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INTRODUCTION

When faced with a natural auditory environment, a human listener has several
problems to solve. The first of these is to determine when an event has
occurred against a background of changing interfering neoise. Secondly the
listener has to determine what that event 1is, and whether it is worthy of
further attention. At the same time, the listener determines where in the
environment the event took place and in what direction it is moving.

It has become apparent that the wuse of two ears considerably enhances our
ability to perform the detection and localisation tasks just mentioned. This
simprovement is due to the analysis of differences in the sound at the two ears.
This analysis is pgenerally called rthe binaural processing of interaural
difference cues, the most studied natural cues being those of interaural
intensity and time differences.

This paper will concentrate upon the detection problem, or more specifically the
problem of detecting a tomne pulse in a noise background with changing interaural
parameters it is worth pausing, however, briefly to outllne how detection 1is
improved in a static noise background.

Signal detection experiments with static maskers.

‘The first studies of signal detection in a static noise environment were made by
Licklider [B] who found that the detectability of speech in noise was improved
if either the speech or the noise (but not both) was inverted at one ear and
Hirsh [5} who studied the detectability of a pure tone in white noise and found
a similar (but larger) effect. We denote the signal by §, the noise by N and
the interaural phase rvelationship by either m or O depending on whether the
signal/noise was inverted or not, respectively. When the interaural
frelationships of che noise and signal are the same we refer to the conditicn as
;being homophasic {(eg. MNOSQ or NnSm). If the relationships are different then
the condition is antiphasic {eg. NOSm or Nn30). We further define a
masking-level difference (MLD) to be the difference between any two detection
thresholds (standard terminology refers to the MLD as being between the
homophasic and antiphasic thresholds). Using this notation, we may restate the
above results as: the, NOSO and MnSn thresholds are the same as the monaural
masked thresheld, but the NOSm and NnSO thresholds are between S-20 dB lower for
tones (ie. more detectable).

Jeffress et.al. [6] measured the detecctability of a 500 Hz tene as the noise and
ltone were independently delayed at one ear, thus creating “interaural time
differences in both the tone and the noise. They found that the detectability
was greatest when the difference in the delay of the noise and signal was equal
to one-half of the period of the tone (ie. | ms}. The detectability was least
when the relative delay was equal to an integer number of pericds.
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That is, if the signal is placed at one side of the head, the detectabiliry will
be greatest when the noise is on the opposite side, and least when it is on Che
same side of the head.

If we consider che bandwidch of noise effective in masking the signal to be
narrow, then cthese results may be interpreted as corresponding to cthe NOSO and
NnSn conditions for integer period relative delays, and to NOSm and- NnSO for
half period relative delays.

Robinson & Jeffress [ I0] measured the detectability of SO and Sw tones of 500 Hz
as a function of the correlation of the noise between the two ears. They found
that for baoth S0 and 5n the threshold decreased slowly, bur with increasing
slope as the correlation was moved away from che homophasic point (ie. a
correlation of +1 for SO and -1 for Sm), so that at che antiphasic poiaC the
slope was very sceep. They compared Cheir resulrs with those of Jeffress
ec.al. [6] using the assumption that the bandwidth of noise effecrive in masking
the signal was 50 Hz. This figure was obtained from studies of monaural
masking. They considered that a delay decorrelated the noise band and compared
MLDs at equivalent correlarions, the agreement was poor. However, Langford &
Jeffress [7] calculated the noise auto-carrelacion function for a band-width o

100 Hz and found good agreement for all correlations except those around zero.
There are several experimencs which suggest that the wider bandwidth used by|
Langford & Jeffress is valid.

The above experiments illustrate how ianteraural time and correlation difference
affect the detection of tones ie a static environment, acd what the relationshi
between the two parameters is. Until rvecently, however, the only binaura
effects studied have been those involving static interaural cues., The aotabl
exception has been the study of binaural beats. It has been tacicly assume
that once cthe gtatic results have been Ffound chen the dynamic ones can b
deduced from them, however recent research has shown that this may not be th
case. ,

Signal detecrion experiments with dynamic maskers.

