, under a hypo-.
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thesis of normality, (the t and F statistics) were computed
to test null hypotheses of a common mean, and a common
variance. The results of these tests are summarised in

Table 4.3; it was not possible to reject any of the null
hypotheses. so there was no evidence of any difference between

+f
the blind and sighted samples,

TABLE 4,3 SUMMARY OF COMPARISONS BETWEEN BLIND AND SIGHTED

SAMPLES
Assumed - Distribution=
Distributione Free Normal Normal
Test _ . = 4 . =
Hypothesis: | Ho*(Fp(®)=Fy(x) Hyz (o = 05) (Hy:(uy = up)
Statistic: KO%mOgOrOVF F-ratio Student's t
Smirnov- ‘ : ‘ .
Freguency d(nlnz)* P. F(Vl,vz)* = t(v)* P
500 025(8,16) 0,5 1.69(15,7){0.1 | .15(22) 0.5
1500 .. »31(8,16) 0.4 2,24(15,7) (0.1 | .16(22) 0,5
»3000‘ .31(8,16) | 0.4 1,11(7,15) (0.1 | .43(22) 0;5';

*Quantities in parenthesés are sample size (Kolmogorov- -

Smirnov) or degrees of freedom (F,t).

The small sample size- precludes the. reliable use of the
X2 statistic in estimating the goodness of fit of. the data

to a hypothetical distribution. Instead,; the Kolmogorov

112

statistic , which is based upon the cumulative distribution,
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waé‘uséd to teét'null hypotheses of a normal distribution, or
altéfnatively'a logarithmicenormal<distributionoiuThevlatter
test was prompted by an apparent curvature in-the cumulative
distributions (Fig. 4.8); this curvature was- eliminated when
the slope B was plotted to a'logarithmicfscaleo It was not
possible to reject either hypothesis; p > 0.4 for all-
frequencies on both tests, In the absence of further evidence
the simpler hypothesis of a truncated normal distribution for

B at each frequency was assumed,

Thé.estimated population parameters are summarised in
Table 4.4, An analysis of variance in a one-way classificat-.
ion showed no significant differences between the population-
means for the three frequencies (p » 0.5)., This does not mean
that there were no "within subject" differences in the B8 :for.
individual subjects, it simply-ﬁeans that trends in individual

14

differences were masked by the averaging process,

TABLE 4.4 ESTIMATED POPULATION PARAMETERS

Standard 90% Confidence

- Frequency Mean () Dev. (o) Range
500 2,78 ‘ 1.41 0.46 - 5,10
1500 3,05 1.45 0,66 -— 5,44

3000 2.79 1,21 0480 - 4.78
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The mean values of 8 at each of .the three- frequencies
were compared. with the corresponding. frequency main effects
?ioc from the experiment-in Section 4.3, The same set of
statistics (Kolmogorov-=Smirnov, F, t) as were used in the
blind-sighted comparison were computed and are presented in.
Table 4,5, The.KolmbgorOV=Smirnov‘statistic requires

rejection of the hypothesis of a common distribution at -

1500 Hz (0.05 >.p » 0,01).

TABLE 4.5 COMPARISON BETWEEN RESULTS OF EXPTS.

Assumed : Distribution
Distribution: Invariant Normal Normal.

- Null i o ol = Lo
Hypothesiss | Ho®(F1(¥)=Fy(x) o Hy:(ay=0,) Hy (uy = uy)
Statistic: Kolmogorov=- F-~ratio Student's t

Smirnov
. * . y % *
Frequency d(nlmnz) P F(Vl?v2) P t(v) p
500 .56(24,5) (0,05 [ 1.39(4,23)|0.,1 |1:10(27)|0,2
1500 0.76(24,5) (0,01 |1.14(4,23){0,1|1.91(27)|0.05
3000 .46 (24,5) 10,1 1.67(4,23)|0,1]0,73(27){0.4

*Quantities in parentheses are -sample sizes (K-S statistic),

and degrees of freedom (F,t statistics).,

This requires the rejection of the hypothesis of common means

on the t-test (0.1 > p > 0,05) and acceptance of the
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alternative hypothesis that at 1500 Hz the mean 8 as estimated-
from- this experiment is greater than that ffom‘the previous
experiment,

The data from the centring experiment showed that there .
was little correlation between estimates of 9, in Eq. 4.1
from the localization intercept and centring IAD, Although
there was ‘a small positive:correlation (r = .0,101), this was-
too small to indicate a reliable testing procedure.

Discussion of Results: The blind and sighted samples were .

compared to determine whether the reduced sensory feedback
from the environment in the,case—ofithe blind had affected

the formation and organization of the auditory space. There -
was no evidence in ﬁhe results of this experiment of. any
difference between the blind and sighted subjects, therefofe
there was no evidenge suggesting that the design . of -a mobility
aid shQuld~not bé bised upon data obtained frém sighted
subjects,

The statistical frequency distributions of-the slopes of
the localizationLcurves;(Figo 4,8) show that a binaural -.
echolocation system must be capable of being»matched to a-
wide range of individual localization functions. The 90%
confidence iﬁtervals iﬁ‘Table 4,4, which were derived by
assuming normality of the distributions, show that this range-
will be greater than a factor of approximately 10:1.  The
method of matching ﬁhe system to an individual is described

in Chapter-5,
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The~reasoﬁs for the difference in the distributions df«
B between this and'the previous experiment at‘lSOO Hz ére
not understood. There was no significant interaction with
sensation level or-duration that would explain the difference,
The only difference in the stimuli was' in the envelope rise

times, and although this is accepted as influencing
responsesll4,vPerrott115 found a decrease in the minimum -
audible angle (MAA) with increasing rise time at 2000 Hz;
which is the opposite to the results observed here.

The sample size was -found to be too small to allow
generalizations as to the form of the statistical distribu-
tions of B, . Although amnqrmal,distribution—was assumed, a
logarithmic normal distribution could not be rejected; The
latter distribution eliminated. the -apparent curvature in the
cumulative distributions when plotted on probability paper,
and has the advantage of eliminating the finite probability-
that B < 0 (i.e. the sound being. localized toward the ear
with the lowest'inténsity) asserted by an untruncated normal:
distribution. An experiment using a much larger sample will

be necessary to determine the form of the distributions.

4,5 Localization with Time-Varying IAD

The exploratory experiment reported here was prompted
by the observation that although differences in the binaural-
envelope structures- of the mobility aid were observed . (see-

Fig. 3.2), no subject had reported any movement,of.the image -
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caused by' the time-varying IAD. The experiment demonstrated-
a new phenomenon that-cannot be explained by simple linear
processing of IAD.

Experimental Method: The-binaural stimuli consisted.of equal

energy, -linearly amplitude modulated pulsed tones, in which
the ‘direction. of modulation in the. two .channels was opposite.’.
Four~subjects;listenedito-theAtones’on=tw§ occasions .and.
reported the perceptual effect of the modulation parameters. .
Apparatus: The generation and contrql’cflthenstimuli<was
implemented: through an EAI 580 analogue computer.patched as.
shown in Fig. 4.9a.:. The two modulation functions were
generated from aﬁ;astable pair of integrators with constant:
voltage inpﬁts.” Independent control,of the modulation
amplitude, rate, and 'off' period‘was'provided.r The. envelopes -
of the stimuli are shown in Fig. 4.9b and were described by.

the equations

, = L i = ooy i ‘ 2a
Mi(tn) s (1+(-1)7a) - (-1) btn 0 < tn <5
_ 2a
-—O ——b-<tn<TS
where tn_ =t - nTs, n = 1,2, 3¢°°~,

Mi(tn) is - the envelope in the-ith channel- (i = 1,2), 2a is.
the peak-to-peak modulation amplitude (0 < a < 0.5), b is

: _ 2a . . .
the modulation rate, TS,—»—E +~toff_1s the repetition

/5

period. - |
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FPig. 4.9a Analogue computer patching to generate
time-varying IAD (see Appendix 5 for analogue computer
symbols) .
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The amplitude modulation of the externally generated
tone (Hewlett Packard 3300A function generator) was accom-
plished through quarter-sguare multipliers with a static

accuracy of 0.01%. The sensation level .in the two. headphones -

2.
bo

was 60 db at the mean signglgamplitude,‘i.eo when t =
Results: Only qualitative results weretobtained; The
experience of all subjects was similar. For isolated.pulses
(TS‘>> ag) the report was of-a laterally moving image, with
the apparent motion toward the. ear stimulated by M2(t). The-
magnitude of this perceived movement .was dependent -upon- the.
modulation amplitude. Motion could be perceived until the
duration was- reduced to approximately 30 msecs, However, as

t ~was reduced the magnitude-of the apparent movement was

off
redﬁced, until some critical point was reached when the.
image was stationary. At low modulation amplitudes the. image
was . then localised as straight ahead, but:at -higher levels
(esg. a = 0.4) of modulation the-image was lqcalised toward
the.side stimulauuiby-Ml(t) (decreasing.amplitude). This -
effect was observed over a range of pulée-durations from

30 msecutb 500 msec.

Discussioni This experiment -showed that for tonal stimuli

the,intra—pulse structure is not the only factor affecting
its localization; thé relation of. the pulée to others in-the
stimulus sequence is important., The 'repetition' effect-
described~above.is another example demonstrating the role of-

the signal onset in sound localization, because although the-
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stimuli contained equal energy the image was localized.
toward the direction indicated by the. initial IAD.

The.magnitudé~of the differences in the modulation
functions used in this experiment -were much greater than
those observed in the echolocation system. It is considered
that -the waveform parameters (duration‘and repetition h
period) in the echolocation display were-such that the.
'repetition' effect prevented motion of the, image; but:that
the,differenCQS’in;the.envelope modulation were not sufficient
to cause a noticeable image displacement.

This effect should be investigated in more detail with
quantitative measures of the image displacement and the

repetition period required to produce a stationary image.
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CHAPTGER 5

THE- SPECIFICATION AND PERFORMANCE OF THE TWO DIMENSIONAL

BINAURAIL, DISPLAY

5.1 Introduction

In this and the'following chapter, attentioﬁ»is'diverted
from the psychophysics of binaural hearing to the specificat-
ion of the auditory display of the modified echolocation
system described in Chapter 3. This chapter is concerned
with the derivation and performance of the azimuthal dimen~
sion of the display, using the results of the'studies in
dichotic localization with IAD discussed in Chapter 4.

In the absence of a-cdmplete\knOWledge of the -effects of
stimulus parameters upon binaural phenomena the following
simplifying assumptions have been made upon the display fofm;

i It is assumed that the binaural stimuli are repetitive
bursts~of's£nusoids of the same frequency with no
amplitude~modulation imbressed upon the envelopes.

ii It .is further,assuméd that there is no interaural
phase -difference; or alternatively that phase
differences do not influence the estimatioh'of
azimuth,

The relevance of the. first aséumption is discussed in Chapter
6;;the'second ié based upon the results of the experimental

work in Chapter 3 where it was shown that a small IFD in the
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stimuli destroyed the ability. to red@gnize*or'use phase or

time differences as a display dimension.

5.2, ThenIdealized—Azimuthgl Variation¢of18timulus Amplitude

in the Two Echolocétion‘Channelsh

The empirical description of a subject's response §' in
a dichotic localization experiment .(Eq. 4.2)may be rewritten
in the form

A

6! = K(s) log, (Ki)- + 68,(s) + & - 5.l

‘where K(s) and eo(s) are descriptions‘ofithe:loca;ization
function for the given parameter.set s, Al:and A, are the
amplitudes of the.sinusoidal stimuli in the two channels and
g is a zero—mean“normalﬂraﬁdom;process, Then using this..
notation an azimuth*estiﬁa?or 8 may be-defined as the-

expectation of 6', i.e.

'E{é' I

. 25
K(s) log, (X;> +'90(s) \ 5.2

6

1

Under: the assumptions stated in Section 5,1 the auditory
stimulus from each channel of the echolocation system may be- .

written

£, (t|R,0,4) = A;(8,0)D(R) cos(u(R)t+n;) 0 <t < T, 5.3
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for i =.1,2; where t, = t-nT, (n =1,2,3;+++), R, 6,:¢ are
the range, azimuth and elevation of the . object, Ai(e’¢)
defines the angular variation of amplitude in the ith
channel (i = 1,2), D(R) -defines: the range dependence of the
amplitude, w(R) is the.frequehcy domain range coding and Ny
are phase -angles.

The present problem is to define the angular variation

Ai(e,O) so that b e.~'From¥the,psychophysics of .auditory .

in

spatial perception it is known that the elevation ¢ cannot
be estimated from simple binaural differencesz4 with stimuli.
such as described by Eq. 5.3, therefore ¢ mus£ be considered -
as .an environmental parameter that will influenc‘e‘th‘_e-j
estimation of azimuth_inﬁthe,two—dimension~display, It is
therefore convenient to initially define the system with

the ‘'object lying upon thewequatorial plane and write

Ai(e) = Ai(elo)“ | ) 5"4. R

In accordance with the modified binaural-display
proposed. in Section»3°9,.thewazimuthal\response functions
may be written
A, (8) = CiG(O)F(0+(-1)"a) 5.5
for 1 = 1,2 where Ci are constants, G(6) is an -arbitrary
illuminétion function,~andv& is the -angle by which the.

response F(6) has been displaced from  the median plane.

Substitution of Ai(e) for Airin the loecalization function
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(Eg. 5.2) gives the expression.for the estimator

@>
il

K(s) log, (gg%%ig%) + 8, (s) 5,6

i

C
EL ¢ Since the parameter set s is fixed, it is
2

convenient to write:K = K(s) ‘and eo = eo(s),,so‘that~by

where C -

{ rearranging Eq. 5.6 the functional relationship to be satis- .

fied by F(0) is

0
F(8+a) = _.C exp (-%) F(6~0) -exp (—%} 5.7
A . ‘ :
‘which if
: 0\ |
C; = C, exp (— —K> 5.8
> is satisfied by
2 .
F(8) = exp (- z%g) . L 5,9

which upon substitution into Eg. 5.5 gives the required

azimuthal variation of amplitude in the. two channels as-

| | - o
A;(0) = c6(6) exp<_~(6+é;%):q‘). ) 5.10

The idealized azimuthal response functions of the two
receiviné,apertures‘are;therefore Gaussian in ferm and are
showh 'in Fig, 5.1 (assuming G(6) to be constant). Egs 5.8
and~5510fshow that'the.system parameters may be'matched to
the lOcalizatiqn'function\ofxdm individual by

i Altering the channel gains (Cy andﬁcz? according to'

Eq. 5.8 to compensate .for any offset.6,.
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ii Chooesing the value-of .00 to match the display to the
localizatioﬁ'constant‘K. This is 'investigated

further in Section 5.3,

A A (9)
01‘.V

44(8) = Gyexp(- (6-of /Latk)

Ay () = C,exp (-(e +o<)2 /UK

o= e S

1
i
1
1
1
1
¥
!
!
1
!
!
!
!
]
|
t
l
\
ol

Fig, 5.1 1Idealised Variation of Amplitude in the Two Echo-

locatiOn-Channelsf

(The illumination function G(6) is assumed pd be constant)

In some of the following-analyses it has beén convenient
to normalize the system parameters with respect to o-as
follows,;, writes
6

| _ 8. _ K, _ 0
R TR S R A

lo>

8 =
n .

so that normalised.functions A ;(8,) and G (6.) may be used

to define én as

a : A‘nl(-ven)v
Bn = . Kn lOge <W> + eon 5.12
| [ (er-nh
where Ani<en)' = CiGn(en) exp <- 4Rn > 5.13.

In presenting -results the localization constant is expressed



111

in units of degrees/decibel,gi.ea-
_k = 8.686K; k, = 8.686K_ 5.14

where k,.knaare in the modified.units.

5.3 The Relationship between the Beamwidth of the Polar

Response: Function F(6) and the Angular Displacement o -

Let the polar response F(6) from Eq. 5.9 be written

F(0) = exp(-y62) 5.15
where vy is a constant defining the beamwidth, then substit-

ution into  Eq. 5.6 gives . (assuming Eq. 5.8 is satisfied)

8 = . 4Koy 0 5.16

so thatnthe,required‘condition—that‘§ 6 is -given hy

= 1
(¢3 - mo_\ . . 5:0 17

Since exp(-x) = 0.5 when x .= 0,693, the half amplitude

(6db) beamwidth of F(8); ¢%, will be-

_ 593
by = 2/ 5.18
so that for 8 = 8
2
o 5.19
R I I .
or
2
by ' ' 5.20
o 56K ~ - 2

These relationships are important in practice because
they enable a system using apertures of-known beamwidth to be

matched to the auditory characteristics of any individual.
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The family of hyperbolae generated by Eq. 5,20 is summarised
in Figs 5.2, The dotted lines in the figure define operating
conditions.correéponding”to-values‘ofikn = g'used as examples

in,subsegpent-analyses.

Estimato;Aéa

The ratio form of the estimator (Egq, 5.6). implies that
for & to be-independent of elevation' ¢, the elevational
dependence of the -angular response‘funCtion‘Ai(e,¢) in Eq,5.3"

should be separable, so that Eq. 5.5 becomes.
A (8,8) = ciG(e)B(¢)-F,(e+(—1.)?‘d)~ 5,21

where B(¢) completely describes;the‘eleyétional variation of
‘the -response of the receiving apertures.,

However, present technology has limited the-type of
aperture to a plane circular disc;(see;Chapter 6) in which .
the:amplitudé~re8pdnse is a function only of the- angle to
the normal-to the aperture plane. Consider the geometry shown
in Fig. 5.3, Letxﬁhe_aperture be in the x-y plane“as shown
so.that the angle x defining the‘response'ism

X = cos?l(cOs‘e\cos ) 5.22%;

Then if the angular response is. .

-1 [
N _ A ~-{cos -~ (cos(6+(~1) a)cos 0)} -

substitution into Eq. 5.6 gives.
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Mig. 5.2 ‘The aperture angular displacement to match
the display to a given localization constant.
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6 = E% [{cosfl(COS(e+a)cos ¢)}2'—'{cosﬁl(cos(e—a)cos ¢)}2]
5.24

which ié of the form.

6§ = gla) + gl-a)

where g(o) is an arbitrary function and therefore‘%§v= 0,
For- analytic convenience the value o = Z méy be substituted
in Eg. 5.24 to give the simplified expression.

