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Recent activities in the Sensory Intelligence Laboratory have involved work
by Eli Osman, Sabin Head, and Gary Sylvester. Osman has been working on a model
of analysis of binaural inputs by the auditory system, and has been conducting
related experiments on binaural detection of signals in noise. Head has been
conducting experiments concerning the time utilized by the auditory system in
processing information in a psychophysical task. Sylvester has been concerned
with psychophysical learning and with theories of signal recognition. He is
currently working on the development of theory and the planning of experiments
for his doctoral dissertation.

Sabin Head is currently conducting an experiment concerned with psycho-
physical information processing and decision times. A modified auditory Yes-No
detection task is being employed with an eye toward controlling in a precise way
the interval of time devoted to processing information in a reaction time task.
Just prior to the signal observation period the listener is given a cue that,
if processed in time, could enhance his detection performance. By varying the
cue's lead time, a function relating "speed" to "accuracy" can be empirically
determined.

The signal embedded in noise 1s the occurrence of one of two possible
tones (500 or 2000 cps, individually detectable at approximately a d' of 2.0),
and this is to be distinguished from noise alone. Noise alone has a probability
of .50 on each trial. The two signals are equally probable on signal plus noise
trials. The cue occurs on all trials and its frequency (900 or 1100 cps) in all
cases indicates which of the two signals will occur, if any. Performance will
be evaluated at a number of lead times of from -50 msec (cue follows signal)
to +100 msec (cue leads signal). At least two separate experimental sessions
are being run for each such point. The same series of points is being studied
for a constant-cue condition where the cues are all 1000 cps (thus providing
no frequency information), to assess the extent to which the data reflect the
result of temporal information also provided by the cues. In addition to these
two main conditions, performance will be measured without cues and also for
each of the signals individually. From pilot work we expect to find a decrease
in detection performance where the cue follows the signal and an increase in
detection performance peaking where the cue leads the signal by 25 msec.

Temporal cues have been found most effective at 250 msec in other types
of studies, but we suspect that the figure may be spurious and a result of
a listener's particular strategy of the moment. We do not expect temporal
cueing to be any longer or shorter than frequency cueing in this particular
experiment.



Osman's "correlation model"” of binaural analysis is discussed below, using
excerpts from a paper which is being prepared for publication. This paper refers
to a class of experiments which can be characterized as follows. A waveform Xl(t)
is presented to one ear and another waveform Xe(t) is presented to the other ear
during the same observation interval [0,T]. Each input Xi(t) may consist of noise
alone, N;(t), or noise plus signal, Nj(t) + S;(t). The observer is required to
decide as to which of two hypotheses is most likely. The hypotheses are

H: X (t) N (t), i = 1,2

H: X, (t)

+ i = .
3 : Ni(t) si(t), i 1,2

We will assume that the noise waveforms Ni(t) are generated by stationary
(wide-sense), jointly ergodic, (or quasi-ergodic) Gaussian processes. For our
purposes the experimental variables of greatest interest will be the correlation
of the input signal waveforms, pg, and the correlation of the noise inputs,

PN-

The results of such binaural masking experiments are commonly reported in
terms of "binaural masking level differences," BMILD's. Generally the masking
level difference expressed in decibels is defined by

MLD(dB) = 10 log .

Es Es
(—1\-1_)1‘ / (ﬁ— T
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where (Es/N,),is the ratio of signal energy (Es) to noise power density (N,)
of a reference condition and (Es/NO)T is the ratio of signal energy to noise
power density of the specified test masking condition, and where detection
performance is equated for the two conditions. For binaural MLD's a commonly
used reference condition is input monaural. Often input binaural with Pg =
Py = * 1, & homophasic condition, is used as reference, where the BMLD for this
condition with reference to the monaural condition is negligible. The BMLD
has been found to reach a maximum in the range of 10 to 20 dB when Pg = *1 and
Py = -1 or Py = -1 and Py = +1, both antiphasic conditions.

Two models have been proposed for the purpose of describing quantitatively
the data from studies of BMILD's. The "phase-difference" (PD) model (Jeffress,
1965) proposes that signal detection in BMLD conditions is based on analysis
of interaural phase shifts (transformed into time differences) by the auditory
system, while detection in non-BMLD conditions (such as monaural input or
binaural input with Pg = py = % 1) is based on a process of monitoring the
input level at one ear in a frequency band containing the signal. The



"equalization-cancellation" (EC) model (Durlach, 196%) proposes that detection
in BMLD conditions is based on an attempt to equalize and then cancel (by sub-
traction) the masking noise to result in an improvement in detection due to an
increase in the effective signal to noise ratio, while detection in non-BLMD
conditions is again based on a process of monitoring the input level at one ear
in a frequency band containing the signal. In non-BMLD conditions such as

Pg =Py =t 1, the binaural processing proposed by either model could only re-
sult in degraded or chance performance, and so monaural processing must be em-
ployed. It is implicit in both models that the receiver must "know" the inter-
aural relations of both signal and noise in order first to decide whether bin-
aural or monaural processing is appropriate, and then to execute the binaural
process if called for. Green and Henning (1969) have briefly reviewed these
two models of binaural analysis.