The experiments to be described in Lhis seccion  are essentially
frequency-domain measurement of the response to a dynamic binaural cue. In a
experiment designed to determine Cthe rate at which the binaural sysctem cdoul
track modulaced interaural time differences, Grantham & Wightman [3] constructed
a noise-iike masker which had a time-varying perceptual location between th
ears (lateralisation). This stimulus was then used to mask a tone pulse loca:ej
towards one side of rhe head (ie. with an interaural delay of 0.5 ms). Thi
experiment, then, is a dynamic analogue of the Jeffress et.al. [6] experimenq
described above. As expected, the signal threshold was greatest when che signa%

and noise were on the same side of the head, vwhereas it was least when they wer
on different sides. As the tate at which the noise was tracked across the hea
increased it was found chat all the cthresholds tended towards the higher
(homophasic) threshold. At zero modulation rate the MLD between the conditio
with colateral signal and noise and that with ancilareral signal and noise wa
around § dB, rhis decreased to 3 dB at a modulation rate of 2.5 Hz and by
modulation rate of 10 Hz the MLD was practically zero.

In a later experiment Grantham and Wightman [4] measured the threshold of an
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rone burst masked by noise with a sinuscidally modulated interaural correlacion.
They varied the modulation rate and the noise correlation at the instant of
signal presencation. It was found cthat che chresholds determined at the
instants corresponding to che classic NOSm and NnSn conditions decrease from
abour |6 dBE {for 500 Hz) ar zero modulation rate to 12 dB at a medulation rate
of 0.3 Hz and at a modulation rate of 4 Hz the MLD is alwmost zero.

The experiments considered above measure the dynamic behaviour of the binaural
system by attempting to measure the modulation rate transfer functien, in this
sense they are a frequency-domain measurement. To the extent thac the binaural
system is linear, the’ same information may be derived f[rom time-domain
experiments (eg. a measurement of the "impulse response').

Signal detection experiments with variable duration masker "fringe".

The time-domain experiments we now consider have not previously been considered
in terms of the dynamic rvesponse of the binaural system, but as measures of che
static threshold. Their common feature is that either the masker is turned on,
or its interaural- parameters are changed, a certain length of time before the
signal is presented. This "masker fringe” length is the independent variable in
he experimeats. McFadden {9] measured the MLD between NOSm and NOSO conditions
as a function of fringe length wusing a 125 ws long tone burst at 400 Hz.
Robinson & Trahiatis [11] performed a similar experiment, but using a 500 Hz
jrone burst of durations 32 and 256 ms. Both these experiments showed that there
vas vircually no change in NOSO chreshold over the range of fringe lengths used.
However, cthere was a drop of 2-5 dB in the NOSn threshold as the fringe length
boas increased from O ms to 500 ms, che shorter signal having cthe greater drop.
ail [I] performed a similar experiment in which the threshold of a Sn, 500 Hz
one burst of 125 ms duration was measured as a function of the fringe length
frer a transition from uncorrelated noise (Mu) to correlated noise (Nm). The
reverse transition occured concurrently with signal termination. Under these
conditions there was a drop of 3 dB ip the threshold berween fringe lengths of
0 ms and 100 ms, with little reduction after that. The thresholds in this
experiment were about 4 dB higher than those in the previous experiments [9,11],
alchough the mechod and signals were similar.

hese results all suggest that the binaural system is slow relative to the

monaural system at tracking dynamically varying cues. It has been suggested
that this '"sluggishness™ may be incorperated into any model of binaural
praocesing by including a low-pass filter (or inregrator) into the mechanism
doing the binaural analysis [2,4].

EXPERIMENTAL DESIGN

his experiment was designed ro test cthe integrator hypothesis by measuring the
effect on the deteccability of a tone burst of a brief change im an interaural
noise parameter before the signal occcurence. By varying the duration ocf: the
change and time of signal occurence it should be possible to calculate the
characteristics of the filter/integrator. The interaural parameter that was
chosen to be varied was the interaural correlation (ie. jumps between noise
ondicions NO and Nn were used), because of che ease of experimental realisation-
nd the availabilicy of reliable sctacic threshold results. Work on a similar
heme is being done at Gottingen University by B. Kollmeier et.al. (most of
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this work is published in German, except [13]).

The noise was turned on with a rise/fall rime of about 20 ms in either No or Nnm
configuration and after 200 ws the noise in one ear was inverted for a variable
duration. At a variable delay after this the signal was presented concurrencly
with a signal on light. The noise and signal-on light were swicched off 200 ms
after chis. The sigral was a | ms pulse filtered through a 12Z bandpass filter
centered act 500 Hz. The signal thus lasted about 10 ms.- The noise was
wide—-band gaussian, filtered only by the headphones. It was presented at a
spectrum level of 40 dB. The equipment produced spurious, wide-band, monaural
clicks when the noise invertars were switched, but since these were masked by
‘noise 30 dB lower than that wused in the experiment they were considered
unimportant. The effect on monaural threshold due to the invertor switching wag
measured in a separate experiment using 3 subjecrs, the effect was found to be
less than 0.5 dB {(this is an upper limit set by the power of the t=-test, visual
inspeccion would put the difference at less cthan 0.2 dB).