=3 :

6 = 51n~l*(sinv6 cos ¢) - 5.25-

which is graphed for.increments in ¢ of 20° in Fig. 5.4.
The effect of object elevation.is to introduce a bias in the
azimuth estimator so as to underestimate :the true azimuth:

angle.

5.5 Sensifivigy.ofnthe.AzimuthmEstimator,6‘to‘the\Form of- the

Angular Response F(6).

The=form of F(8) to match the display to ‘the psycho-
physicsrof‘iocalization was derived in Section 5.2, It'is
pertinent to examine the effect of perturbations in-F(8) ubon~
§ in order éo determine'the,sénsitivity‘of;theAsysteA.tQ the -
form-of F(6).

Let the response F(0) be pertqrbed~by_el and.—e2 at
azimuth angles 6-o and: 6+a respectively, Then-phe,abéolute

error?6(§|e,el,52) will be -

6(§|e,el,ez)

1]
=
l——l
(©]
Q
(0]
TS
.
+| +
It B
|—l
~——
($)]
N
(o))
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Fig. 5.3 Geometry defining thé response angle for an
elevated target.
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Fig. 5.4 The effect of object elevation upon the
azimuth estimator.
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€.
where ¢, = = (= 1,2). 5,27

F(0+(=1) *a)

This dependence of the estimator upon the fractional error in
the response function- shows that smalil absolute values of €y
in the tails of the responses will. cause large érrors in the. .
estimator. A more graphic example of this effect may be-
given by assuming different analytic forms for ‘F(8) and

using the definition in Eq. 5.6 to define the estimator

(assuming 6, to be zero), In Figs 5.5a and 5,5b some typical

0
aperture response functions have been adjusted to a common-

6 db beamwidth of 60° and-the display parameters adjusted to a
localization constant of k = 2.5 degrees/db ‘from Eq. 5,20,

The analytic forms of the curves in Fig. 5.5a were chosen.

- because they represent the far-field angular response’ of
common aperture excitation functions or because of their
general -similarity to the.idealised F(®) defined in Eq. 5.9.
The effects of any sidelobes. and zeroes in the responses is
manifest in Fig. 5.3b, At large azimuth angles. the’

estimator is extremely sensitivé to small absolute'errors in

F(0).

5.6 The~VariatiQn of‘LQudness with Object Azimuth -
The effective "window" or system beamwidth of an

auditory display must be defined in terms of a psychophysical

loudness scale, In the' presence of controversy as to the’

116,117 118

form of the loudness function , a power. law scale”™
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with binaural loudness summation119 is_assumed here. .

Under these assumptions the.azimuthal variation in
loudness A(e),.for stimuli- whose amplitude is .much:greater
than the absolute limen, may be written

' 0.6 -
ACe) = q(Ap(8) + Ay(6))" 5,28

where g is a constant defining the loudness unit, and ‘the
exponent 0.6 has been\empiricélly determinedlls.‘ Because
only the yariation in loudness is of interest it is conven- .
ient to let g = 1, so that if G(8) = 1. and C1‘= C2,= 1 sub-
stitution‘for—Ai(Q)>in Eq, 5;28 andrrearrangement‘giVes'the~

normalised function (Eq. 5;1;)

2 ) .
0.15(6_"+1) 6
: _ 0.6 _ n: : 0.6 n
,Angen) = .2 exp < ‘ R > cosh’” @<%K;> 5.29

- which is plotted in Fig, 5.6 for values.of kﬁ‘=j8.686Kﬁ over
the: range of‘interesﬁ.for»a practical -system.
An approximatioﬁ\to the “halfmloudness? beamwidth may
be made as follows. Since [F(6)1%°° = 0.5 when
o = 0,645w%,3iffF(Q.645w%—u)'}> P(0.645); + @) the display

beamwidth will be.appﬁoximately<
w%A = 2a~+‘1329¢%

~and using Eg. 5.20.
Dy =y w%v+.1 29}, 5,30
;EA [ ;5 4815 . o L]

which will generally underestimate the‘true7w;A because the.
2

contribution of the lower\amplitude.channeiuhas‘been neglected.
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Variation of loudness with azimuth based

upon assumed binaural loudness summation and a power
law loudness function.
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5.7 Estimation'of. Azimuth in.the Presence of Additive

‘Gaussian Noise

With the present state of knowledge of the signal,
processing involved in binaural interaction it is not possible
to derive statistics that describe the effects of dichotié.
white noise upon the localization of tones, . The approach
taken in this section,therefore, is to examine ‘the sensitivity.
of the estimator & to additive white Gaussian noise in the
two channels on the basis of the hypothetical estimation.
process shown in Fig. 5.7. The@two channels of this model -
are based upon a commonly cited model. of peripheral auditory
signal processinglzo; hdwever~the‘exténsion‘of~this model: to
include binaural-interaction poses additional, problems because
the‘site'and,time—constant~of any post-detection averaging.
will. affect the estimator, The'analyéesvhere‘treat two
separate cases:

R

i The post-detection time -constant T. is smallwcomparedt

1
tp the correlation time of the,filter (Tl << ??%E"
where Aw is‘the“effecfivé.filterubandwidth), in
which case the estimator is based 'upon comparisons
of fhe”instantaneous values of the contaminated
envelopes.

ii The limiting form as the time constant T, tends to

1
infinity is examined by invoking the ergodic hypo-
"thesis so that the estimator is derived from the .

statistical expectations of the quantities in each
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channel. -

121 ~ , e . -
Schalow ™™ reports that:signal averaging. before amplitude
comparison:gives a smaller»variance on. the estimator when
S/N > 0 db, whereas averaging the instantaneous estimates:
giveés a smaller variance when §/N < -5 db, when the estimator.
is based upon the. arctan function.

It is relevantlto discuss at this.point. the knowns?

122

features of binaural interaction. Zwislocki points out

that. any temporal’integration\must take place at.a higher

level in the\ascendin§~structure than that at which temporal
differences.in a . signal's microstructure ‘are resolved. - A
similar argument shows that the envelope.structure of impulsive:
stimuli must be retained to the site of‘binauralwinteraction.
There is evidence that amplltude comparison: takes place at a
similar level7='5 (accessory - nucleus in tne superior- olive) or,
even more perlpheral in the cochlear transductlon from

mechanical to neural energy;IOJ On such arguments the flrst~

signal: processing met;hod,(Tl << 5?%5) seems reasonable,
However, there are'models,of-the localization.proceSSi
(including the one presented: in Appendix~lj thatwhypothesize,_
the. final site of binaural comparison.to be at some high-
level,(possiblyﬁcortical)123;76. In these models the\perie
pheral binaural interaction:'is considered only as.a signal
coding in which therblnauralrdifferences=are’coded,into.

neural activity. Subsequent temporal ‘integration with. a-

time ‘constant much, greater, than the correlation time of the’
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filter could conceivably precede ‘the comparison. of activity
inkthe‘two'hemi—spheres;‘ |
The‘possibility of~non-1inear;averaging.at some un-
specified site was introduced by the.experiment on the .
perceptual effect of time-varying IAD in Section 4.5, Until
the'mgchanisms»of‘all‘such phenomena of-auditory localization
are elucidated, analees*such as those presented here must:
be interpreted merely as .an attemptutO‘show%thé sensitivity -
of the display to noise by examining possible'.signal
" processing methods. |
The. auditory display form derived. in this chapter bears
a superficial resemblance to 'the amplitude comparison-mono-

pulse (acm) radar¢systemlz4; the noise performance of which: -,

has been.well documentedlzsilzﬁ;l27; The;different form of
the "angular estimatar and the restrictingﬁassumpﬁions under- -
lying these analyses (prior matched filtering, small azimuth
angle, and even.and -odd aperture responses) render them:
unsuitable. for the present study. 'CoqperlZS derived*thea
probability density of an angular estimator‘based;upén;
cosinusoidal,aperturexfunctiOns, His.analysis,waé&a particular
casenoﬂia general analysis presented'beyow:(Section 5;7.2;
part i).

In this section the,form~ofwthekmaxiﬁUm,likelihood
estimator (MLE) of azimuth in high signal to noise conditions

is derived:and the performance of. the two variants of the -
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model. is investigated when the contaminating noise sources.

are :independent or equal.

5.7,1 The Maximum Likelihood_Estimator of Object Azimuth:.

Let the object range be constant, and the elevation be
zero, so that in the presence of independent noise sources

in the two channels the display signals may be written:

fi(t) = CiAi(e)cos(wctfhi) + ni(t)‘ ; 5,31

where wé.is'the‘centre frequency of the filter.and nigt)~are”
independent gero—méanfGaussian noisé.sources.' At the output .
of the envelope detectors only the random variables Xi§t)

are ‘observable. - The*éroblem_is.to define'the.signal
processing.on xi(t) to obtain the moét'efficient estimate of
8. The method uséd.is-that offmaximum-likelihood;zgq

Assume that‘the.quantities\xi(t)rare,randomly sampled to:give

.}, n =:l,2,r’-N; of independent samples.

the‘sequences”{xln

from the two channels. (The rationale' for assuming a discrete -

sampled process to describe'a continuous process is :as given

by Marcum1304)

¥

Letmthe,bandwidﬁh of the‘filter‘Aw be.small so that the

seguences {xin} are described: by the:Rayleigh?Rice distribut~
'n131

io i.e..
2 Xin x{, ¥AL (0) %Py (0)\
plx; [8,0;7) = ;—7 exp. <— ——;G—T—> I, <—;—-—2———> X, > 0
i i i
5,32
= 0 X. < 0
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where oiz are ‘mean-sqguare noise voltages.

Then define the log-likelihood function L(®&) as the logarithm

of the joint probability density of the two sequeﬁceslzg;
i.e. |
o < oot o 1 fongy - 0
L(e) = ~-N log, (o, @ + og_X. - - -
R = = N e e
i i
Xinhy (°) |
+ lOge IO '——-G———z-——— . 5.33
i

The maximum likelihood estimator g"is;a solution to ‘the

system of equations

20 ‘ R 30,2
1 T2
|
| 321, ()
under the. constraint that —5— < 0, Now
TN
I inAi(?)>
; V(Y 1 ) .
sL(8) _ % 1§ ,C’:L? | Ai(e)x‘in _ NAj (o)A (0)
28 i=1| [n=1 <XinAi(e)> % o2
I, —— i- i
0 2
°3
, 5.35
aAi(e) ]
where Ai(e) =~y ~and although the-ratio of modified.

Bessel. functions can be expressed as a continued fraction132

or the ratio of:.two infinite series, such forms are not
amenable to analytic manipulation.. It is shown in Appendix

4 that for z >> 3

I.(2) '
1 S R 5.36
IOZZS ’ 2z° °

Accordingly if the 'signal to noise. ratio is large so. that
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302

" the probability: that Xin- ——TET may beée neglected, Eq. 5.35

may- be. written.

SL(6) _ % Al (8) i A'i_(e‘)Ai(e).l_‘_A-Ai,(e)»x‘iv.t,, 539
96 21 A (6) 2 ' 27 M
=1 o : 20, . .
i i
_ 1 X |
where x, = .= b RN
i N n=l¥lnw

Similarly, using Eqﬁﬂ5.36“the”qthef~equations in Eq.

5.33 may be written.

3L (0)

B8 - S af(e) -2, (0%, + :f - o) 5.38
20} 2(a%) o R .
i. i
> _ 1% .2 '
where x;, = § { Xj . Then substituting for Al(6) in.
‘ n—l o

Eq. 5.37 and- solv1ng Egs -5.37 -and 5 38 slmultaneously gives..

the. requlred solution for the MLE aslw

xl_

A 1 1. /(l) Zlo
6 = K-log |-
e“‘x rv/(x )v' 3x
AWA 20 T2,

: ' e {
and as gz tends to zero for both i'= 1,2:the. limiting form

5,39

is. _
‘ ‘e ’ xlc ‘
% ‘
D .
0'1‘.'*0," 0'2"‘0 :
: ‘As the. sequence Iength N tends to. infinity the means.
§i. and';g; may be. replaced by the statistical e*pectations

and the ergodic hypothesis ‘may be. invoked to equate ‘the time
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and ensemble averages, thus generalising Eq. 5.39 to the con-

tinuous processing of the model in Fig. 5.7.

5.7.2 Estimation of Azimuth in Noise by Direct Comparison

| . 1
of Envelope.Ampl%tgdes (Tl_<é‘7FKE)'

i The Probability Density of the Estimator 8 in the Presence

of Independent Noise Sources: In this section the first

variant of the processing model is examined by deriving the.
probability density function (pdf) of the estimator p(8|6,p), -
where p is the signal to noise:ratio defined below, when

n,(t) and nz(t)-are statisticaly independent. This .situation

1
would arise when the two noise. sources represent thermal
noise generated in the receiver channels. Let the statistics

of the detected envelopes be described by Eq. 5.32 With—the

restriction that 012 = 022 = 02, and further let Cl =.C2 = C
(i.e. 60 = 0) and G(8) =1 in Eq. 5.5 so that |
Ai(e) = CFi(e) 5.41

where Fi(e) F(e+(§1)}u). Since the estimator is in ratio

 form the'sequences {xih} may be normalized as

. x . . N
! v, = =0 j 5.42
in V2o

and if the maximum signal to noise. ratio in' each channel
is written

C
/2o

the pdf of the normalised amplitude in each channel is .
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(from-Eq.: 5.32)

2
pl(vile,p) = Zviexp(-[vii+ 2 (Gﬂ) Io (2pF (0) vy ) vy 2 0
5.44

= 0 \)i <90

' V1 133
Define a variable z === the.pdf of-z is

2

2(,Zvlelpl) = l(‘wlvzlpl(zvzlel‘p)pl(\)'zletgp)d\)z 5°45

4z exp‘(%pszlz(e) +‘F22(6)])>

. L vy lexp (=v,° (1+42%)) I, (202v,F, (8)) I, (20v,F,(0))dv, 546

which is a. form of Weber's 2nd egponential integrall34} which-

gives ‘a solution®

p,(z]0,0) ="—c2£-'eXp (=% (F 2 (0) + F,%(0)))
i . . : .
o, 2.2 .. 2.2 '
’J exP<€a +b_72§bcos£} 1 - a +b —2§bcos£“dg 5,47
0 ‘ 44 . | 44 '

where a = j2'zFl(6),\b*= j2vF2(6); d«=‘l+22,r(j‘=/:T).

Then
' | | 2, 2\
pylzfe,e) = i% exp (=p°[F 2 (8) +F,°(8)]) exp <-;---2—a4;b'>

2. 2\ ~
[T S M Y (. 1A PP LA < ab 5.48
K sa® > N\2a?) 2% \2d%)| .

o <-—p (z F (e) + Fy (e))> ‘
= ——s— eXp ‘
1

(1+z2)2 + z2 f

2

., <l . (z Fl (8) + Fy (e))> I‘; <2p zFl,(e)sz(e)>
' ; 1 + z% 0 14+ z2' o
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2 2

20%2F, (8) F,(6) <2pzzFl(9)F2(e)
+ = 1. ' ,

To this point the analysis has been general; the variable is’

now transformeéd to the estimator § using the relationship

A l ) é 6
P4(6|6,p) = E exp(ﬁ> p3(eXp~<E> Ie,p) 5,50 -
which upon substitution into‘Eq,15,48‘and suitable rearrange-

ment gives

2 2\

py(8lo,0) = —g=exp (- &y ((1-wF () + (rwr, () D)
a 2w K | |
2
2 p“F, (B)F,(0)
. [{l'+ gf ((l+U)F12(6) + (1‘Q)F2?<e))}I0 <, . W(z‘ >l
2 2 a
N val(e?leﬁx.I\ <>Fl(e)F2(9)>} : 5.51
W 71 LW ‘ .
where‘u~=-tanh\<%>v,AWf coshA(%>’-

Computed‘exambles ofrp4(§|e,g)‘are*shoWn in Fig. 5.8
'using the normalization with respect-to' o given by Egs 5.11,
The“pdf.of‘é is known as the.likelihood function zl(e) for
a singlevébservatiéh. Ifgm‘independeng.observationsfare

available, the likelihood functiénflm(e) is

m -
gm(e) = 2 g (Q) - 5'52f

and\the‘inverse probability relation;g can be used\to derive

the posterior distribution Pg(6) .

Py (0) = Pg(0)2 (0)
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whekre p6(6) is the a-priori distribution of 6. 5.53

If the model. is extended to include post-estimation

averaging, the limiting form. as the time constant T, becomes’
large may‘be>found.from~the*ergodic'principle, i.es
E{8} = j bp, (8] 6,p)dd 5.54
L 1 sz
= lim = | 6dt, 5,55
T, > % %0 |

which may be calculated by substituting p4(§|6f0) from Eq-.
5,51, - It can betseen‘from Fig°_5;8'thatwthe effect of the-
noiseé on. such an.estimator .is tobias:the estimate toward

6 = 0,

~ii- The. Probablhty Dens1ty of" the Estlmator ‘in the Presencef

of Correlated Nolseisources (n (t) = n, (t))«a The ‘above
i

analysls requlres statistlcal 1qdependence ‘between. the‘\
I . I

samplestxin,Mwhlch~results if the n01se«sources»na(t) or the:
phase . .angles:n, are 1ndependent random variables, In this-
section the partlcular case of" statlstlcal dependencé when.
ny(t) = n,(t) = n(t) and.n; = n, ='n in Eq. 5.3l is examined.
This sitqation‘typifies'the”effeétfof‘envirqnmentél noise;
eithef\ftom the echolocation object space or from the am-
bient noise in the‘liStener’s’env;ronment.