The notion that one of two mechanisms must be employed depending on whether
or not a BMLD condition is the case may be considered an unlikely hypothesis
since even with experimental inputs favoring the non-BMLD mechanism, any de-
gradation of the interaural noise correlation would favor use of the BMLD mech-
anism, although the benefit may be too small to be detected by experiment. The
BMLD is a continuous function of changes in the interaural noise correlation
from -1 to +1 (Robinson and Jeffress, 1963; see Figure 4 of this report), and
the purely homophasic condition favoring the non-BMLD mechanism may never be
attainable for any human observer. There is also other evidence suggesting
that the nature of the information processing performed is not dependent on the
receiver knowing the interaural relations of both signal and noise. The magni-
tude of the BMLD may be unaffected by observer uncertainty concerning interaural
relations for the signal (observations by Osman) or for the noise (McFadden,
1967). The detection of a signal under the homophasic non-BMLD condition is
phenomenologically no different, as judged by verbal report, from the detection
of a signal under the antiphasic conditions yielding the largest BMID's (Mc-
fadden, 1967). Furthermore, binaural beats resulting from low-frequency sinu-
solds can be strikingly enhanced by adding in-phase noise binaurally, which ef-
fectively results in interspersing homophasic and antiphasic binaural input con-
figurations in continuous fashion (Egan, 1965).

We propose an alternative model of BMID's, which will be referred to as the
"correlation” (p) model, which is simpler than the PD or EC models in the sense
that the same form of processing of input waveforms over the observation in-
terval [0,T] is assumed, regardless of the nature of the input configurations,
that is whether or not a BMLD condition is the case. In addition, the receiver
need never know the interaural relations of the signal, and can estimate needed
welghts based on the interaural relations of the noise after the input waveforms
are processed. The functional model we propose here provides a description of
a large mass of results, simply organized with regard to interaural correlation.
Furthermore, the processing reduces to that of a simple energy detector for mon-
aural detection.




A discussion of the monaural energy detector model for detection of sinu-
soidal signals in noise and relevant empirical results may be found in Green
and Swets (1966). The energy detector is the optimal information processing
model for a receiver listening for a signal in a noise background, where the
signal itself is a sample of noise. For a two channel receiver the optimal
detector listening for noise signals jointly presented over both channels,
again in a noise background, with varying interchannel correlations for signal
and for noise, can be shown to be equivalent to one which operates by comput-
ing a linear combination of three quantities, the energy levels at each channel
and the interchannel crosscorrelation. This is the nature of the decision
variable we will consider for the p-model. It happens also to be the nature of
the decision variable of the EC model operating in the binaural mode. Major
differences lie in the weighting functions and the presummed character of er-
rors inherent in the receiver.

Specifically, for the p-model, the processing consists of the computation
of a decision variable or test statistic, D, where

T
(t) at
0

T » 5 T
D = A fo xl(t)dt +B [ xg(t)dt + C fo xl(t) X

2

and where each xi(t) denotes the result of adding internal noise to the input
and filtering. Appropriate choice of the coefficients A, B, C, leads to the
following formula for BMLD's when the signal is binaural and the signal and
noise levels are both equated for the two ears:

BMLD (dB) = 10 log [2(l-pspn) / (l—pi)] + constant,

where p, is the effective noise correlation after the addition of internal
noise. (Since some sort of internal noise is a necessary assumption for each
of the models proposed, basic differences between all three models are in
terms of the assumptions made concerning internal noise.) If the signal is
monaural and the noise binaural, again equated at the ears, then the result
is the following:

BMLD (dB) = 10 log [1/(1 - pi)] + constant.

The expression for D in these cases 1is

X t + X e} X

(t) x, ()at]/(1-p).
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We will want the probability density function and mean and variance of D con-
ditional on each of Hy and Hy in accordance with the notion that the receiver
functions as a statistical hypotheses tester. Note that we will always have
-1 < pp < + 1, perfect interaural correlations of effective noise being un-
attainable. The receiver operation of the p-model looks very much like that
of the binaural mode of the EC model, and indeed the two are identical for the
unrealizeable case of an error-free receiver. However, in the EC model the
process is of the form

T 2 2 T 2 T2 T
g [axl(t) - bxg(t)] dt = a / X (t)dt + b (f) xg(t) dt - 2ab é xl(t)xg(t)dt

2
and it is not possible to have a2 = b = C with ab = Cp,, except for the special
cages of Pp = % 1.