A 2~1FC design was wused, with a 400 ms gap between intervals, the next
presentation began 400 ms after the subject's response. The 71I threshold wa

derermined using a 2-down, i-up tracking ctechnique. A practice period wich
correct answer [feedback consisting of 6 reversals was followed by the main
measurement without feedback consiscing of Il reversals, of which the last 10

were used to determine the threshoid.

The experimental conditions were arranged in a factorial structure. A repeated
measures design was used, with the 4 inversion durations (4, 16, 64 and 256 msg)
and the two phasic conditions {antiphasic & homophasic)  being th

between-subject factors. 16 subjects were used, so each combinacion wag
presented to two subjects. The within-subjects facrors were the inicrial noise
phase and signal delay (either 0.5, 3.7, 27 or 202 ms). The subjects attended 8
sessions of about {/2 hour each. Each session had conmstant noise phase. Every
signal delay was presented in each session. A measurement of rthe static
threshold was made before seach main measurement. The session and position in
session for each noise-phase were arranged in a latin square, with signal delay
as the latin letter, to minimise the effect of learning-

RESULTS

The scaric, homophasic and antiphasic, thresholds were found to vary by about
| dB across conditions for any individual subject and noise phase. Data are
therefore presented in terms of the MLD between the dynamic threshold and the
static threshold {dynamic - static). The MLDs are plocted in Fig. | and are
analysed statistically in Table | where a univariate analysis of variance for
the repeated measures design is presented. 1In Table | the data has been split
according to whather the conditions at the instant of signal presentation were
homophasic or antiphasic. Columns | & 3 give the statistical significance level
2f the named effect tested againsc the error term nearest above ic. Columns 2 &
% give the percencage of overall variance which is accounted for by that effect,
thac is, 4 measure of the magnitude of that effect. Figs. la and Ib show the
3ame antiphasic data but with axis and parameter interchanged for claricy. The
data are shown averaged over noise phase and subject since these effacts only.
cause a vertical shift in the curves (ie. they have non-significant interactions
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with aother effects). In Fig. | the data points for different inversion
durations correspond to different pairs of subjects.

As inversion duration is increased there is a rise in the dynamic-static MLD for
both homophasic and antiphasic conditions. For a signal delay of 0.5 ms che
homophasic MLD rises linearly from -2 dB to +] dB as inversion duration is
increased from 4 ms to 256 ms. For the other signal delays, the MLD rises from
abour -0.3 dB co +! dB berween inversion durations of &4 ms and 64 ms and remains
coastant up to Cthe longer inversion. In the antiphasic coadition however, the
graph for a long signal delay falls slightly. After an initial rise of between
4 dB and 10 dB the MLDs at the other signal delays drop by about 4-6 dB between
inversion duracions of 64 ms and 256 ms. The integrator hypothesis would
predict  monotonically increasing MLDs Eor the antiphasic conditions and
decreasing MLDs for che homophasic conditions as inversion duration  was
increased. This inversion duration effect is not statistically significant. If
however we study the percentage of variance this effect accounts for (7-10Z), we
are inclined to believe that it is a real effect, masked in cthe stacistics by
being subject to a non-powerful test.

s signal delay is increased in the antiphasic case the MLD for che shortest
inversion duration (4 ms) remains constant, bur cthe MLDs for che lenger
inversion durations all begin to decrease after a signal delay of 3.7 ms. The
decay for an inversion duration of |6 ms appears to take longetr initially chan
for the longer inversion durations. ‘ In the homophasic case the MLDs for che
three shorter inversion durations remain constant until the signal delay reaches
7 ms and then decrease by about 2 dB between 27 ms and 202 ms. The MLD for an
inversion duration of 256 ms remains comstant. for the homophasic data, a
-test shows chat the average MLD 1is significancly (ac I} positive {che
integrator hypothesis would suggest that the MLDs should be negative for che
homophasic condition}. The analysis of variance shows chat the signal duration
effect is wvery highly significant, Ffor both homophasic and antiphasic
anditions, as is the interaction between signal delay and inversion duration
{the interaction correspoads to differences in the shape of the graphs}.