In the‘absence of~the signal.iet the\noiSe‘at‘thea

fllter output be descrlbed by the narrow—band approx1matlon

ng(e) = () cos (0 e +E) 5,56
|
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where thé.frequency\wc haswbeén»arbitrarily.equated tothat of
the signal (Eq. 5.31),; and the random variables ¢ and & (the.
time dependence being implicit) are described by the

Rayleigh distribution -

3 [ -t": :
p,(z) = =Z5'exp ; r » 0
1 o T 247 5.57
= 0 . < 0
_ L "
py(8) = 5= | 5.58

where”027isAthe mean square ‘amplitude of‘nf(t);
When both signal and noise are-present the-instantaneous

normalisedﬂenvelbpe‘amplitudesfvi may Jbe found by vector

addition .
vi o= (%R %(0) + a® + 207 (0)a cos (£-n)) 2 5.59
where a: = -ﬁﬁzso that
o )
.' 2
p3(a) =" 2a.-exp(-a”) a 2.0
. ‘ 5.60
= . 0 a < 0
If the tline origin is chdseﬁ'so,thatﬁn = 0 the ratio’
V.o : ‘
z =~3l "is the.positive réot of"
2 . .
oF.2(8) + a® + 2pF, (6). a cos &7
= 1 ' . 1° : 61
7 = 5 — \ 5.61
PF,"(8) + a +~2pE2(6) a cos-&

2

The probability that z lies:in "the.elementary interval

z, < 2 < z.+dz is the sum ove'r\al«l"al of‘the.probability

1
that § lies-in theeintervalwgl < £ < £l¥dE and- simultaneously

1
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that a-lies?in*eitherlof’the_regionsaal_< a < ajtda or
a, <'a < a2+da; Where.al‘gnd,az.are“real»positive“roqts of.
the quadratic in\afformed‘byfreérrahging Eq, 5.61; Then
expressing.the limiting form of theusﬁmmafion'as.an integral;

the pdf for z-is

p4(2|9,o) = % J2ﬂ93(am) g: (g)dg 5.62
4 n,
2 2m ‘ :
1 z J 2. |da|. z -
= = a_exp(~a “)|==| dg. 2.63
m m=l 0 m ks dz a=a
=a

where evaluation takes place separately. for.the two terms .
in ‘those. regions of -& for which R(a ) > 0 andAI(ai) = 0 for
m = 1,2 and where R() and I(J are real and. imaginary parts then.

(a2 + 2a F (6)cos£ + p2F2 (e)) !
. 5.64

a(Z<-l) + o(z F (6) - Fl( ))cos€

The variable 'in Eq.53@4ymaygbeﬁtranSformed'anin Eq.,S.SO.

'
i

ioev :

Qs.(lé"e,‘p) :»,}- eXp<e>p4 (exp<§)‘ |9,p) ’ 5,65

The examplesxéf ps(élqu)’giQen@ianig; 59 were, com-
puted'from'Eqs‘5,61—5,63ausing.ngmerical iﬁtegration'methods;
The' curves differ from those of thé‘previohs.analysissin\
that | | | |

lim pg(8]0,0) = 6(8) 5.66
6->0 - i ‘
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where §(8) is .the.Dirac delta function, because when & =.0

both envelopes are-identical, i.e. Vi = Vg

5.7.3  Estimation of Azimuth in Noise with Post-Detection -

1,
21hw’ °

In'general.awknowledgé of only. the first-order pdf of:

Averaging'(T1‘>>

the input waveform is dnsufficient”to describe - the output
statistics of a finite memory element. : Therefore only the
limiting form;ofLthe’second.varignt of‘ﬁhé model -as Tlf'm
is examined here.. This.form:of.the model does not debendr
upon any‘statistical,dependence\between the~randomfsignéls'
ihxthe“twoﬁchannels.-‘
Equatingvthe\ensemble-andﬁtimegaveragésnby*the eréodic,
principle gives .
o[ | -
lim TI“J x;(t)gtv = E{xin}
T'l—>°°
where X0 are‘indepepd?nt samples, of Xi‘F)‘ “The estim&tOr

in this case 'may be.written
' E{x, }
L : In”

8'.= K loqe~<‘ET>?'_}‘>”°

2n

In partidular if the sampleéaxinrare.desqribed by Rayleigh-

Rice statistics (Eq. 5.31) the expegtaticns will bel35"
S ALC(0)
- - TR PO
Bixg,} = T(2)2 1F1<->2,,1, sy >
o i

where f(e).isjthe‘gamma function and~lEi(,;.;.) is the.
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confluent hypergeometric: function. (defined in Appendix: 4).

Then

>

if‘01‘=

plotted

duction

o JFp(4:15-0°F % (0))
K log = g
' € \.F, (~k;1;-p°F.%(0))
l l 217 I (o 2 /

o, .as before, Typical curves of the estimator 8§ are
in ‘Fig. 5.10; the effect of the noise‘'is.an intro--

of bias toward 6 = 0 into the estimate.
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CHAPTETR 6

UPON THE AUDITORY DISPLAY.

6.1 Introduction

The analyses. of the display presented in Chapter 5
were idealised in that‘nn consideration -was given to the
effects -of the elements of a practical echolocation system,
or to the characteristics of the environment. Such analyses
are useful in defining the display but do not give an
understanding of system performance in a complex and dynamic
environment. In this chapter some topics relating the
signal processing and system elements to the characteristics
of the display are discussed, with an emphasis upon the

effects of .the wide-bandwidth linear FM waveform.

6.2 System Performance in Noise: Optimization of the

io at the Display.

Signal to Noise Rat

In the normal temporal analysis of radar returns
attention is oftenbdirected to an optimization of the

instantaneous signal to noise ratio o defined as

peak instantaneous output signal power
pt= - 64;1
expected output noise power

and the linear (matched) filter that will maximise this

ratio is optimum for signal detection by other criteria
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(likelihood ratio or inverse probability). The impulse

response h(t) of the matched filter for a received signal r(t)



138
is h(t) = C.r(T4 - t) 6.2

where the gain C and delay Ty are arbitrary constants.

If however, the delay of the received signal is to be
presented in the frequency domain, as in the auditory display
under discussion, a different signal to noise criterion
must be adopted. Accordingly, define a frequency domain

signal to noise ratio o, as

<I>OS (wC)

p =—-——.—\——
E{Qon(wc)}

W

where Qos(w)'and‘éon(w) are the energy density -spectra
of finite samples of the output in the presence of signal
alone and noise alone respectively and 0, is the detection
angular frequency.

Assume a non-dispersive‘'single object environment with

an impulse response h (t) of the "form
i
h (t) = A 6(t = 1) 6.4

where A and 1 are arbitrary and 6(t) is the Dirac delta
function. The received signal r(t) after convolution with

he(t) will be-
r(t) = As(t - 1) ' 6.5

where s(t) is the transmitted waveform. In accordance with
the duality of the operations of multiplication and
convolution in the time and frequency domains, the equivalent
of the optimising linear filter (with an impulse response
given by Eq.6.2) in the time domain, is specified to be a

dimensionless multiplier g(t) that exists for a period T.
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The form of g(t) to optimise'p(‘u is -now derived,
' In the presence of additive white Gaussian noise n(t)

and the signal r(t), the multiplier -output-f(t) will be .

£(t) = g(t)[r(t) + n(t)] - L T

2 <'t <—2— 606
=0 el > 3
where g(t) exists in the period |t1<:§@' Let the noise have a

N :
one' sided power. spectral density 7?, and let the autocorrelat-

ion function of the output in. the presence of noise alone

bon (F) be ®

o (1) = n(t)n(t F ) g(t)g(t + 1)at 6.7

Becauéé'won(T) is computed from a finite sample of the station-
ary random process n(t) it will be a random variable. The.
statistical expectation may be found by averaging over all such

samples with a time origin X i.e: define

00

p(eln) = | n(On(t +0)gt - Aglt - 2 + 1)dt 6.8

O
—CO

then invoking the:ergodic principle:.

1.
1. A
E{won(r)} = lim T/ b n(T|A)dx 6.9
T > '
1 =T
T
and substituting z.= t - A T
oo ' 1 -
| | 1
E(A_ (1)} = | g()g(z + 1) lim T n(t)n(t + t)dt dg 6.10
- Tl—fw =-=Tl,
| 2
=¥ __(T) ¥ __ (1) 6.11

g9 nn
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where wgg(r) and wnn(T)'are the autocorrelation functions.
of the multiplier and noise respectively. The expectation of
the output energy density spectrum is given by the convolution

integral

E{éon(w)} @g(;)@n(w-~ z)de 6,12

= o0

With the .signal alone at the input, the output energy

spectral density may be found directly
” 2

wt

s (w) = | | rmgme Ut at | 6.14

o0 .

and substitution of Egs, 6.13 and 6,14 into Eq. 6.3 gives

o)

| 2
L r(t)g(t)e It
g
P, = _ 6.15
=2 g% (t)at

= 00",
from-ParsevalPs theorem.:' Now one form of the Schwarz.
inequality138 states.
2
2 : 2
| u(x)vix)dx| < |u(x)]| “dx |v(x)|“dx  6.16
a ‘ a a

so that Eg 6,15 reduces to the -inequality .



2Er
pw < m—— 6017
where Er = rz(t)dt is the' energy of the received-signal,
- OO ' ’

Equality in-Eq. 6.17 1is - given (for real r(t) and g(t)) only if-

g(t) = cr(tlexp(*jlu t + ¢ 1) 6.18

where the-gain C and-phase ¢ are .arbitrary constants..

The upper bound - upon the signal to noise ratio oy imposed
by Eqb 6,17 is identical .to that at the output from a matched
filter and is dependent only upon- the enefgy in the .finite-
sample”df_the«signalo Thus ‘for maximum detectability the.
periodvT‘of the multiplier g(t) should be chosen to coincide
with~the‘fuil duration of the received signal;r(‘t)°
Eq. 6.18 states that the optimum multiplier is simply a
frequency translated version of’r(t),-shifted by the detection
angular frequehcy e

In particular,. for an echolocation system. using the.

linear FM waveform

s(t) =exp (3lut + imt®] 0 <t <7 6.19

in complex ndtatiOn, the received signal after convolution

with the environment impulse response (Eq. 6.4) is
r(t) ='As(t)exp(j[mrt +ow T+ %mtzj)'r<t <T< T 6,20

so that if T >> t, s(t) approximates the-optimum multiplier

for. frequency domain detection at an- angular frequency
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Therefore' the.multiplicative pre-detection:processing
used in the linear FM system produces an auditory display-
with near optimum signal to noise ‘properties. This does not
mean that the auditory analyzer is optimum for detection of' the
received signélspé In practical..situations the. effective band-

width of the auditory system‘(critical.bdndwidth)lzo

will be
much greater thanthat required. for detecting~®os(wc) in the -

presence of noise, °

6.3 The;Display‘,"Stat‘i‘st‘i‘c‘s’o‘f‘an‘EX’t‘eh“d‘edObject°

An assumption that has been implicit.to this point,
and one’ that 'is normally implicit in narrow-band radar signal
analysesls, is that.all reflecting objects .in' the environment
.are characterized by an impulse response that is a Dirac
delta function (see -Seection 2.2). In-many practical situations
a better description of the:scattering characteristics of an
object is to assume it.to be an aggregate of discrete
point reflectors,.evenly distributed over some* finite -extent
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in. azimuth and delay.’ Theh the object impulse response

as viewed through 'the two reteiver. channels may be written:

BnAi(en)

N
hy (t) = Y ——— §(t - ) 6.21

n=.1- Tn,

whexe the_amplitude's‘Bn are normally distributed with zero
mean, the azimuthal responses Ai(e) are:-as defined in Eq. 5.10-

and the delays T, are such that the delay extent At is much
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less than the mean delay T. Then let-

B
b = — 6.22
T .

so that Eq. 6.21 may- be written as

N :
h, (&) = §; b A (6 )8t = 7 ) 6.23

n=l' J

The discrete point-scattereﬁ‘model*of the environment

is shown in Fig¢_6pl.”h

». Azimuth-

Y

o 1)

Object.
Upon excitation:with the, transmitted waveform s(t), the:
environment will give rise to a received signal in each.

channel.

N
r.ft)="}. by (0 )s(t - ). 6.24

Let s(t) be the linear FM waveform

0
3
Il

exp(jlogt + 3t ) 0 <t < T 6.25
otherwise.

0,

1
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After multiplicative processing and filtering, the signal

at the auditory display will be

=

fl (t) =
n

bhAi(en)exp(j[anF:+ ¢ﬁ])_ 6.26

il M

1

where ¢ ~is uniformly distributed between O and 2.

: Letz_wC = mt so. that

N ‘
£, (t) = exp(ju t). X,'bnAi(en)exp(j[mArnt + ¢ 1) 6,27
n=1.
where &%_=,Th - T, For large.N, it follows. from the -

central limit theorem that the quantity.in the summation
is normally distributed with zero mean and since the-

covariance .of the real and-.imaginary parts .

N N
E{ z1bﬁAi(en)cos(mATnt‘+-¢n). Z-bnAi(en)sln(mATﬁt+ ¢n)} =0
6.28
they are therefore statistically independent. Because
At << 1 the narrow-band approximation may bé used to define
the quantity -in. the summation:of' Eq, 6.27 as the'envelope™
and phase 'modulation (yi(t) and Ei(t))‘which will be

described by the Rayleigh distribution i.e.

£, (t) =-yi(§)eXp(3[wct + g, (£) ]) 6.29
where pq(y;) = ——, exp(-—j,)
| 204 204 6.30
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1-
pz(gi) =lﬁ" )
‘ |
the time dependence of y; and &s being implicit,
The variance'ci% may be found as follows. Since 6,

is uniformly distributed over theinterval

0 - %;~<e <~e+‘§§.) for small A6 the,azimuthal responses

Ai(eh) will be approximately uniformly distributed over the

range- Ai(e —-é§5'<ghl(e ) < A.(e‘+ %9) with density:
' ‘ A" 9 : : g2

AeAigg) where Ai(g)v= 55 A (8). The‘varlance g

will :be equal to the variance of the real and imadinary parts

in Eqg. 6.28 i.e;

2
No,
2 _ "°p 02 1 Ae 2
2. 2
No, “A.7 (0) '
=2 I 48 ? + (ae(e + (=1 T3] 6,32
96 (oK) | ,

.where.cbz is the variance of the amplitudes b and o,K

are the display‘parameters.defined\iﬁqus; 5.5 and 5.6,
Consider now the covariance between theAenvélOpe

generating Gaussman dlstrlbutlons in the two channels.. Let-

X = g bnAi(en)exp(ijAxﬁt<+ 4,1 6.33
so that
E{xlx2} =E{) bnAl(Sn)exp(jImATﬁp+ ¢, 1)
n=1"
3 b A (0 Yexp(jlmar t + ¢ 1)} 6.34
= ) E{b “A;(0,)R, (6 )exp(j2[mat t+ .0,])}

n=1 ' , 6.35.
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OF‘E{X1X2}'#‘O‘
The~two modulation functions'yl(t) and'yzﬁt) will not
therefore -be statistically independent. The effect of the
object extent upon the azimuth estiﬁatbr'6 defived‘from
instantaneous-values of -the envelope amplitudes
(Section 5.7.2) canhot bé stated withoUﬁiEnOwledge of the
joint. probability density p(yl,yz).': However, for the
second variant of the ‘estimation model in: Section 5.7
with a large'post—detectibn integration time constant,
the limiting fcrm‘astiz,tenQS'tQ infinity may~be'found
because-it is not affected bylstatistiéal dependence i.e..

lim 6 =K log.
T, €

2

. . 6.36
E‘{‘Y'z}

where y; are defined by Eqg. 6.29..and
: =/ %
Ey;) —//;-oi

‘, _ 2., 2%
Al(Q)[48(aK) + (AQ‘GfQ”,] .

lim 6 = K log.. ~—te — —
Tooe e ‘Az(e)[48(aK)2‘+ (a6 (6+a)) 1%

48(aK)2 + (a6(0-a))? .
s 6.38-

6 + %K log

© 48(aK) % + (b6(6+a)) 2

The second term represents a bias in.the estimator. toward
the median plane. Fig. 6.2 shows the magnitude. of the

bias as-a function of the angular extent A6 for normalised-
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values of the display parameters (Eqg. 5.11).

It is interesting to note. in passing that the envelope
modulation funCtionS<yi\contain‘information on the~deléy
‘extent At. of the object. In his classic work on the-
pfoperties of-noise,aRiéQ1showed'that‘the expectation. of
the number of envelope maxima per second, M, for Rayléeigh

noise is a function only of the bandwidth:

E{M}

0.6411 (2mAw)

4,02 (mAt) 6.39

I

from Eq. 6.27.

It has. béen shown in this .seection that for objects with
a finite extent in both range and-azimuth,. the signals’at.
the auditory display are not,buregtones as assumed in the.
derivation ofithe“display-in Chapter 5, but have envelopes-
déscribed by:the"Raylé;ghxdistribution; There. is*a need,
therefore-for a- study of the‘psychoPhysiCS'of the: localization-
of\Rayleigh~noisé;‘as a function of bandwidth and dichotic
statistical .dependence, to define the display in. these

situations.

6.4, The. Effect of Object Movement Upon the Range Dimension.

of'thejDﬁsﬁléYh‘

The -Doppler. effects, caused by radial motion of a
scattering object, must be considered as a time compression

(or dilation) for- the wide-banhd signals used in the FM mobility
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aids.. The. normal radar' approximation of a frequency
shift is not valid when the bandwidth is .an-appreciable
fraction of the'carrier frequency.

Consider an environment with a time~varying impulse

response he(t) of the form

B .. |
hy(t) = o= st = t(t) 6.40

(%)

where the time- dependence of the delay t(t) is due to

the movement of the object.. Thewreceived~signalfri(t)

will be-
r.(t) = —— (L - T(t)) 6,41

andrin'particular,,if;s(t)‘is,thevlinear FM waveform
(Eq. 6.25) rl(t) 'will be:

BA, (0) | 2‘
r, () = ———exp(Jlo (t-- t(£)) + Im(t - () ])

7 (t) _ |
T(0) < t < T + (D) 6.42

Let: the mean delay t(%T) | be'much: .greater than the

increment in delay (t(T) -.t(0)) and let

B

b= | 6.43

so that after thé multiplicative proceSsing and
filtering the display signals fj (t) may-be approximated
as-

‘fi(t) = bAi(e)exp(j[wor + mtt —v%mrz ) ] 6.44

where the:time-dependence of 7 is implicit. The instantan=-.
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eous angular- frequency w_(t) is
c

_ dt
wc(t) = mt + (wo + m(t - 7)) I 6.45

The first term in Eq. 6.45 is clearly the quasi-static
range coding, the second is an impressed time-varying error

which may beé written'as an error in the range estimator

cwc(t)
€ = R(t) = om 6.46
c . yar

where ¢ is the velocity of propagation.
For an object moving with uniform radial velocity
v toward the' transmitter the delay will be-

2(R_ - vt
CcC—-Vv

where R, is 'the range at t = 0, Substitution into Eq. 6.45

gives
b (8) = (L-8o +&nr + (1-£)mt 6.49
C (o] C. (o] °
2 R ' {
R TP A B 4 |
where = £ = il r =1 z - If ¢c»>>v

the instantaneous angular frequency will be approximately

: . 2v. . 4v.
oo (t) T mry = e, &gt 6.50

and the equivalent range error is

A ' : 6.51
€ = V(AU) + 2t)
where Aw = m?T. is the fractional bandwidth of s(t)..