DISCUSSION

he purpese of the present experiment was to test the validity of rhe integrator
ypothesis [2,4]. A prediction of this hypocthesis is, crudely, rchat all cthe
hresholds for condirions with a period of inverted noise before them will be
intermediate between the homophasic and antiphasic thresholds. Consider a
eriod of N0 noise followed by a shorr burst of Np before a reversion back to
0. If we assume chatr the incegrarion is done over correiation, then the net
orrelacion at the rime of signal onset will be somewhers between +1 and ~-|.
rom the variation of threshold with correlation [1D], we deduce cthat in the
ynamic coendition there will be a cthreshold intermediate between the homophasic
and anciphasic thresholds. Any model which averages at the periphery will
imilarly predict intermediate thresholds. Since the MLDs plotted in Fig. | are
ynamic threshold wminus secatic threshold, we gxpect negative MLDs for the
omaphasic condition and positive MLDs for the antiphasic conditions (Figs. la
nd Ib). We would expect cthe magnitude of the MLD to depead both on the
aversion duration (longer inversions resulting in larger MLDs) and upcn che
ignal delay (longer delays resulting in smaller MLDs).

Proc.l.0O.A. Vol 7 Part2 {1985) 213



Proceedings of The Institute of Acoustics

DYNAMIC BINAURAL PROCESSING: MASKED THRESHOLD ADAPTATION

Table 1. analysis of variance Ffor the dynamic-static threshold MLD. A
univariate analysis of variance is used. Those rows without significance levels |
staced are the error terms co be used in the following block. Key to terms: |
Inversion duration, I; MNoise Phase, N; Signal Delay, D; Subject nested within
inversion duration, SwI.

Source of HOMOPHASIC ANTIPHASIC
df | % level of [% of variance{ % level of |% of variance

variance significance |accounced for|significance|accounced for
Within cells error | 192 62.4 16.5
SwI {error) 4 12.6 7.8 |
L 3 25 7.6 13 10.4 4
N x Swl (error) 4 0 a |
N ] 5 1.7 0.01 1.6 j
NxI 3 25 2.0 10 0.8
D x Swl (error) 12 o] 1.6
D 3 0.0l 6.7 Q.01 42.0
DxI 9 - 0.3 a.1 16.3
¥ x D x Swi{error) 12 0 0
NxD 3 25 0.8 12 0.9 W
NxDxI 9 10 5.9 28 I.‘l
Figure |. Difference between antiphasic dynamic and static thresholds (dynamic

- statie) for a 500 Hz tone burst of duration 10 ms masked by wide-band white
noise.

The masker in the static condition was either NO or Nm gated on from silence
(200 + inversion duration + signal delay} ms before the signal (either Sm or SO
respectively) was presented. In the dynamic noise, the same initial noise was
used, but after 200 ms the noise was inverted for the inversion duration, the
tone was then presented afrer the signal delay. 1In both cases the noise was
gated off 200 ms after the signal omset.

Data are shown averaged over both subjects and initial noise phases.

Fig. !a shows the MLD as a function of inversion duration with signal delay as
parameter. 4 signal delay of 0.5 ms is denoted by © , 3.7 s by + , 27 ms by
# , and 202 ms by ® . Fig. Ib shows the same data but plocted as a function
of signal delay with inversion duration as paramerer. The inversion duration
for 4 ms is denoted by O , 16 ms by + , 646 ms by s and 256 ms by @
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The signal delay effecc does obey these loose predictions, however =312 inversion
duration effect disagrees with them since the slope is in rhe wronz direction
for the homophasic data and the antiphasic MLD does not increase monotonically.
Also, the homophasic MLDs are mostly positive, in direct contradiction of the
integrator hypothesis.

Since thresholds greater than the monaural threshold are obtained, especially in
the homophasic condition, but also in certain antiphasic conditions, we may
conclude that the binaural mechanism cannot simply average the interaural cues.
However, we still need to account for Grantham & Wightmads {3,4] findings cthac
the binaural system can only track low Erequency modularions. To do this we
need cto look at cthe output from the interaural difference detector mechanism.

an influential model in the development of binaural theory is the
Webgter-Jeffress lateralisation wmodel [eg. 121. This wmodel depends for its
operation upon neural summation of impulses arriving simultanecusly frem che two
ears. The simultaneity is achieved by introducing a set of complementary delays
into the left and right channels. The resulting ourput of the summators has a
maximum at a position corresponding to the interaural time difference. 1In
essence this network calculates the cross~correlation function of the noise from
the two ears. This array is useful in binaural derecrion, since in any
condition other than the homophasic condition, the positions of the noise alone
and noise plus signal stimuli will be diffarent. Thus cthe detection problem
resolves into one of deciding whether the position of the array autput is due to
frnoise alone or noise plus signal.