Wo

For radial motion with constant acceleration,. i.e. for
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an equation of motion of the form
R=TR - (ut + %ft?) 6.52.

where u is the radial velocity when t = 0 and f is the-
radial acceleration;. the delay ¢ is

2

A
1l

ZEL((e - V)

/

, % ‘
+ 2fR)? - (¢ - v) ] 6.53

i

and - ;
dr. 2fr - 4v
at = £t + 2(c-v) °°

Substitution into Eg. 6,45 allbws‘numerical'computation
of wc(t)-°

The‘effects of -the Doppler time compression/dilation
upon - the range dimehsion of the-auditory display are shown
for a typical trajectory in:Fig. 6,3. The echolocation
system parameters are-shown in theifigurew.‘TheQObjeqt—
trajectory consists .of a period of constant acceleration
from aaétationary*position; é»periqd-ofﬁconstantﬂradiql
‘velocity, and uniform decelaration to zero velocity. The
rangeiwas‘chOSen to be within the operating range of the.
‘binaural mobility aids. - The sensitivity of the signal
jprodessing to Doppler effects is cléérlyademonstrated
in the. figure, for althoughhthe”maximum radial velocity
of the trajectory is-.less than 0.005 of the acoustic
velocity of -propagation in air.the maximum range error
indicated by wc(t) is approximately~0.3 of the -true .range,.

The effect of the sweep direction (the sign of-m
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in Eq. 6.25), is important in'the context of"the kinaesthetic
sensory feedback from a mobility aid (Section 1.3). In the:
example given in Fig,. 6.3 the .initial acceleration toward

the system appears to make the objett recede when m is
negative, and the radial acceleration is- accentuated

for positive m. The range-.of an object approaching with
constant velocity will be‘overestimated,for m negative,

and underestimated for m positive, The effect of these
distortions’ in the range coding upen mobility performance

was .investigated in\the:following experiment,

A binagural mobility:aid,: as designed by Martin}4, was
modified so thét&theasweep direction could be reversed with
a negligible*chanée»ih range coding, A single female
subject was instructed to walk toward a 2 inch diameter.
vertical steel pole and stop at a "safe" distance. The:
subject was-,always 'started at a distance of 15 -feet from
the pole but was randomly oriented relative to it so that
the>task included the detection of the. object and motion -
toward - it. Thewparticular'subject wasuchqsenhbecause,she~
had shown: the greatest adaptation to the-auditory. display
out' of a group of. four sighted (but blindfolded) subjects
who had participated in the initial mobility training
programme as- designed by R.W.-Pugh.' She- was, at the. time,

.
the. most experiahcg% user of the mebility aid, and had

received extensive ‘training with the negative m range coding.
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The sweep direction was randomly changed between trials.
A total of 20 observations -of the stopping distance for each
sweep;direction were recorded. No training in the-task was
given and the mobility-aid was switched off after each’ trial..

The. results (measured to the tip of the shoe nearest
the pole):. were

m positive-. mean stopping distance 22.7"

m negative: mean stopping—distancetlB,Oﬁ

with a étandard-deviation in each case of approximately‘S"x
Thewsiénificance‘of"the,differencé between the mean values.
of the~st0ppihg distances wasncomputed{from»the‘t*statistic
(t = 3.84, df =38 : p < 0.01). Tt was concluded that for
this:subject~the'sWeep~direction;»and the associated: Doppler
distortion in the range coding, was significantly.affecting
the motor actions in a mobility task. In the presence of

an impending obgtacle,; the display with m positive-:caused
the subject to take ‘earlier avoiding action..

6.5 The Effect Of the Receiving Aperture Characteristics

T P T L S A IRy

© upon-the' ‘Auditory Display

?heaprevious analyses have assumed non-dispersive
receiving apertures with an azimuthal response function;Ai(e)
d@fined in Eq 5.10. The present state of the technology
‘'of wide=band air-borne ultrasonic transducers does not
allow non-dispersive apertures. to be-constructed, so that

the recéivéd signals,ri(p) will be modified in structure’
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by the aperture response. Let therwaveform s(t) be
transmitted,into an environment consisting of a single
object at azimuth 6;‘

Then

r, (t) = (s(t)®h (t))®h, (t]e) 6.55

wherehhe(t) is the“environmental impulse  response,

hi(tle) is the impulse'reSponse~of~the,recéiving

aberture”of the ith channel (i =1,2), Note the-similarity
of -this equation to Eq. 2.6 where it was stated. that the
recognition of~hi(F|e) could serve to characterize 0.

It was subsequently shown that because the-signal processing
used to generate’the range dimension of the display produced
narrow bandwidth auditory stimuli, the use of auditory
directional coding of this form was,inhibited.22

In-the. frequency domain, Eq,-6;5$rmay be written-

Ry () = S(0)H (a)H, (s]9) 6.56.
where Ri(m),s(w),He(w),Hi(wle) are the Fourier transforms.
- of ri(t),s(t),he(t))hi(tle) respectively. - The idealised
- aperture would have 'a response.

Hy (u]8) = ca, (e) 6.57

where C is an arbitrary constant. S'mith-l40

has developed
underwater sonar- arrays with a non-dispersive azimuthal
response‘over a wide bandwidth;by.using a. frequency
depenaent amplitude taper, but these arrays.exhibit

side-lobes which render them unsuitable for the auditory

azimuth'estimator 6 (see Section 5.5).
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This section examines three aspects of. the aperture
responsé,. First. the.ideal linear aéerture distribution
to generate F(6) satisfying Eq, 5.9 is derived, then.
the reSponge-of the electrostatic transducers used
in. the mobility aid is described. Finallyvthé.definition'
and measurementrof the variation of the. audio voltage
with azimuth is described,
6.5.1 ThegLinear;AperturegFunbtiohﬂto'Generate“a Far-Field
- | : :

AzimuthaljRengnse'of“t'e*formtexp(;yez),

Let the  idealised Variatiqn of ‘auditory stimulus- level
bezgivén.by-Eq; 5.15%i,e..

F(8) = exp(-v6%)- « 6.58
so that the value of o must be chbsén\according to
Eq. - 5.17 to!match the~display‘to the indiwvidual..
| The Fourier. transform relationship between the far-.
field pressure response P (u) Qhere‘u‘=msine

and the aperture distripution f(x) for a linear aperture is

o

P(u)= | £(x)el™W ax 6.59
where k is the wavenumber (k = %?). The corresponding

inverse. transform is
o

Cf(x) = P'(u)efjkxu du | 6,60

where the contour of .integration involves 6 in the imaginary

region (sin6 > 1) as well as real 6. Define'P(u) to be
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zero for |u| > 1 - £ where 0 < & < 1, If P(u) is

even Eq. 6,60 may be rewritten
1
f(x) = P(u) cos.(kxu)du 6.61
-1
which upon a change of variable and .substitution for

F(6) gives

4

i
2

fix) = exp(;yez)cos(kxsine)cosede.‘ 6.62

0] =

Now because P(u) was defined to be zero in the imaginary
region, the limits of the integral may be extended, so

that for y greater than unity a good approximation is

j

e
f(x) = exp(=x62)oos(kxsine)cosede 6.63
J oo
N
- exp (-16%) [J_(kx) + 2 ] Typ (kx) cos (2n6) Jeosods
J o 6.64
oo
w
=rJo(kx) exp(—yez)cosede‘+ 2 7. Jop (kXD
° n=1 G,
J w0

exp(—yez)cos(Zne)cosede 6.65

e QO

=]

= yéTéXp(—4Y)[Jo(k#) +20 ).

exp (~5) cosh ()T, (kx) ]
nil. -:7 vy’ Y 2n

6,66
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where JQ(X) is. the Bessel function of the first kind.
Computed'curVe$~forsinteger values of vy, normalised so
that-£(0) = 1, areshown in Fig, 6.4, The inverse transform
was computed. and showedrthatwfof y > 2, truncation:
of the aperture at iZA introduced negligible errors into F(6).
The - freguency dépendentwamplitude taper function.
required to produce a non~dispersive-F(6) may be.calculated.
directly from Eg. 6.66 by fixing x and varying k. This
is.not investigatea,furthex hexe because, ‘as discussed below,
no method of controlling the surface vibrational
characteristics of the electrostatic transducers used in

the binaural mobility aid has been found.

6.3,2 Measured Vibrationalﬂcharadtefistics 0£,Electrostatic;

Transducers.
The :solid~dielectric electrostatic. transducers used in,
the miobility aid have been-extensively investigated and,

described by.Martin.;4

The construction of these trans-
ducers is .shown diagrammatically in cross-section.in Fig., 6,5.
A diaphragm-of 0.00015" fhickness Mylar*,'metallized'on‘one
side,’is held under\slightrtension.against‘a;circular
lcm diameter back-plate which has concentric rectangular
grooves 0.02" deep and 0.01" wide at radial increments
of 0,02",

The surface vibrational amplitude distribution of these
units was investigated with a probe microphone (0.D. = 0,035",

I.D. = 0,020"). The microphone), developed by the author,

%*
Trade name: Du Pont
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metallized 0.00015in. Mylar
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~—lands roughened with
1/2- 60 emery paper

& | 0.410 Dia. \

= kplat
1: l L L00125 | | u,grooved brass backplate

7 z y ? N7 / w ™

7, 2R v L 8

- Y a7 EX
| 4 k00125 0437 1D, |\ Minsulating support ring

] 70540 0D. ' insulating washer

\
Ybrass case )

Fig. 6.5 Solid-dielectric electrostatic ultrasonic
transducer construction (after Clark).
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iis.described by‘Martin,l4' Care was taken: in .the construction
to minimise interference with the pressure ‘distribution,
and’measurements were made 'at . several heights :above the
membrane (0.2 mm to 2 mm) to determine the-effects of the.
probe. - It was concluded - that the probe was not significantly
distorting the pressure distribution.

Some typical,measurements are shown. in Fig, 6.6 as
i. a coﬁtour‘répreséntation'of the amplitude=dis£ribut—
ion acress-a transducer diaphragm at 40kHz
ii-. amplitude variations across two diameters at right-
angles at four-different frequencies,-
Other measuremen£simade7using the probe microphone are.
described by~Martin,l4 These results'showed that at.
frequencies: below 40kHz the amplitude distribution was uni-.
hodal,‘but at higher frequencies higher order vibrational
modes introduced, further maxima. Nominally'identiqal trans=
ducers were found. to bear-little resemblance to one .another.
in their response patterns, particularly at frequencies-
greater than 60kHz, It would apgéar'that»the vibrational
amplitude is subject to local influences: such as back-plate
roughness;,residual diaphragm polarization, énd‘local
diaphragm;stress.l4 Suchvfaéﬁorswhave,meant that ituhasinot
yet:- been possiblé,to construct transducers with predictable
vibrational characteristics.. Until the mode-of operation
of theseftranSduéefs isfknown—it—will‘not.bé possible

to predict- or control the azimuthal response,
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The ‘results of the‘dichbtic'localization experiment
using the prototype system described in' Section 3.6, indicat~
ed that the differences in. the envelopé"modulation
functions were not affecting the image placement. The
correlation betweén the centring IAD and the mean IAD
between the two channels (r = 0.97) indicated that a

suitable empirical form of the estimator was..

. 4.:yl(é)

8 = Knge ——————— 6.67
¥, (8)
where\.yi(e)- (i = 1,2) are the mean envelope levels.in-

the two channels.. This; emprical eStimator‘isnsimiiar'to_
that proposed\in«Section“5.7.3.‘ The experiment described
in Section 4.4 also indicated that for small envelope
modulation differences with repetitive stimuli Eg. 6.68
is a sﬁitable description. of the auditory localization
function.

(6‘+A(—l)la) and write

|

Letz,ei

y(ei) . 6.68

Il

y; (0)

If the transmitted waveform s(t) has . finite energy, then
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from Parseval's theorem the received energy P(eif

will be

[++]

P(6,) = | Istw) |?[B(w]oy)|?]H_ ()] 2du 6.69

J-OO

from Eq. 6.57, where H(u|6;) = H, (w]6).

If s(t) is the linear FM waveform (Eq. 6.25) with a large .

time~bandwidth product, s(w) may be approximated by141
s(w) = 1. w < u| <'u>. + mT 6.70
2m 0 0 :
= 0. otherwise:
For simplicity assume that |He(w)| = 1 then the.mean

envelope amplitudes may be related to the rms amplitude-

by a form factor £(6.)

17 w + mT
o rt° L
£(9;)
_— = - |H(wlei)|2dw 6.71
Y(ei) Tvm.L u
¥ o}

The azimuthal response y(6) was measured using the set-up
shown in Fig, 6.7, The MKI version of theumobility,aid14
~used to generate the linear FM waveform was modified\

SO thgt the sweep limits could be altered. It-was found
that nominally identical transducers differed siénificantly
in the variation of average envelope amplitude, Martin
found similar differences in single frequency polar

responses.. Thé responses of two typical transducers

are shown in- Fig. 6.8. For most transducers it was
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possible to fit a curve of the form F(¢) =-exp(‘—yez)
to the responses with a negligible err$r~to an.- azimuth
of approximately 30°. The procedure for the manufact-
ure of mobility.aids has been to select, from a batch
of‘transducersL:pairS~having a response closely
approximating F(6) given by Eq. 6.58 with an equal 6db
beamwidth,

Fig. 6.9 shows the normalised. variation of  rms
amplitude' for circularvpiSton mountéd_in an infinite
baffle, with -a bandwidth mT = w . The curves were
computed by substitution of the directivity function

for a piston into Eq. 6.72 i.e.
(wasine 
1= e )
T wasing.
c

2J
H(w|6) = w

where a is the piston‘radius,,

In Fig. 6,10 the average 6db beamwidth w%_oflten
transducers is plotted against the median frequency
w v+ EkmT. For comparison-the computed 6db beamwidth
for a piston source with: an octave bandwidth.: (from.
Egs 6.71 and 6.72), and the beamwidth of a piston

source- at thekmedian-frequency-are‘a_lsé-plo’ttedo The:
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empirigal least -squares line of best fit for the measured

-

values was
w%.= 51 _’0°207'(fl + f2) degrees, 6.73 .

where f; and f, are the sweep limits in kHz.



1 L
fya= 5 kHz.cm. N
0.8 -
fla=7 kHz. cm.
N
qa § fia =9 kHz.cm.
&
- 2 |
f3:]
o . fia=11kHz. cm.
0.4 "E ’
- sweep range: fi< f<2f
|8 piston. radius: a fa =13kHz.cr:
£ f,a =15 kFizom,
02+5 -
€ fa = 17 kHZ:
- A\\\“R—J.
azimuth
0 } 1 ! 1 1 I
0° 10° 20° 30° 40° 50° 60° 70°
Fig. 6.9 Computed variation of rms audio voltage for
a piston aperture in an infinite baffle.
1000 e | } L 1 | [
80° L N
60° 5 -
o
E
- 2 .
[yl
4]
40° |7 -
n .
- computed for piston source
¥— — — x measured from solid-dielectric
o transducers. (Points are the mean
20 - of 10 transducers.) T
mean sweep frequency kHz.
0° e 2 ! ] L ] !

20 30

Pig., 6.10 Comparison between measured audio beamwidths

of electrostatic transducers and the computed beamwidth
for a piston source.

40 50

60 70 8Q

1 6%



169

CHAPTER 7

MEASURES OF AUDITORY RESOLUTION WITH A FREQUENCY -

DOMAIN DISPLAY-

7.1 Introduction»

It was shown in Chapter-2 that to overcome the inhibitory
nature of the precédence effect, in. the. localization of the
components of a multiéle‘objedt display, it‘was necessafy.to
code propagation. delay into the frequency domain, There is,
however, little available 'evidence of the perceptual im-
provement in resolution afforded by a frequency domain display.
It could be eXpécted that an effective resolution interval
might be defined in terms of the critical bandwidth, as
proposed in an earlier workl43° It-is shown. in this chapter
that a simplewdefinitiOnﬁdfuperceptualwresolution of this-
type does not form an adequate description of the auditory
resolution capabilities in a two-dimensional frequency x IAD
displaycﬁ

Two .definitions of auditory resolution were investigated
by the author. The first is simply the increment in the
stimulus magnitude”(frequency)‘necessary~forAthe redognition
of thenpresehce,of two simultaneous components; the second
definition requires that the resolvable increment in
stimulus magnitude is large enough for both recognition and

lateral identification of each component. Two experiments
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are described. in this chapter. The first;measured the minimum
fredquency difference at which subjedts were able to hear two
tones simultaneously, the second experiment required subjects
to identify one tone '‘and determine its lateralization in the
presence of -an interfering tone.

The»secOndieXperiment‘use&_an on-line:hybrid computing
system:with complete control -of the experimental strategy by
the ‘digital cOmputer@"Theﬁtechniqueskof\interfacihg,theﬂ

subject to thé‘cqmputefgare“believetho be original.

7.2 ,SimultaneouS‘Two-TonefErequency-Resolution,

43ihavew

Thurlow and Bernsteinl42; and Plomp andeteenekenl
ihvestigated the monaural difference ih:. frequency necessary
for~théapqrception,of both components of a - -two~tone stimulus,
The first. group used-the.method of limits with two subjects
to obtain the threshold for the.pefception‘of‘theAComponent;

- pitches at a sensation level .of 30db," Plomp,andxstehgekena
used a larger sample of 20 subjects andythe,ﬁethod of adjust—
ment - (average 'error) to obtain estimates of the frequency
difference between two. tones adjusted to-the criteria of.

i maximal‘dissoﬁance (roughness)

ii . minimum interference betweén the tones.

The '‘second of;thése:criteria‘may~be used "as ‘a definition of
auditory resolution in frequench The  authors reported. that
judgments made“againstlthisAcritefion*agreed,well,with:théa

critical bandwidth measurements by Zwicker; Flottorp and
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Stevensl44Abetween 700-Hz and 3000 Hz. At lower and higher
frequencies the experimental frequency differences were
smaller than the commonly accepted critical bandwidths,

The results:of these two monaural.studiés;afe’summarised
in Fig: 7.1l. Both references reported wide individual
differences  between 'subjects.

The experiment reported here used the method of adjuét—
ment to measure. the frequency differehce bétween the two
tones to the criterion. that subpjects heard the two components
."clearly and distinctly".. This study differed from the two:
cited above“in,thétgbinaural—stimuli‘were usedfin a factorial

design with IAD and pulse duration.as additional factors..

Experimental Method: . The -subject was -seated in.an anechoic

chamber and listened to the two-component  stimuli through;. .
insert‘heédphones (as described in Section 4.3). - At each
presentation:of the,stimulus,?the‘subject’s’task*wés to adjust.
the frequericy of the Qsciilator geﬁerating-the-secondary~tone"*
iﬁ“reIationyto a fixed frequency primary. tone. aceording, to.theT
criterion'of: the minimum frequency difference in which the
two components could be. heard "clearly -and distinetly". All-
judgments were made.from an initial condition of zero
frequency differénée,\andwthegseQOndary,OSCillator~couldaoﬁly
be: adjusted to be.the lower, frequency of -the two tones,
Thégexperiment is shown in block diagram form in Fig. 7.2.

An amplitude stabilised Wein bridge oscillator was used to -
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generate the primary tone. Push-button selection of the

frequencies-was incorporated for repeatability.  The secondary

oséillator~was a-Hewlett-Packard 3300A function generator

used in.the voltage controlled: mode. The subject's control

was an uncalibratedxpotentiometer‘that gave a linear

variation of the secondary frequency with rotation from a

minimum of 50 Hz to the primary frequency. The stimulus en~

velopes were controlled by FET gates with a rise/fall time

of 5 msecs to minimise transient clicks., Pre-set-resistive

equalizers were included to maintain a constant sensation

level at: all of the primary frequencies., After each response -
the frequency difference was measured.with a digital fregquency
meter.,

The stimulus parameters used were as follows:

Primary  frequency: 300, 500, 1000, 1500, 3000 Hz

Primary tone IAD: +8, 0, -8 db (re theleft ear).

Envelope:s \ Continuous tone, and pulsed tone
(repetition peried 330 msecs,. duration
300 msecs) .

Sensation level: 60 -db for each component- tone at the
primary frequencies, as measured in.a 2 cc
coupler: (ASA) with the insert tubes-
attached,

The -envelope' parameters of the pulsed tone condition were

chosen to simulate . the -enwelope structure of the binaural

mobility aid.
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The'experiﬁeht-was designed as a three way :factorial
(Primary frequency x IAD x Envelope .structure), with the.
stimulus preseﬁtation order»raﬁdOmised~between’and within.
repetitioné“of.thé complete block.: The'mean .value of the:
difference frequency was computed from ten observations in
each cell,

Six male undergraduate students were used as subjects.
None of them had previously-participated in psychophysical .
experiments, and all ‘were 'given audiometric threshold tests-
to ensure the absence of threshold abnormalities.  The
subjects reported daily. through the week. for a period of
three ‘weeks; each daily session'lasted for % hour. The first
four sessiagns for each subject were spent in familiarisétion
with the ‘task '‘and during this period results were not recorded.
No corrective feédback of any kind was given to subjects
throughout the experiment, butlthe‘cfiterionffor adjusting
thé,frequency differenée was repeated verbally to the subject

before the start of each session..

Results: A lack of homoscedasticity (eqﬁality-of variance).
over‘the~com§le£e block pregluded~rigorous“statistical
analysis using the ahalysis of variance technique for.the
factorial design. However, the ‘significance of. the three. .
main effects was obvious. . The results of a single subject
are shown:in Fig. 7.3, all subjects gave résults siﬁilar-in

form. . It was obvious that the IAD factor was not affecting
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the results of any subject; the data from the three IAD levels -
were therefore pooled to obtain an estimate of the difference
frequency based .upon 30 observations.’ The frequency
dependence of the'results of all ‘subjects is . shown in . Fig.

7.4 for both the pulsed and- continuous tone conditions., .

Discussion: The large differences in the results- of individual

subjects. reported: in the: earlier-studies werg'verified‘ingthisx
experiment., A subject's performance in a taék-of this. nature.
will depend upon. the interpretatiqn~placed7upon‘the'judgmgﬁtr
criterion.. The vague critérion'of "clear -and distinct! -
compOnent.images.was;purposely_used for-this experiment so
that subjects would define.their~own.resblution interval.

The' magnitude of the results of -subjects DE, CG, LG and JR is
clearly much smaller than the acCepééd values of the,critical
bandwidth and when. compared with the results of the
experiment by Plomp‘and-Steenekenr(Fig; 7°l)iindicate the -
effect of the criterion given. to the‘subjects“upon'thefreSH.
ponse in an experiment of this type.-

The frequency dependence of the ‘results. of all'subjécts*
(except JR. for continuous tones) showed a monotonic increase
in the resolution interval Af with the median frequency.

The reason for the anémolbus résults'of‘JR,isr not known.
For éll:othér subjects - the results may berexpressed as a

psychophysical power law, i.e.

£ +£_\ D o
Af = q < p2 : 701
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where Afnis the - frequency differenCe(ﬂfe and‘fsxare the -
primary andiseCQnaary frequenoies;,q.isra constant of pfo-
portionality~(Varying»betweeﬁ 0,04 -and 0.4 in-the“present
experiment) and the exponent n 1s near to. unlty° |

The fact that IAD 1n the. prlmary tone. did" not appear
to affect the resolution interval.-supports a hypothesis of
cochlea? iﬁterferenge between: the components. This result:
means that the'range resolttion in a two-dimensional display
‘(ﬁrequency‘x IAD) will not be affected by angular separation:
of two objects in\theienvironmenbm |

Allnsixesubjects‘reperted; at times’, the presénce of.
interaction'ﬁqnes aSTthey”adjusted the,frequencywofvthew
secondary.oséilletor: The most: common report Was'ofcthe-
(Zfé —‘fp) interaction -tone when the primary frequehey was;
3000 HZ, ThisiparticulartcombinatiOn—tone4has been  extensively:
studied with the conclﬁsiQn‘thatﬂthegsite-of the generating.
non-linearities:lies- w1th1n the- cochlea145 146, The' spurious |,
compenents may be\redUCed*bdeeéreasing tHeAstimulus
amplitudes:, . Thurlow: and Bernstein reported that interaction-
between: the two componernt. tones was minimised at a.sensation
level of 10 -db.. Hewevér,,aﬁsauditory«diSPlay,,particularlya
for armobility;aidi”will normally be 'required: to. operate:
against an ambieﬁt\backgrounanoiseJeVel‘that would magk
tonal signals at this low:intensityg, In,theée;situations~the
ramifications of.interaction tones in a multi-compohent

frequency domain range display must be accepted.
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7.3 The Ability of the Auditory System to Resolve the.

Lateralization of a Tone  in the Presence of an Inter-

fering Tone .

The“experimentAdesCribed in_thissectipn*waé designed to
estimate the ‘resolution capabilities.of -the.auditory system
in a task requiring both,recognitién'and identification of a
primary tone in the‘presence‘of a sécondary tone, The
ability of subjects to determine the léteralization,ofvthe~\
primary tone, offset from the median plane by IAD, was
measured. as a- function dfwthe,frequency ofkthéainterfering .
secondary. tone,

The,effect of the secondary. toné was estimated. by
measuringrthe.degradation in' the "difference limen (DL) for-
IAD as a function -of the frequency difierence‘betweén the.
two components. The definition, of the DL used for this
ekperiment‘was'similar-to,that used, by Mills48*in his studiés-‘
of"dichotic'localization‘-phenomenao If, in a two=-alternative
fOrced;choice:eXperimehE,la plét_isnmadé.of the, fraction, of
responses of one,typeﬂagaihstfthe“stimulus maghitude, the

résulting}pﬁchometric”functiqn147

may-be used to define ‘the.
DL. as. follows.. If the'stimulus level: at which the:probability
of a response of the given type is x is denoted as'L_, the"

DL may be defined as -
.75 = 2s). 7.2

as in Fig, 7.5« For*experimental;ekpediency it has been-
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convenient to define a modified difference limen.DL' as’

DL' = %(L 7.3

.707 = T, 203)
for‘reasons,given{laterex Thetrelationship‘tb,the.moreﬁ
usual definition of DL (Eq.: 7.3) may -be easily established
by assuming some parametric form for thergsychometric,‘
functiOn;,it,is.commonly.assumed;to*béweither~cumulative>w
normal;.iogistic,.or linear, ‘FOr:example,_for a- cumulative
normal;distributionﬁDL = 1.09DL'., |
. in aefining a ﬁL for a-dichotic difference the fraction
X may be definéd frem responses of’lateralizatioﬁ:"to the
right",. In estimating the effect of an interfering‘tonef,
upoh'the DL é'degradation‘factor DF may be: defined as

DL.
DR = . EE&S - . "7‘,4‘
P

where the subscripts.-p and s refer to the presence of the.
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the primary and secondarywcomponents_reépgctivelya If the:
psychometric.functionsxdefining:DLé and=DL§S have the same
parametric form. then:

.DL'pS
DF = 'D—L'—p— ) 7°5

The Psychothsical‘Method-oflEstiggﬁing the Difference Limen:

The .classical psychophysical techniquesA(meﬁhbduof%constantﬂ
stimuli, method of limits'etco) have béen widely used in thgf
past -but suffer. from many disadvantages, the -most' important
of which is a lack of experimental efficiency. Modern.
statistical techniques. have been developed to. obtain greater
efficiency by concentrating the stimulusrlevelkébout the
point, of interest on the psychometric-function.

If,the,parametric'form-ofpthe%psyéhometri03functioniis
known, which.will not.generally be the case, ‘maximum like--
lihood»methodsl48"may be used to obtainxefficieﬁt,estimaﬁes
of anwax: However, nOnfparametric‘estimatbrs are-to be .
preferred,iespediallyvif‘there‘is;little.a—priori knowledge -
on the form of the*psychomeﬁriéifupctign; Sequentigl and.
adgptive~strategies that axe 'not critically dependent.upon,
the‘parametric?form@ofgthe;psychometric~fuﬁctibn;have;been
adaptedaférVuseﬂin,psychoacoustiés to give efficient estimates .
of;LX with small:asymptétic bias. PEST:(ﬁarameteerstimatiQn .
by Sequeni:ial?Testing)]'49’l5O whiéh»uSes Wald's sequential

stopping rulelsl‘to“tegminate\the'testing séquence,'and the
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152

up-down method together-with its variants' the UDTR (Up-

153,154

Down Transformed Resppnse) and BUDTIF- (Block' Up~Down,

Two-Interval.FOrced;Choice);55rl561

have been used in various’
psychoacoustic- contexts--

| Theiexperimentrdeséribe&xhere was ‘designed around. an on-
line hybrid. computer. implementation of the UDTR technique,
which combines experimental efficiency«with simplicity of the
strategy and small asymptotic bias. The technique !is-

described in detail by~Wetheri11157;

and -is.summarised here:.
The QbserVations“in:the.two—altérnatiﬁe'expefimeﬁtiare
taken at a set-of equally spaced stimulus levels Sko Then-
for certain .values of-x the:UDTR=method-£racksALXWas~follows.,
Take .a finite series. of 6bservatiqns.at the~stimulus>level
that is the best initial estimate of Lx,7and‘cbncurrehtly-_
calculate.the‘fracfion x' of'posifive‘responses,, As soon as .
x' < x terminate the- series.and increment the stimulus level,
If after the:predeterminedilength of the series, n, x' z x.
then. decrement theastimulué level. before starting. the next:
series; For example, if the.response pattern raquired. to
decrement the stimulus. level.is n positive reéponsesn(iwes any -
negative response will make x' < x and terminate the -series)

the ,levelriLx tracked by the strategy will be given by

x = 0.5. L 7.6
The original up—doWn‘rule1521set—n = .1 and- therefore tracked

the level. L The effect of the UDTR strategy is .to trans-—.

50
form the. response pattern, and therefore to track the
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transformed response at x = 0,5, Some typical UDTR strat-
egies~based\upon-thefresponSe pattern of n - consecutive positive
responses. are- shown in Table 7.1. Note that,LX.fOr X < 0.5

may be tracked by. decrementing the stimulus le&el after-n

negative responses in-which case the level.will be given. by

(l=x)™" = 0.5 7.7

TABLE 7,1 A SOME POSSIBLE UDTR STRATEGIES

Response’ Pattern Reéponse Pattern Level tracked by.

N to l?eCrement»sk to Increment. s, Strateqgy
I 1 0 | 0,5000
2 11 0,10 0.7071
3 111 0,10,110 0,7940
4 1111 « 0,10,110,1110 08409
5 11111 L 0,10,110,1110,11110 0, 8705

}Twoiaddipions to thefbasiC_UDTR strategy were used in
theiexperimentp Cénéidef;the“ﬁypothetical‘expefimentainun
with n'=.§_as shown=in Figs 7.6. Wetherell-proposed an.
estimate'Wvbf Lx based. only. on those series. in which  there

' 2,4,@ 7,8, 10

is a.change 'of stimulus direction (series:i737+5++6 in-

Fig. 7.6).. Then W is defined as -

W=

Sie

!
7‘ W . 4 708
k=1 k :

where-the, experiment .is terminated after m changes of response



type and w‘here\“wk are the 'stimulus levels.at which a. change
of -response type occurred, - Although the W estimate has a

small -asymptotic bias caused by the lack of. symmetry: in the

stimulus level

51 ‘
response pattern
L] /11\‘// ‘ 1.
3M 10 11 ‘ M O//// )
\\\ //// T \\\Q e \5\ ///

21 0 : 0 10
11
0 . . . . . ; . run no.

1. 2 3 L 5 6 7 8 9 40

Fige 7.6 A Hypothetical UDTR Experiment

transformed response.curvej«this‘may\be\reauced.by an.
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appropriate choice of stimulus increment magnitude. Further

possible .bias:in the estimate caused by an incorrect-initial

estimate of L was largely eliminated. by.following Wetherell's

Routine 17 which states that the first m; changes of-response

1

type should be used. to calculate a W statistic, which is then

used as an initial'estimate. to restart the sequence with one.

half of the original stimulus increment magnitude.
The ‘dichotic DL . in IAD was -estimated by using the:

strategy with n = 2 in Table 7.l1,.to estimate L and its

« 7107

inverse (response pattern.00 to decrement the stimulus

magnitude) to,estimate«L 2939- These two strategies were

interleaved with equal probability. of either at each trial

to reduce Sequentialidependenciesng

. The initial estimate’-
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of the DL was set at 2 db with the. stimulus- increment set at
0,4 db, Wetherill”$ Routine 17 was ‘used with a reinitial~
ization after six changes of response type, followed by the
experimental ruanased_upbn 16 changes .of response’ type’
with the incremewnt 'in IAD set-at 0.2 db.

On-iine: Computer Implementation-of UDTR: The-repetitive-,

nature and logical (even if randomised). stimulus-seguence .
structure of the psychophysical experiment make it ideally
suited to control by digital computer. Only the simplest
~of the:modern sequential or adaptive statistical techniques:
can be used in a manually controlled experiment, so that if
full advantage“is to ‘bertaken of the:efficiency of: these
methods some programmed control of the experiment is:necessary.
Previous reports oh the computer control of psycho-
physical'procedure5~have{shown,that the‘major problem' is in.
the interfacing of;thevsubject to;the computer and the. control .
of - the stimulus. Three. basic. techniques-have been used:
i-. To have”tﬁe computexr generate:theestimuli in real
time and-tOfapplyAtheSemﬁo'theasubject's'headphones
through: digital to analogue (D =~ A) converteh:slsg°
ii  To have the- computer control a magnetic,tape trans-
port mechanism with previouslylrebordedgstimulil6OQ
iii To use the:computer's-.internal digital pulSéslapplied
airectlyrto the-headphoneS’asr"cliqk"~type.stimulil6l:
All of- these techniqueS.pre@enF difficﬁltieSAin~a general .

psychoacbustic experimenffbeCause they either require a
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specialised computer interface or else-lack flexibility.

ThiS\experiment~u$ed a hybrid computing system to take .
advantage of the stimulus-responsé processing capabilities
of both analogue and digital computers. The experimental
strategy and data analysis was .controlled by the digital
computer with the. stimulus control-and timing executed
through the elements of the analogue computer, - The only
external equipment needed was an oscillator, a pair of head-.
phones and three push-button switches.

The experimental set-up was designed around, the hybrid
computing system in the Electrical Engineering Dept.,
University-ofiCanterbur&g At’the‘timeﬁof,the,experiment (1969)
this comprised an EAI 640 digital computer with 8192 words. of
memory, an EAI 580 analogue computer with 60 amplifiers and-
50 servo-set potentiometers and a basic EAI 693thbrid
linkage unit containing a_singlé‘D-A.converth (the RDAC). and
A-D data transfer through the digital voltmeter (DVM).,

The analogue .computer patching is shown. in Fig. 7.7:

(The analogue Qomputing symbols used are‘:defined in Appendix 
5). . A separate phase of thé programme,. not.shown in the-
figurev.was,used‘to set -the levels of theLoscillators
generating the primary and secondary tones and ﬁo e@ualisé
the headphone responses. Because of the limited data trans-.
fefvcapability,of the system it was necessary to. set: the -
amplitudes of the dichotic stiﬁuliaseriallyyon,to the: RDAC

‘and to multiplex the-output on to four analogue 'storage units .
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by using the control -lines (CL@@-CL@Z3). The envelope para-
meters - (duration and repetition period) were controlled by

the repetitive operation (rep-op) timer, Digitally- controlled
analogueﬁ(D/A)~swi£ches with a rise/fall time of 5 msecs were
used to gate the stimulus magnitude on to high accuracy
(0.01%) quarter-square multipliers (QSMs) to control the amp-
litude of .the. externally generated tones@ Normal inverting
amplifiers-were-used to sum the primary and-secondary com-
ponents and tb drive the headphones..