McFadden [9] suggesced that the wusefulness of the masker fringe in his
experiment was that it provided a base noise position from which it was pessible
to perceive the image movement provoked by che addition of the signal. He also
suggested that the masker fringe may instead be used to refresh the subject's
memory of the interaural paramerers of the noise alone, 5o that when the dignal
was presented a smaller intensity would be needed to convince che subject cthat
what had occured was not merely a random fluctuation of the noise. The First of
these hypotheses rtefers primarily to the use of signal onset cues, whereas the
. second is more concerned with the ongoing cues present throughout the signal
presencacion. '

What happens to the output of these detectors when we vary the interaural
parameters of rhe noise? For simplicity we will assume that the incegration
time of the system peripheral to the binaural analyser is short relative to Che
response time of the "higher cencres.

The output of the Webster-Jeffress lateralisation array will track the change in
noise lateralisation. McFadden's first hypothesis would predict an increase in
threshold if addicion of the aignal caused the image cto move in the same
direction as the noise. There would probably be a reduction in threshold if che
image movement was rteversed upen adding the signal. His secoad hypothesis would
probably have the same effect.

In this experiment in the antiphasic conditions both the noise inversion and
signal addition cause a “movement" from a centred image to a diffuse image
filling the head. We would therefore predict increased thresholds. In the
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hemophasic conditions the noise inversion causes an image movement but the
signal addition does not. It is quire likely from McFadden's hypotheses that
this condition will also result in an increase in threshold. If we assume that
longer inversion durations and signal delays reduce these effects, then we would
predict a drop in threshold for long signal delays and inversion durations.

DYNAMIC BINAURAL PROCESSING: MASKED THRESHOLD ADAPTATION
|
|

In conclusion we have presented an experiment which is difficulr te explain in
terms of a simple incegrator hypothesis [2]. Extensions of the Webster-Jeffress
madel [12] following McFadden [9] are suggested and the predictions are found to
agree fairly well with the daca. \

REFERENCES

[1} D.W. Bell, 'Effect of fringe on Masking-Level Difference when gating from
uncorrelated to correlared noise', J.A.5.a., Vol. 52, 525-52%, (]972).

{2] k.J. Gabriel, H.5. Colburn, P.M. Zurek and N.I. Durlach, TA general
modificarion for models of binaural interaction', J.A.S.A., Vol. 74(Sl!),
$ 85, (1983).

[3] D.W. Grantham and F.L. Wightman, 'Detectablity of wvarying inCeraural,
temporal differences', J.A.5.A., Vol. 63, 511-523, (1978),

[4] D.W. Grantham and F.L. Wightman, 'Detectablity of a pulsed tone in che
presence of a masker with time-varying interaural correlation', J.A.5.a.,
VYol. 65, 15Q9-1517, (1979).

{s] 1.J. Hirsh, 'The influence of interaural phase in interaural summation and‘
inhibicion', J.A.S5.A., Vol. 20, 536-544, (1948),

(6] L.A. Jeffress, H.C. Blodgett and B.H. Deatherage, 'The masking of tones by
white noise as a function of the interaural phases of both components:
I. 500 cycles', J.A.5.4., Vol. 24, 523-527, (1952).

(7} T.L. Langford and L.A. Jeffress, 'Bffect of noise cross-correlacion on
binaural signal detection', J.A.S.A., Vol. 36, 1455-1458, (1964).

[8] J.C.R. Licklider, 'The influence of interaural phase relations upon the
masking of speech by white noise', J.A.S.A., Vol. 20, 130-159, (1948).

[9] D. McFadden, 'Masking-Level differences wich continuous and with burst

- masking noise', J.A.S.A., Vol. 40, 1414-1419, (1966).

[10] D.E. Robinson and L.A. Jeffress, 'EFffect of varying the  interaural noise
correlarion on the detectability of comnal signals’, J.A.5.a., Vol. 35,
1947-1952, (1961).

{11] D.E. Robinson and €. Trahioctis, '"Effects of signal duration and masker
duration on detecctability under diotic and dichotic listaning conditions’,
Percept. Psychophys. Vol, 12, 333-334, (1972).

[12]1 L.A. Jeffress, 'Binaural signal detecrion: Vector theory', in J.V. Tobias,
Foundations of Modern Auditory Theory, Vol. 2, 349-168, Academic Press, New
York, (1972).

{13) 8. Kollmeier, 'A comparison of the temporal response of the auditory sysctem

under dichotic and diotic conditions', J.A.§.A., Vol. 74(St), 539, (1982).

Proc..O.A. VoI 7 Part2 (1385)