The subject communicated with the digitally controlled.
strategy through@theusenséwlines; one Washusedrto initiatethe-.
session, two.more- were used as response lines, The: fourth
sense ‘line was connected to an astable multivibrator; the‘-
state of this sense’ line‘'was interrogated after each response
toidetermine whethér,thé next stimuluS'pfesentation should be
for‘the Lo7b7 or L°293 strategy. Because the: response time-
is-random the two strategies were interlééved3with equal:.
probabilities at each trial.

Themdigital computer programme .was written in a version.
of the EAI3HOI (Hytran Operations“Interpfeter) language ' that-
was modified by the author to improve the;flexibility of |
cOmmunipation'with'the.EAIM580 analogue computer, This .
language-is a high level  interpreter type of language designed
specifically for‘EAI-hybrid computing systems. The flow
diagram for the experiment is shown.in Fig. 7.8, Only one..

strategy (L .4,) is shown, the othe? was identical in. form,
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Fig. 7.8 contd. Hybrid computer control of the UDTR
experiment. This page shows the stimulus application
and response testing stages shown on the previous page.
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Appendix 6 describes a method of controlling a simple
UDTR experiment in IAD with an analogue computer alone,
Although -this -method lacks the flexibility of the'.full hybrid
control‘deSCIibédnabOQe, it could be used to advantage™in
those. laboratories where ‘only an.analogueﬁcomputervis:

availableo

Experimental Method: 1In a pilot experiment, using the-method
of constant stimuli, itnwas-found‘to be_necessary{to b%;ance
the IAD between the primary.and secOnda;y componentsi‘ghen
estimating DLps’ to prevent lateralization responses based
upon the position of a nett image without the resolution
and idéntification of the”primafy tone, The secondary com- -,
ponent- of the' stimulus was therefore presented with IAD:
equal -in magnitude- but opposing that of the?primary tone,
Eacﬁ\experimental~session was :divided into two-parts;
estimation of DLp then estimation of,DLpS(”séparated by a
break of approximately three minutes during which time a
summary of the strategies for estimating DLp were printed éu?;
For all sessions the primary frequency was 1500 Hz. The
secondary frequency was randomised between sessions between
300, 400, 500, 600, 800, 1000, 1200, 2400 and 4000 Hz. At

least two sessions were spent in estimating DL__ for each

ps
secondary frequency-.
The stimulus timing is. shown diagrammatically in Fig.

7.9, A one'second duration reference stimulus consisting of
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the primary component alone with 0 db IAD was applied before
each test stimulus, This .was done for two réasohs:
i~ To establish. the median plane as the. point of
reference for lateralization judgments and there-
fore to reduce any sequential dependence of responses.,
ii To-aid in, the identification-of the. primary.component

in the estimation of: DL’

ps®
response . response
&
referaence test
stimulus stimulus
L:L__mnn‘ — L R.H, channel

. | %. 18, :nii%%%s:

S

L.H. channel

time

Fig, 7.9 Stimulus Timing Diagram

Thersubjects wererinsﬁructed to listen to. the. reference-
stimulus and to decide whether the primary component of the
test stimulus was to -the le£t~or‘ri§ht of the reference..
The\squect‘s~console,conSisted.of‘threé~push«bﬁttons, one’ .
to initiate the experiment,-the other two to indicate the
lateralization of the test: stimuli. The experiment was con-

ducted: in a small -room adjacerit to the. computer laboratory..
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Six subjects reported daily.during the week for % hour
sessions, over a period of five weeks. All were male.
- students in-engineering and all had previously:participated
in experiments in auditory localization conducted by the
author, Audiometric. tests were given to all subjects-to.
ensure the absence of  threshold abnormalities. The first
four sessions were spent in familiarisation with the “taskj

the results from these sessions were-discarded..

Results: All subjects-were able ‘to lateralize the primary..
tonewgnd‘gave‘conSistent estimates ofaDLp throughout the-
~experiment as-summarised in Table 7.2, Each ehtry is based
upon 20 estimates ofr,DLp from the experimental -sessions.
The estimate’ of Dvawas-derived,from DLé as measured by the
UDTR strategy by assuming.a cumulative normal psychometric
funct_ion'(DLp =a%009 DL%)O The overall betweeh-subjects
mean (0,78 db). compares: favourably with the DL estimated by
Mills48 using the method of constant-stimuli (0.70 db). at a
sensation level .of 50 db., It was not possible to eStimate
fhe significance of the between-subjects differenqes-in\a
two way classification (subjects -x days) because there is.
no known way of determining the variance of an estimate of
Lxrfrom the UDTR method.. The betweenusubject'differencesl
were tested in a one-way analysis of variance

(F.= 1,49, df = 5,19 ¢ p » 0,1); there was no evidence rejec-

ting a hypothesis of equality. of the. means..
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TABLE. 7,2 ESTIMATES OF SINGLE TONE DL IN IAD-

f = 1500 Hz
p

Mean Standard deviation
Subject DLp | oor

S p

CA 0.84 0.465

PMC 0,63 0,270 .

LG . 0.65 0,314

JDH 1.04 0,314

ARJ 0.97 0.320

DR 0,60 0.180"

Between Subjects- 0.78 0,186

The presence of the secondary tone in the,estimatiqn of.
DL‘E)S generally gave elevated thresholds. However, for ﬁhree:.
subjects the eetimated DLésewas depressed relative'to DLQ
when fp and;fsvwere~widely separated (fsx= 300, 400 Hz); which
indicated that these subjects were able to usewtheAextra}inu
formation- in the balanced nature of the-stimuli, when both
tones were present, to increase the slope of the: psycho-
metric function. Subjects were not informed that -the primary
and secondary .components contained opposing IAD.

At small frequency separations"(fs bétween lZOQ‘Hz and
4000 Hz) subjects-.failed to give-convergentveetimate87of

DLE’DSo Under these stimulus conditions it was not uncommon
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for the UDTR strategy to. increase the' IAD level to the
dynamic. limit of the~analogue computer (> 20 db). One sub-
ject in particular (PMC) was .unable to lateralize the
primary . tone. in the presence of the secondary tone except
under' the conditions of widest separation (fS = 300, 400 Hz),.
All other estimates of DL§S were non-convergent. No improve-
ment was noticed in this subject- throughout the course of

the experiment,

The results of the experiment are summarised in the -
degradation factors (Eq. 7.5) plotted in Figs-7.10 and 7.11.
The first figurewshows‘the'overall mean degradation factor;
iﬁ'IAD calculated from the results of all subjects exéept
?MCOw.Figo'7oll summarises the results of three individual-
éubjectsd In this case DF was calculated from the mean
DLE for the subject,(Table\752),and themean‘DLésffrom.thetwo

experimental sessions at each value~of-fso

Discussion: The results plotted in.Figs 7,10 and 7,11 show

that the interference between the lateralization (and hence
localization) of two tones extends over a much wider frequency
difference than would be predicted from the critical-band-
'width of-thé'auditory system\(_Figor%lv)° An attempt was

made to correlatelthe'degradation'factor with the .cochlear
interference between the two tones, using Flannagén"s-mode1 
of  the response.ofithe*basilar membrane73, but it.was found

that the degradation in the DL’ predicted from either energy
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or peak amplitude comparison was very much:..less than-that
obServed-in‘the,results of the: experiment. = There is there-
fore evidence of central interaction between-the neural
‘patterns generated by simultaneous tones of‘different
frequency. The region of indeterminate DLés (1200 - 2400 Hz)
was greater than that indicated by.the critical bandwidth
or values..of Af measured. in the previous,éxperimento

The conclusionadfawnrwas‘that'pefcepﬁion of both .com-.
ponents: of a two-tone stimulus- is not a sufficient condition
for lateral (or azimuthal) resolution. This was confirmed
by the subjgcts*who‘reported that although they were able
to hear hoth components they had difficulty in determining
lateralization, It is therefore not possible  to- define a
simple Af x IAD resolution cell for the dicho.tic'dlisplaty‘o'f

Both of the experiments reported in. this chapter have
been. concerned only with'a static. dichotic display. The
efféct of the secondary cues of héad—moveﬁent—and kinaes- .
thesis upon resolution in a dynamic environment have yet to
be,invgstigatedo The. display simulation techniques d¢scribed,

in. the-next chapter provide a foundation for such .a study.
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CHAPTER 8

STUDIES IN DYNAMIC AUDITORY LOCALIZATION

8.1 Introduction

The azimuthal variation in amplitude in the dichotic
channels of the display developed in Chapter 5, was based
upon the parametric form of the localization function
empirically derived from a static eXperiment,using constant
dichotic stimuli (Chapter 4). The adequacy of any such - -
binaural display in a real environment cannot be predicted
directly from this classical psychoacoustic;gituation
because ‘secondary cues afforded by kinaesthesis, memory,
head movement and intermodal association are eliminated by
the experimental conditions. In this chapter localization
experiments with free head movement are described; using an
analogue computer simulation of the idealised display in a
single object environment. The experiments were designed to
investigate the use of adaptive strategies to obtain rapid
estimates of the localization function. . The object of the
experiments Qas‘to define -a possible 'clinical' testing
procedure to be used in the matching of the display of the
mobility aid to each usero~

The simulator was developed with the broader aim of
providing a research tool for the study of requirements of

a sensory display for human mobility. For this reason a
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discussion of the role of a simulator.in the psychophysics of-

mobility is presented below.

8.2 The RQle‘of-a~Mobility Aid Simulation

A complete specification of -any non-visual display to
aid the blind must be related to normal human interaction
with the environment and the enhancement of this.interaction
by the display. This area of research has been largely
neglected.

The-need for computer simulation of mobility aids as a

research tool has been‘recognized}62'and investigated by
Baecker%63This feasibility study investigated the possibility

of the simulation of a pencil-beam mobility aid. It was con-
cluded that the simulation would be extremely slow and would

require specialised-computer hardware. No consideration was

given3to the display or the sensory requirements of the man-

machine -interface.

The author proposes that. a more.profitable approach would
be to study the mobility performance of subjects -in a simple
simulated environment. .A rigorous study could then be made
of the effects of the display parameters upon performance -and
the sensitivity of the“mobility-functioﬁ to perturbations in -
the display parameters. The simulator would provide.a well
defined environment with strict control of the experimental
stimuli -and a provision for monitoring the subject's actions.

The major problem associated with the use of an actual
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mobility aid for this type of study is that the system and-
environment cannot be controlled dr,accurately specified
(Chapter 6). |

Cbnsider,'for example, two features of the display
developed.in this thesis that can only be resolved in a
dynamic- environment. The localization.experiments deséribed
in Chapter 4 showed that individual subjects have a pronounced
frequency dependence in the regression coefficient B of the:
localization curve. Although no way has been found of com-
pensating for the resulting range dependence of the azimuthal.
dimension of the‘display, no subject (blind or sighted) using
the mobility aid has reported a distorted auditory space.
The sensitivity of mobility performance. to induced‘distortions
in -IAD-azimuth angle relationship can only be studied in. a
simulated environment. Similarlyy.although it-was shown in
Chapter 7 that the ability to resolve the'azimuthal direction
Qf a dichotic tone was severely degraded by the presence of a
secondary tone; it has been the experiénce of users of the
mobility aid that resolution of the azimuth of two objects is
possible. The factors affecting resolution with head move- .
ment could only be'eLucidatedvih a well ‘controlled experimentalr.

environment - such as provided by a display simulator.'

8.3 Analogue Computer Simulation of the Idealised Dichotic

Display
Consider the.geometry of'a subject in a single object

environment as in Fig. 8.1l.
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FIG 8.1 GEOMETRY OF THE SIMULATED ENVIRONMENT

Define all angles relative to the.median plane through the,
body so that-if the head is directed at an angle B the
effective razimuth, relative to the auditory egocentre, of an
object with ézimuthﬂe is - 6-B. - Then, as in Chapter 5, let

6' be the response to a stimulus with dichotic IAD: a suitable

modeliis
A, (6-8)

' . ‘
6 = B + K lOgem + 9'0 + £ | 8.1

where K, Ai(e) (i.=1,2), 6, are defined in Chapter 5 and -

0

where ¢ is a zero mean normal random process. Then define:

an estimator é = E{0e"}, If Ai(e) is given. by
\ 142
A;(6) = exp (-y[o + (=1)7a]%) 8,2

wheke y is a constant (Eg.5,15) then
’ ]

6 = B+ 4Ry(0-B)a + 0.

Eq°J8°2‘forms the basis of the.display simulation-shown
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in Fig., 8.2, which was designed around the computing elements
of an EAI 580 analegue computer. The quantities -(6-8za)
were formed in summing amplifiers (see Appendix 5 for the.
notation of analogue computing components). A single time-
shared diode function generator was used to generate the"two
amplitude weighting functions Ai(e-s)° To mihimise-set-up
time a ten segmentiapproximation,to F(6) =_exp(—y62) for -
6 > 0 was used, with an absolute value circuit te retain the -
modulus of 6 when 6 < 0, The‘timelsharing was- accomplished .
through-synchronised~pairs of A/D switches and T/S amplifiers
driven- by a four bit~ring—shiftare§isterb The T/S ampiifiers
were up-dated every four msecs. Alternative methods of:
generating the Gaussian Weighting functions Ai(ewﬁ),using
squaring cireuits andapreset~exponential generators were
t#ied~but were founaqto have significant inherent errors.

| 1Thevsignai seurce WaSva-Hewlett—Packard 3300A. function
generator used  in the.voltageecohtrolledrmodec No provision
was made for simulating Dopplet\effectsrin the.range coding
(Chapter 6); this addition should be .made for‘mobilityrstudieso
' The range dependence of signal amplitude was included. by using
a{non~lihear~network (Rm2) aad muitipliero The azimuthal
amplitude dependence‘of the«dichotic stimuli was -controlled
by quartermsquareemultipliers (0,01% accuracy). The parallel
logic waseused to control the stimulus timing- and envelope |
parameters. - The pulse duration-and‘repetition period were

controlled from the.rep40p timer through'A/D switches which
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computer, using a single time-shared diode function generator.
(See Appendix 5 for analogue computer symbols).
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voltage- controlled

l-[]—— oscillator

Hewlitt- Packard
3300-A

1
control voltage

Binaural display simulator, based upon the EAI 580 analogue
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gated the voltages Ai(e—s) on to the multipliers through
amplifié:s with a first-order rise time of 5 msecs,

The expansion of the simulator to multiple object environ-
ments is. limited by the number of available analogue multi=-
pliers. Each simulated object requires two multipliers as
amplitude modulators for Ai(e-B) and a further multiplier for
the range dependence of the. amplitude, Theutime-shared diode
function generator may be extended to at least a four object

environment.

8.4 Interactive Methods of:Esfimating the Localization

, Constant K

The basic simulqtor.described above was. extehded to
ihclude the subject”é azimuthai response in a feedback loop
containing an adaptive strategy in‘order to estimate the.
value of the localization constant K in conditiohs.of‘free'
head movement; |

Consider the man-machine system shown .in Fig. 8.:3.

& M(o-)
R 3 BINAURAL = —
g—— 5| DISPLAY |A,(6-f) MAN
» S IMULATOR -
5 ADAPTIVE |
recorder STRATEGY response

FIG, 8.3 THE USE OF A DISPLAY SIMULATION TO ESTIMATE K
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If the value of o is.controlledaby,somé strategy that forces
8 = e+aog'the’Value of K may be estimated directly from

qu 5017, i.e.

K = g 1 | | 8.4
Otc"{
where o is the value of o when 8-= 6+6,. ~ In this condition

the .expectation of the subject's response will remain con-
staﬂt‘and-wiil be independent<of the-head -direction 8. For
all other values-of o the image directionrwill depend upon
g (Eq. 8.3).
Three methods of controlling -o Were evaluated, in
separate éxperimentsp against three c;iteriaé
i The .ability of naive subiects-to perform the task
required by the methods
ii. The rate-and Vériability of the convergence of the
estimate of acg
iii Repeaﬁability,of estimatesvof~aco
For each method.estimates of;K‘were made at‘siX'freéueh—
cies (300, 500, 1000, 1500, 2000, 3000 Hz)., fhe»sensatign .
level in each channel was set to 60 db, as m?asured,in a 2 cc
coupler, when Ai(d—B) = 1§ All experiments were carried out
with 6 = 0, and with the value of Y‘chosen-to make the 6 db
beamwidth ¥, equal to 90°,
The subject was seated in a room'adjacéntrto the computer.
laboratory.  The head direction B was monitored from a

potentiometer, affixed. to the headset upon which was mounted
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a freely sliding vane that was restrained in azimuth only.

In this way pitch and roll movements of the head were not
significantly restricted., Fig. 8.4 shows a subject seated in
the experimental apparatus with the EAI 590 hybrid computing
system in the background. The image direction-indicator held
by the subject was used in the‘sécond andvthird’experiments~

described. below.

8.4;1 Direct Control of a by‘the‘Subject

In the first experiment the subjects were given direct
control of &, through a potentiometer, and were .instructed
to find:the position of the .control at which the. azimuthal
pééition-of the auditory image remained fixed in space. The-
method that they were told to use was to note: any shift in
image position between the extremes of the head movement and
to null this shift.with the control., It was found that a -
joy-stick or a thumb-wheel was. the most convenient method of
adjusting a. |

Although the author was able to give convergént»and*
repgatableiestimateé 6f ac,‘the 16“otherisﬁbjects'who took
part in the experiment»wére unable . to perfbrm the required
task at all. Even when giVen‘detailed instructions on the
reffect-of»the.contrdl¢all subjects were unaBle to.pérform‘the

task with any reliabilityo Estimates of uc>wérexscattered

over a-range of approximately 5:1 for. each subject.
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Plate 8.1 Equipment and computing facilities used in the interactive localization
experiments. The subject's head position is monitored by the sliding vane attached
to his headset and the image direction indicator is affixed to the boom above the head.
(The EAI 640 digital computer is to the left, the EAI 693 hybrid linkage unit is
behind the subject, and the EAI 580 analogue computer is at right).
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It was therefore concluded the method was not-a satis-=
factory procedure ‘for estimating ac‘because~of the ‘complexity
of .the-interaction between the subject's control, the head:
direction and thénimage>directiono‘ This method of controlling

o was therefore abandoned,

8.,4.2 Integral of Response Error

The subject's task was modified:to that of simply
tracking the image direction as the head was slowly turned from
side toAsideo_‘TheareSponsg.e”'waé‘measuredawith a
potentiometer mounted above the subject’s héad(Plate 8,1:)
and‘the‘difference‘befweeﬁAthe‘desireereSponse 6 and the
actual réSponse was integrated~in the;direction required to
force. the-difference 6—9“‘t0'zero° Theftime‘deéendence of

a was given by
| t |
| ,
al(t) = C j (6=6')sgn(B=6)dt + a(0) 8.5
0

where C is a Constantidéfining the system open-loop gain.
The: signun of' the effective#azimuth‘Q(Bme) is necessary to.
force the strategy to converge upon L The‘complete feed-
back .system and the analogue computer implementation of Ehe-
strategy .are. shown-in Fig, 8.5, Substitution for 6" in.

Eq. 8.5 shows that the strategy is the linear sum.of a
deterministic- and a random process. Assume the head to be

fixed and let -6, = 0, so that for the ideal (error free)

0
Observer differentiation of Eq. 8.5 gives
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'Q_géil + 4CRy (6-B)a(t) + Co = 0 8.6

and -if the initial condition o (0) = 0 is substituted the:

solution becomes.

‘ g | o
a(t) = Z-T(—Y-[l - exp(—4KCY(8 e)t)] : 807
so that |
lim o (t) = o ' 8.8
4Ky 00,
t>w
Because . |
lim | &dt. = 0 - ' f 8,9
tro d |

the‘convergence‘will'be\unaffeckédibyxaanoisy observer.
This-strategy forces the‘sﬁbjeqt to resppnd to some
predetermined angle 6. Similar techniques could be used-in
other psychophysical situations iﬁkwhidh-if;is desired to
meaéure’the‘stimuius'magnitude'required to -evoke a‘reSponée“
of a given magnitudé on some responselcontinuum;- The subject
need. not: be aware of the reSponse magnltude belng tracked.,

r

The method is, in fact, 51mllar to that used in the: Bekesy

aud:.ometerlG4 where ‘a constant rate of change of stimulus

magnitude in the'direétion~indicated‘by_a“binary,reSponse is-
used -to measure audiﬁory thresholc‘iso

A group of ten subjects was used to evaluate the.method
bofh\with'the head. fixed, and with free head movement. All
subjects gave-convergent results with the head fixed but most .

failed to do so when free head movement .was allowed., In these-

cases large -amplitude fluctuations occurred in the recorded
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value of a(t); Two eéamples_of the variation of-o during an-
experimental run aré'shown‘in:Eig6 8;6¢ The first is from
oné“of the few subjects who consistently gave convergent
estimates of ac with head movement, the second is from a.
subject who failed to give any convergent. estimates of o e
There were several factors that contributed to the
failure of this method. The first was a lack of knowledge of
the transfer function-of each observer in this fracking task
so that the gain C to produce stable woperation had to be found
by . trial :and error. The task .required-the constant attention -
of the subject, for any lapse in attentiveneSS»a110wed‘the
value of o to integrate away from d07 Furthermore the task
wasVSensitiNé’to-the“-maij}iitudeﬂofﬁBo (Note' that-if B = 6 the:
subject will be unaware of changes.in o and divergent'estimateS—
will: occur.) . The'major‘factor.wasythe presence 'of 60 in. the
localization functipn;. Unless‘eO =.0 the%valueiofra to make
8§ =98 will be'different for each value of B. Therefore, for
succeszul operationyéf the method, any offset 60 must be rcom- .
pensated -as 'in Eq, 5.8, Although the ‘.compensating IAD could
be-meésured by an extension of this technique .in.which 6 was
forced to zero, this was not investigated because of the other

diffiéultiés-mentioned-above°

8,4.3 Integral of the Signed Derivative of:the Response Error

The previous method was modified so that the time -differ-

ential of the response error (and hence the response itself)
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Fig}‘ 8.6
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was integrated wiﬁh a correct sign to form o. The subject's
task was modified. slightly. to include the additional
requirement that definite judgmernts of the image direction
should be‘made with the head direction:alternating about 6.
Then at each judgment the value of o was -incremented by an.
amount proportional to the total response.change.

Let . successive judgments be;defined by the zero-crossings
of the angle-8-6, and let»the.nth»such_judgment be defined by
the period=tn_i < t< th'whefe.tn is the_time of the nth
zero-crossing, Then the}sérategy increments o by~dan
acqording to .

\
i

“Sa_ .= C S sgn (B-0)dt 8.10
tn—l
— : A Y ae -0 | . 8.
= c(e! en_.]_j)sgn(B 8) | 8.1

so that Gah’is defined only by. the responses: 01 at the
: successive zero-crossings of B8-0, The:subject's regponse
strategy between these times.does. not affect the. convergence

n

v = - - .
en sn + 4qun(e an + 0

0 +~£n 8i12

where the random variable=£n‘is~distributed-with'zero»mean,

so.that.

C(Bn . l)(l 4Kya l)sgn(Sn-e)

Blday} = T+ 4CKy|B =8| — 8.13
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~which is independent of g Therefbre this strategy does not
depend upon prior, compensation for any offset in the lecalization
- function. The' convergence of~ocn may' be.demonstrated- by
letting the head-direction by symmetrically displaced about

B = 0, i.e,

B, =6 = (=1)"(8-0) - v 8,14

This simplification, which is not a necessary .condition for
convérgence, -gives.

2c| g (1-4Kya__;)

E{ﬁan} —- 1+4KCY|B‘9l 8,15
and - "

E{an} = o +,D(lf4KY?n,l)
whebre

D = 2c|8]

’l+4KCY|BTGI
and- therefore
' nol ‘ P n
E{a } = D [1 + ) (1-4KDy)" ] + (1=-4KDy) Ay, 8.16
4 p=1

) |

 which is similar to the expression for.an exponentially
smoothed averagel§5° For the case of a noisy observer, the
estimation procédure mayubewviewedras/the\abo§e~deterministicA
suqceSsive approximation with a superimposed random component.
Then the:procedure mayrbe‘written in the form of-a

generalised :stochastic approximationl66

[ = Tn—l(OLO" LI ,qn_l) + Zn'—l ‘ 8.17
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where Tn_l(uo, °°",an_l)'is the error- free transformation,

andth_lbiSfthe‘randomJnoise1¢omponent. Because.

T (ogr i) o

" (l*4KDY)IQﬁ,lf“

o

n—l'l

I

(1-4KDy) 0% |

if-0 < l+4KDY < 1 then the procedure is converg,entupo'n‘ocC

with probability 1.in the mean square sense if-

T o 2
ZHE{an

n=1

b <o | 8,20

and-

E{z_} =.0, | ' 8,21
by Dvoretsky's-theOrem167 (Special Case.l). The first of
these latter two coﬁditions'depeﬁdslupon the subject's strategy

in that. for absolute convergerice (lim E{(aﬁ—ac)z}w= 0) . the
n-e :

reSponsé:error~€n must be aumonotonic~function,éf-the”magnitude
of the response change. In the present experiment this was
gene;ally.observedfto be\the-éase.n Egs ‘8.16 and.8,i7'bo£h
indicateé that

lim = o o
cy(].'). ’ C

n=>®
Thé{rate of convergence will depend upon the factor (1-4DKy)
and-will:therefore be variable between subjects., .It can.be
seen from Eq. 8.19 that rapid convergence wi;l result if

4KDy. is made near to unity.
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The strategy and-its analogue computer.implementation is
shown-in Fig, 8.7,  The only difference to the-prévioﬂs*
strategy is ‘the inclusion of an analogue’'differentiator.

(The usual problem.of high frequency noise in a differentiator
is eliminated by the. following inﬁégrator;), The‘cdhstant C
(Eq., 8.10) which‘defines~the open—-loop gain. of the system was.
chosen.empirically as a comperisgAbetweén-thé«rate of
convergence and the disquieting.effect of having the' image
poéition feact-Violently‘to,any*actionitaken with the.image
indicator. |

The 'same “group of ten‘subjecté=wholtook part in the .
evaluafien of the previous method (Section 8,4.2) were -used.
to evalhate‘this.experimental procédgreb, All-subjects.-gave-
convérgent estimates of uc,although ‘the.rate of.conVerQence’w
varied-widely between subjecés. During,£his-part,of the ex-
periment the effect of different initial conditions aq upon

the response Wasfinvestigated° It-was concluded that.conver~-

gence was most rapid for naive subjects if o ‘was made

0
large;‘so‘that identifiication of thetask was obvious from the
 £apid later;lization-that~occurred-withSmallhead movements,
The convergence of an/from~different valuesibf aO'iS'
_shown for two subjects in Fig. 8.8. Several~subject5-v
reported spontaneously that in. the convergent,cohdition

(an ;~“c) the image appeared to originate from the indicator

no matter.which way they.turned their heads.
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strategy logic controt

initial condition
Fig. 8.7 Analogue computer patching for the integral
of the signed derivative of response method for controlling

'
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Fig. 8.8 Examples of the variation of during an
experimental run for two subjects. Note the different
initial conditions, and the step-like change in X at each
response. :
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Four subjects were retained fer-an extended series of
tests to estimate the -within-subject variability of the éstimf»
ates of’ocC as measured-by this procedure. Each of these
sessions consisted of 18 trials of one minute duration, with.
three ‘trials-at each of the-six frequencies in randomised
order. An estimate of k = 8.686K(Eqg. 5.14) was made from each
trial. All four subjects showed a pronounced daily variation
in. k at mostffﬁequencies, An F test was used to compare the
between-days variance-with the estimated within-tell variahce-
for a days x frequency analyéisﬂ The betweeh days
difference was generally significant-at the 0.05 significance
level for most frequencies;. Fig. 8.9 compares-the-daily
estimates of k with:the overall mean of four separate -sessions.
for‘each.ofitwo subjects,
| Two subjects—(PSBvand,ARJ) had participated in the static
~dichotic localization engriment~despribedvin Section 4.3
apprdximately lzrmonthévearlier, The' frequency dependence of
the localization functiohraslmeasuredfby,the.two‘experimeﬁts
is compared-.in Fig°g8?10; there are'.clearly pronounced.
differences between the results: obtained in the two experiments.

It.is;th posSi5lef:without further, corroborative.
evidence,.to state whether the static or.dynamic.localization
methods 'is preferable in the;eatimation of a, to match the.
diéplay to.an individual. It-was found that the variance
between the estimates of k obtained-in this experiment was

greater than that of the regression coefficient.. in the
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static localization experiments with constant stimuli.
(Chapter 4), Pollack and Rosez7 repbrtea-a_similar.reduction
in. localization -accuracy in. a free~field-experiment when
free head-movement was allowed. There is a need.for further
investigation.of the effects of head movement upon auditory
localization in order to determine which experimental method
is preferable.

The day' to.day variation.in the. estimates of k cannot
be simply explained,.  The possibility Bf a time=varying -
localization function-is ignoredwin_thénclass%cal psychoacousﬁic
ﬁethodsvm@re the data is obtained over. a period of many days.
I£ais conceivable, however, that the variability between days
could be-explaihed in terms of subject motivatioen, Experienc-
ed..subjects realiSe,thatxthé‘estimation procedure will -
eventually reducextheuneed.forAchange51in‘the indiéator
position between successive responses to zero, Therefore
lapses of attention;to theﬂtaskdcoula iead to-an apparently:
convergent estimate ofrac,

These factors‘shQuld;be%further investigated in.a set of.
experiments designed to compare the classical and dynamic

-estimates of k within.each experimental session:.
|

8.5 Discussion

The author is not aware of any previous experiments
using. dichotic stimuli in. which head movements provided.

secondary cues. There does not appear.to be any literature.
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on the perceptual effects of distortions-in the variation -
of IAD as a function of sourcetdireCtionOA The available.
literature on binaural distortions only describes the .effects
of a uni-—lateralfattenuation168o Experiments such as those.
déscribed above therefore: provide a new method of studying
the effects of,secondary.cuesvand the .adaptation of' the
auditory system to distortions. in-the:binaural function,
The»usegéf anﬂanalogue«computer;simulation*ofvthe,azi-n
muthal display developed in this thesis demonstrated that
subjects were able to perceive a dchotic image’ that remained
fixed in space irrespective of thé‘head direction; The-use
of the -parametric- form of the:localization function,de£ermined
in static. experiments;to specify a dynamic display was there-

fore justified.
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CHAPTER 9

SUMMARY - AND CONCLUSIONS

In this final chapter the:principal results of the work
presented in - this thesis are summarised and possible -areas
for future research are indicated.

It was shown in Chapter 2 that the behavioural charac-
teristics of human audition place a/sevefe restriction upon
the form of signal coding that can be used in a single
dimensional auditory display. The use of the normal echo-
location range display of direct propagation delay is pre-
cluded by the precedence effect, which is essential for.
passive listening in reverberant surroundings; which inhibits
the perception and localization of all but the nearest of a
field of correlated sound sources., For this reason it was
concluded that a. frequency domain range coding is optimal
 for the auditory display of -multiple objects. The linear
F.M, aids for the blind-as proposed by Kéy have an auditory
display in which the stimulus frequency is directly proport-
ional to object range.

In Chapter 3 a set of experiments on the localization,
phenomena associated with the prototype binaural mobility aid
is described.' The first of these experiments gave. the first
quantitative—évidence,that the display from this system con-.
tained binaural differences that could be recognized by the.

localization mechanism. It was then shown that of the three
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binaural differenceé in the system specification only IAD waS
effective in displacing the image from the median plane,
From the results of these experiments it was concluded - that
the frequency domain range coding had destroyea coherence in
the microstructure of the binaural stimuli for an object not
on the median plane. The IFD itself was ineffective-in
shifting the image .and the nature of the stimuli was such that-
envelope -delays were not recognized by the localization
mechanism, The IFD did not destroy binaural fusion for all
subjects,. demonstrating that coherence in the microstructure
is not-a necessary condition for fusion of pulsed tonai
stimuli; however fusion was intermittent for some subjects,
Thesevexperiments'provided;a”basié for- the display
specification. It was decided that those binaural differences
that were -dependent upon propagation delays (ITD and IFD)
shouid be eliminated, and the requirement was set that the -
display should be matched to the natural localization function
for IAD. Because the literature contained: few quantitative
data on localization with IAD it was necessary to.design and
complete a series of experiments to verify the linear relat-
ionship between IAD (expressed in logarithmic units) and the
image azimuth., The "within subject" and "between subjects"
variation in the .coefficients of the localization function
were estimated over. a wide range of stimulus parameters,. It
was found that the slope of the localization cuxve was -
dependent upon the stimulus frequency for all subjects, with

a- pronounced dip in the region of 1000Hz., Furthermore these
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experiments showed that wide -variations existed in the magnitude
of the slope of individual localization functions, indicating
that the display should be adjusted to each individual.

The  linear relationships between IAD and image azimuth
was used to define the form of the transducer angular response
functions to pmeserve equality between object and image
azimuth -angles in an echolocation display. It was shown that .
under the. constraint that the angular response: should be .an
even function about the normal to the aperture surface, the.
required form was Gaussian, with the two receivers displaced
by a fixed angle .in opposite directions about the median
planeo“Diﬁferenoes in individual localization functions can
be accommodated by varying the splay angle to match. the slope .
of the localization function and the relative channel gains
to match the intercept: Further analyses demonstrated the
sensitivity of the azimuthal display to perturbations. in the
angular response of the aperture; in particular - the mondtonic-
nature. of the object~image azimuth was shown to be destroyed
by sidelobes or zeroes in the response.

The effect of additive Gaussian noise in the two channels,
upon the azimuthal -display,was examined by deriving the
probability)density‘functions for the-azimuth estimator for
an idealized model of the localization process. It was shown.
that the noise biases estimates toward the median plane.. No |
attempt has yet been made to verify the applicability of the

model to human localization of tones contaminated by noise.
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In Chapter~6 a-set of analyses relates the signals of"
the linear F.M. echolocation system to the display. A
frequency domain signal to noise criterion was defined and
used to show that the multiplicative signal processing
maximises the siynal to noise ratio. The signal to noise ratio
attainable with this form of processing is identical-to that
at the output of a linear matched- filter,

A discrete point reflector model of an extended reflect-
ing object was used to show that a reflecting object of finite
extent in range -and azimuth giwves rise to display signals
described by Rayleigh statistics., The target’s azimuthal
extent was then shown to bias estimates of its "centre of-
gravity" toward- the median plane.

The response of a linear aperture to generate -a far-
field angular response of the required Gaussian form was then.
derived., Present technology does not allow accurate control
of the response of air-borne ultrasonic transducers (solid-
dielectric—electrostatiq) of the type used in the mobility
ailds, therefore no attempt has been made to control the.
angular response, However, measurements upon the transducers
has shown that they can be selected, with a high yield,  to
closely approximate the. required angular response. Future
attention should be directed toward the manufacture of-
repeatable- and controlled transducers.

The final section of this thesis is devoted to psycho-

physical measures of the display performance.. In Chapter 7
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the attainable resolution in a static two component environ-
ment was ‘investigated. in two separate experiments. In the
first experiment subjects demonstrated that the minimum
frequency separation between two tones required to allow each
to be heard seps-ately could be approximated by a power law-
with an exponent near unity. The second experiment showed
that a much greater frequency separation was necessary before-
the lateralization of one. tone could be determined. Even-at
separations greater than one octave the lateralization ability
of some subjects was impaired. Neither of these experiments
allowed the subjects the kinaesthetic factors associated: with
headmovement. A set of experiments is required that will
estimate the improvement in azimuthal resolution when free
headmovement is allowed.

A computer simulation of the idealised auditory display
was- described in Chapter -8. The,purpose'of»this simulator
was to -study localization phenomena associated with the dis-
play when headmovement was allowed. This type of study has
the advantage over direct use of the mobility aid that the-
display parameters can-be controlled and changed at will, and
the subjects responses can be monitored. and processed in
real time. The simulation was extended to inclﬁde‘the subject
in a feedback loop with an adaptive strategy controlling: the
angular displacement of the two simulated aperture response
functions. It was found that by incrementing the angular

displacement by an amount proportional to the change in.
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the indicated image direction between successive judgements a
rapid and convergent estimate could be made of the coefficients .
of the localization function. However, these estimatesshowed
a pronounced day to day variation for all subjects,which
indicated that the localization function might not be static.
Further research is necessary to establish the stability of
the localization function.

The author recommends that the following areas of research
be. investigated to further the work presénted in this thesiss

1) Localization of tones with IAD: There is a need for

further study of the IAD localization in order to determine
thekstabiiity of the coefficients of the localization function
and to define a "clinical" testing procedure -to enable the
system to be matched to each individual. These studies should
compare .and correlate the localization function as measured

by classical and adaptive methods within each session to
eliminate biases Caysed by the experimental methods.

ii) The localization function for Rayleigh noise: It was

shown in Chapter 6 that fo; an extended target the .signals
at the .display are . described by Rayleigh statistics. The
relationship between the localization function for tones and.
narrow- band Rayleigh noise should be investigated., Although
the author can see no reason why the two cases should differ
fhis should be verified,

iii) The effect of ambient noise upon localization: The -

effect of both wide band and narrow band noise upon-the
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localization of tones should be studied to detexmine the .
sensitivity of this display form to ambient environmental
conditions. Such a study would provide a possible method of-
"testing the validity of the localization model presented in
Chapter 5.

iv) Azimuthal resolution with headmovement: It is

suggested that the computer simulation described in Chapter-
8 be extended to a multiple object environment so that the
resolution capabilities of the display may be studied in
conditions of free headmovement;

v) The relevance of this display to the sensory require-

ments for human mobility: It is suggested that experiments

involving motor actions in a simulated environment be conduc-
ted to determine the sensitivity of the sensory-motor system
to the display parameters. The'results of this study should
be correlated with the results of-field evaluations of

mobility aids designed around the display presented here.

vi) The technology of the mobility aids: Because the
azimuthal information encoding takes place at the receiver
transducers these elements must be -well controlled and
repeatable in their operation. There is a need for greater:
understanding of the operation of the solid-dielectric
electrostatic transducers used in the mobility aid, and effort
should be placed.upon the manufacture of transducers with
repeatable characteristics and methods of controlling the
surface amplitude taper to produce the angular response of the

required form.,



APPENDIX 1

A Model of Binaural Spatial Localization

The model presented. here was not conceived as a quanti-
tative model. of the psychological process of localization; it
is. intended to show that the action of the known binaural
phenomena retains the.spatial: information impressed upon .
wideband signals by the head and. pinnae. -

The Role. of the Outef Ears Consider a remote.sound source .

with a power density spectrum ¢(w). - Directional information
is impressed.upon wideband signals by the head and pinnae as
a-linear operation.on the input signal.

or; (0) = @((»){Hi(w.;e)gz Al.1

where'@“i(w), i = 1,2,are the excitation at the two eardrums,
and_Hi(@ﬁe)iS'&e transfer - function of the. outer ear. It has
been- shown that this function:'is extremely dependent upon the
spatial coordinates 6 of. the source,. Thé‘model states that the
coordinates are -inferred from some‘monotonic function of the

ratio of the two power spectra, for example

2
2, (w) Hy(0;0)
G(w;e) = W = EZEW Aloz

The Function of the. Cochlea: The transducer mechanism from

vibrational to neural energy is located in the cochlesa,

shown schematically in. Fig, Al.l. Although shown stretched



231

out the cochlea is 'in fact a spiral cavity in the temporal "

bone:; The primary innervation:is spread along the basilar

pinna <

helicotrema

outer ear I A - . immer ear ~|

FIG Al.l: SCHEMATIC REPRESENTATION OF THE EAR-

membrane  in the cochlear partition. ' This membfane”has,interw
esting mechanical properties in that it is light .and stiff in’
the basal (stapes) region and tapers to become more massive -

and compliant at the apical (helicotrema) end70c This -

feature causes maximal vibrational amplitude at-the basal end
for high frequency tones, and a movement of the maximum
toward the helicotrema as the frequency is lowered7l;< The
membrane acts ‘as a form of mechanical frequency analyzer with
the peripheral neurons responding to shear stressAbetween;fhe
tectorial-membrane and the organ of Cortijgo‘

The motiénwof a point on the membrane distance 7 from

the stapes (Fig, Al.1l) may be written as a convolution:

y, (£) = £(t) © h, (t) \ ‘ Al.3

where yz(t)ais the shearing. motion
f(t) is the excitation at the stapes
h(t) is the response of the point 7 to an impulse at

the stapes.. Flanagan73 has derived the .form of the impulse:



232

takes place only between. fibres originating from correspond-
ing points on:the two cochlae, i.e. place is preserved in

the ascending-system,

lateral lemniscus

| excite excite | accessory nuglews
ascending ( sup%ré%mleo% vary
pathway 7Enhj'bit D
I cochlcar nucleus
N
.,_'z_____>=! —t J.; ‘4__L _'_ l_ B
{/ primary cochlear innervation

FIG Al,2: SIMPLIFIED: SCHEMATIC -OF PERIPHERAL BINAURAL- INTER-

ACTION

It is generally accepted that binaural differences are
resolved. at the‘lowest»level»of interaction,; namely fhe~
accessory nuclei. in the-superior olivary complex. The -
interaction at thisglevéluhas been: investigated.by sewveral
groups7$y76°r Both nuclei receive afferents from the ipse-
and. contralateral cochlear nuclei, It has been, found -that.
contralateral‘stimulationywillaexcite‘the,efferentsffrom the.
accessory nuclei while ipsilateral -stimuli will inhibit
these efferents.,. The results of Hall;76 indicate that it is.
reasonable to write the.outputs of-the two separate nuclei

in -the form

. o (w,)
. ‘ I ‘
N(Z) =. a lOg[b@C(wZ)] =.d log EZTE%T - fZ(T) ' Al.10
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reSponse‘hZ(t) and ‘has shown ‘that ‘the frequency domain
transfer-function of the. point I may be expressed-in

normalised .form as' .

H, (0) = H(‘w—‘”-):
l
where~wi is the angular frequency of maximum vibrational
ampliﬁude-of1the point:71.. Then if the spectrum”Qi(w) is.
slowly ‘varying with w the power.density spectrum of the.
vibration at the point I will be
Yo (o) = <1>.(w)]H(-5’—)|2
7t R | W

and the.power of the vibration will be by .Parsevals theorem

© 2 N ,
[Z v, mae 2 == e (a))

(<]

where E(L) = [m [H(f%)iz

As a further\simp1ification Fechner's~Law?4‘is\assumed‘to,,
deSCribe:thé,neural_transduction;prooeSé, i.e; .we:write the:
neural output. as being proportional to the logarithm of -the.
eXcitation, which is taken.as either the energy of vibration:
or the powerudensity spectrum at w =: Wy |

Then the-activiteri(Z), i =.1,2, may be written.
N, (2) = a log[be!(w)]  Al.9

where a and ‘b are constants of proportionality.

{
The Ascending Audiﬁory System* A simplified schematic

representation of the perlpheral centres. of. blnaural inter-

action is given in Flgo‘Al¢2q It is assumed that- 1nteractlon
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where the subscripts C and I refer to the contralateral and
ipsilateral stimuli, and. where fZ(r) is an.odd function of
the interaural delay 7t

It suffices.to show, 'for this medel, that the direct-
ional information has .not been, destroyed -and can be derived.
from a- direct comparison of activity at some .higher centre.:
For example, éonsiderAthe,modulus of -the. difference. of.

activities\Ni(Z) and define

G(Z;8) = [N (2) - Ny (D) AL, 11
| Hy(wg,0)[2"
= | (a+2d) log W = ZfZ(T)[ Al.12

from.substitution of Egs -Al.l in:Eq. Al.10..

Consider the case of headphone listening. The modifi-
cation of the input sPecﬁra by}thegpinnae‘will,coﬁtainfno
spatial information-and only. the normal dichotic binaural-.
cues of time and amplitude difference mayfbe resolved, . True -,
spatial localization, 'in terms of thisi model, is then.

impossible .and only the 'sidedness! may be reported;
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APPENDIX 2

A High Resolution Spectrum Analyzer -

[ "

£ ™ ——— Hlpen | Ty plotter
‘ - rmw
ramp _| voltage | pwi1-wave ‘ .
controlled 4
generatar ] oscillator - | rectifier Ox

FIG, A2,1 THE ELEMENTS. OF THE. BASIC SPECTRUM ANALYZER:-

The method of spectral analysis deécribed here  was
developed by the:author to resolve-the7fine line structure of
the spectra of .the auditory display from the linear. FM
mobility aids.: Although simple in concept, it is capable
offgreater resolution than any known: commercial instfument°

Let the signal to be analysed be written.

v, (t) = nszncps(nwst +6.) | A2.1
where Al andven_are—the‘amplitudefanq phase of the hthvﬁ
spectral component and wsvis the ‘angular repetition frequency.

Let this signal be multiplied by .a reference-.signal -

o+ hmt® + o) ' Ca2.2

V,(t). = .A_cos(uw

R 0
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where‘ARiis the:constant amplitude;<w0>iS<the~instantaneous
angular frequency>whenmt = 0, m is the rate of change of
angular frequency and ¢0 is the phaée angle. The.- difference

component -of the'product is

© A A

n R 2,
v (t) = néo——T—:cos((nws-wO)t - %mt + 6, - ¢g) A2,3

and-each component of this may be examined in turn by passing
Vm(t) through a-low-pass filter with a cut’—off‘frequen_cy,wc

: w ‘ . : ,
‘ such-that:_wc < —%‘Q Then,a quasi-static analysis of the.

filter output V,(t) shoys that.

Aphy 2
—_ . ; — , - L - -
Vo(t) = 2_‘cos,((nwS wo)t Hmt™ o+ 6 ¢0)
l
for-any n- satisfying |nug - wy - mt| s w_ and
|
1f'|nws,— wo - mt | >»wConr all .n,

The amplitude'of the oscillating voltage‘va(t) is.
:directly proportional: to Annand\may‘beadiSPlayed to complete
the spectrum analyzer. The system~shown in Fig. A2,1 used.
a full wave rectifier to give the oscilklating voltage .-the-
appearance of a spectral 'line'.

Inupractice the response of thewlow—éaSS'filte¥ to the-

transient frequency excitation sets a limit on the usable .

sweep rate ms
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An analogue computer patching diagram- for the spectrum
analyzer is given in Fig. A2.2. The.filter used in the .
analysis of-the.audio spectra was an active ' filter with a
cut-off frequency of,l.Hz78,-thusrgiving,a resolution of 2 Hz,
The sweep generator was a Hewlett-Packard 3300A function’
generator used\inkthe»voltage‘cohtrolled\mode, The display
used-in the\initial‘measﬁrements was an X=Y plotter, but it

is recommended that a storage oscillescope’'be used-for.

future applications because of the faster response, -
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APPENDIX 3

Analysis -of -Variance to Test the Significance of Differences’

in the Linear Regression Slopes of Data derived from a

Three Factor Variation of Parémeters

Given a total of N groups of-data, in which observations
are made of a linearly dependent variable y at fixed levels
of -an-independent variable x, from a three way factorial
experiment where the number of levels in each factor are -

n., nj, nk‘(lgeaﬁN~= pinjnk), for-the pth observation a

. suitable model. is

yijkp 7= uijAk + Bijkxp + g ) ~A3°,l

where the random. variable.f is normally distrxibuted-with. .

. .2
zero mean and variance o, -and a, B

. are linear
ijk’ ‘ ‘

ijk.
regression coefficients. The problem is to test null hypo-=
theses as to the -significance of differences between thef‘

estimates of B, .
‘ ijk

theufactorial:deSign;

for the main.effects and interactions of-’

If there is a tetal of t obsef?ationsxof:the:dependent,
variable:in each ofjthe N .groups, with the¥same number- of -
observations at any level. of the independent variable in-all
groups,-the‘standard'algebraic/idehtity;splitting the -total
suﬁvof squares into between and. within groups components may

be written
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( -y )
l%k g yl]kp o o"- .

= 1 t(yljk. - ?h,,,)z + 11 (y, )2 a3.2

7
ijk i3k p ijkp rijk
where -the dot notation is used-to denotegmeans. The within
groups sum of squares may be further subdivided, for the.

analysis of variance for each line shows that

( - Ty
“Wigkp T Yijke

Lo s

— _ _ - . ».,.—7 2
- ljk Z (xp7% )2+ 2 [y - Tigk. T Bigr (%R 1T A3.3

ijkp

and summing.over-the‘N\groups.giyes‘

E 2 (v

)2 = 28 kZ(x -%,)2
p .

ijkp 13k- i3k

+ 7T Ly,

o a2 '
By (x =X, ) 1" A3.4
i3k p ijk™p

ijkp ~ Yijke

| The last term is a residual sum@ostqpares with N(th) degrees -
ofufreedOm;,

LetW = 2 (X ";(-‘)2 %o v ;
B & .

then since

2

Io(s - B0 = T8l -wE,.
ijk 113]‘ | i3k FIE |
the term . ) g2 X(x _§.)2 in Eq. A3.4 may be written
shli L0 | ‘
2 N . = 2_;' -2 »
Wi = W (BB 0% - NWED A3.5

ijk

so that the total sum-of squares, Eq. A3.2, may be written
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— 2 —2 -— 2
2 2 (y - Q'.Q) = NWB' + Z t(y . -"‘YIp' )
1jk B ijkp ‘ i3k | ijk '
T 2 -\ .2
+ W) (B L.+ Y . e B (x =X ) 17
i3k FETRLIRRY i3kp. p 13kp i3k ik ¥p
A3.6
- 2

The 'between group slopes' sum of squares W.) (
ijk

ljk”s...
and its corresponding N-1 degreés of ‘freedom may be partit-
ioned in components represéntingrthe main effects and the-
interactiohs; as in a normal analysis of.variance-for a

factorial design. The complete analysis:.of variance is .

summarised in. Table A3,1,



TABLE A3.1 ANALYSIS

VARIANCE FOR LINEAR REGRESSION COEFFICIENTS IN A 3 WAY FACTORIAL

EXPERIMENTAL DESIGN

SOURCE OF VARIANCE SUM OF SQUARES d,f.
Common Slope: NWE?._ 1
Between Group Means: ) t(y -y )2 N-1
Jk. L IR
ik
Between Group Slopes:
Factor i W) (B _.-B .)2 n.-1
ijk
Factor j Wy (F., - . )° n,-1.
ijk
— 2
Factor k Wy (% cBLL) n, -1
ijk
Interaction (ixj) Wy (B =B, .. "B, . +B ..)2 (n.~-1) (n.-1)
ijk * J * J
. : 3 — — 2 .
Interaction (ixk) Wy (s =B ..7B. . B (n;~1) (n, -1)
1jk
- - 2

Interaction (jxk)

Interaction (ixjxk)

(ny=1) (nye=1) -

(ni-l)(nj—l)(nk-l)‘

. - N (t-2
Residual 1§k g[(yljkp -13&-) Bljk(xp X )f CN( )
TOTAL 2 Ty, - 707 Nt-1
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An Approximation,to..IG(XX.ﬁor Large Arguments (x > 3)

The confluent hypergeometric- function lFl(a;y;B)

defined asl36

. _ o B afo + 1) B2 :
lFl(a»YIB) =1 +f? Tt ETE—;ET)—ﬁT,+ ceans

may be expressed in terms of the modified Bessel

[i2g

function of the first kind, in particular

(Fp(-%:15-2x) = e [ (1L + 2x)I_(x) + 2xI (x) ]
and
(Fp(%ili=25) = e I (x)
Therefore
I,(x) 1 1Fq (=%;1:-2%)
W "% R mhem (Y

Now if [B] >> |a| + 1 and

r(y)
Pinus

o || ¢

lFl(d;Y;-B)

where T (x) is the Gamma function, so that if x>> 3

Il(x) F(%)

= IR ;
- gy T YW
T T x) * 7%
since T(a + 1) = al(a), Eq. A4,7 is the desired

approximation.

Ad.1

Ad4.2

24,3

A4, 4

Ad4.5

Ad,6

A4.7
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.Notation

ANALOGUE COMPONENTS :

>

SUMMING -AMPLIFIER:

—*O“

POTENTIOMETER

TRACK/STORE (T/S)

AMPLIFIER
TR
31 Kot
—[Re]
> o
——a K@l

FUNCTION RELAY

MODE CONTROL

i
INTEGRATOR

[Or— -y

Y

QeM

3§75

QUARTER SQUARE
MULTIPLIER

ANALOGUE

— >

HIGH GAIN AMPLIFIER

Y
MULTIPLIER

Ax-—{ ] U0
Yyl

ELECTRONIC

(D/A) SWITCH COMPARATOR e

o

MULTIPLE DIODE. FUNCTION
GENERATOR .
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LOGIC COMPONENTS:

: —~j " )
. — A j{;h_
LOGIC INVERTER "AND" - GATE" FLIP-FLOP MONOSTABLE TIMER
L Ll
. lale [c]o ‘
DIF [~ — ) Co
——— PR h
o == [
SR .
LOGIC GENERAL PURPOSE DECIMAL DOWN COUNTER
DIFFERENTIATOR REGISTER
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APPENDIX 6

An Analogue Computer Implementation of UDTR

Fig. A6.l shows a possible analogue computér configur-
ation -that .could be used to estimate a singieﬁDL'in;IAD
using the UDTR technique, Modified analogue accumulators
are used to store and increment the ‘stimulus lewvel. The
left hand T/S‘amplifier of each pair is nermally in the™
store mode and the right hand one is in the track mode. - At
each .change of;Stimulus level this order is reversed: for a
periode2 as -set by a monostable -timer. The output from
each of the left hand T/S amplifiers is then multiplied by.a
fixed fraction.of the previous level ‘which is then trans-
ferred to the 'right-hand T/S amplifié£<when/the monostable
timer reverts to its resting state.. In this way- the analogue
stimulus level for each channel is stored in.the right hand.
T/S amplifiers,

The binary responses are.processedzby‘the\logic shown -
at the top of -the figure. A décimal down—counter is-used to-
count. the n pbsitive responses necessary to decrement the
sﬁimulus level; this counter is reset to its original state

by any negative response,
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. r——*‘—j
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Analogue computer implementation of the

UDTR technique to estimate the difference limen in IAD.
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