The next steps concern the mathematical development of the p-model, includ-
ing a precise specification of the additive internal noise which is assumed,
followed by an extensive evaluation of the model. Evaluation involves compar-
ing theoretical results derived from the p-model with empirical results from
a variety of experiments. A sample of the predictive power of the model is
provided in Figures 1, 2, 3, and 4. Explanations are given in the figure cap-
tions. The model requires that only one free parameter be evaluated to generate
each curve in Figures % and 4, and for Figures 1 and 2, the two free parameters
of the model were evaluated using the two conditions in Figure 1 and these re-
sults were used to predict the empirical results for four other conditions as
shown in Figure 2. The results are quite satisfactory, and the agreement be-
tween theory and data is at least as good for the p-model as it is for the EC
model, judging from published reports.

Current experiments for which data is being collected and analyzed with
regard to BMLD's concern observer uncertainty with respect to interaural par-
ameters and the effects of varying temporal positions of signal relative to
noise. As described above, BMLD's have been studied extensively and two other
models, the equalization-cancellation (EC) model and the phase difference (PD)
model, have been published which describe the processing of auditory inputs
that might explain the data in this field. A crucial point made here is that
both theories suppose that the way in which the inputs are processed varies
with the interaural conditions. For each model, the detector must know and
use the interaural relations of both signal and noise in order to process in-
put information appropriately and achieve maximum detectibility in MLD and
non-MLD conditions.

In MLD conditions a binaural mechanism is used; the decision is based on
an energy-like quantity at the output of the EC mechanism or a timing signal
derived from interaural phase differences. In non-MLD conditions both models
regard detection as based on a monaural mechanism; monitoring some amplitude
measure at the output of a filter at one ear.

\J



In order to test the notion that detection under MLD conditions 1s based
on a process quite different from that under non-MLD conditions, McFadden (1967)
measured detectibility with and without uncertainty in a Yes-No task for a homo-
phasic condition, NOSO, and an antiphasic condition, NnSO. Noise alone or signal
plus noise was gated for the duration of a 125 msec observation interval. The
signals at the two ears were always in phase; uncertainty was only with respect
to the interaural noise phase. Signal levels were adjusted to achleve ap-
proximately equal levels of detectabllity for the two conditions. It was stated
that the listener's operated with a "medium criterion” so that the results, re-
ported as percent correct and calculated by averaging obtained hit and correct
rejection rates together and across subjects, was a satisfactory measure of per-
formance. For these results uncertainty had a negligible effect on the MLD's.
The conclusion drawn was that either the inputs are always routinely processed
by both the binaural and monaural mechanisms, or the early portion of each ob-
servation interval was used to estimate the noise correlation and then only the
appropriate processing system was attended to for the duration of the interval.
McFadden admitted to a bias towards the firgt interpretaticn while noting that
there was no good basis for rejecting the second.

The second interpretation is not unreasonable since the BMLD has been shown
to be nondecreasing as signal duration is reduced from 100 to 10 msec with
continuous noise (Green, 1966), and if the observer is allowed to listen to
noise alone for a short period on every trial under conditions of no uncer-
tainty, the size of the MLD is increased (McFadden, 1966). Monitoring noise
correlation for a portion of the observation interval may be a routine opera-
tion with or without uncertainty.

If it is the case that some sort of estimation of the interaural relations
for both signal and noise is required on every trial, and that only one of two
processing systems, binaural or monaural, is subsequently employed, then a de=-
crease in the BMLD should be expected if the observer has uncertainty as to
which of the two systems to use and cannot reduce this uncertainty by observa-
tion of the inputs. This would be the case if the uncertainty was with respect
to the interaural correlation of the signal. Thus one study was intended %o
examine the effects of uncertainty with regard to the homophasic condition
NOSO and the antiphasic condition NOSx.

Qualitative analysis of results for several experiments on several subjects
involves a simple categorization in accordance with whether the differences be-
tween performance observed under conditions of no uncertainty and under con=-
ditions of uncertainty for NOSO and NOSn can be reasonably explained by a change
in decision criterion or whether a change in detectability is implied. Three
effects were observed: no change in performance and changes which could be
attributed to modification of decision criterion (both results conforming to
expectations based on single process models), and changes which appeared to be
the result of a change in detectibility for a certain percentage of subjects
(conforming to expectations based on multiple process models). Analysis of
results will proceed with reference to ROC (receiver operating characteristic)
curves.



The PD model, the EC model, and the p-model disagree in their choice of
the variable being attended to under MLD and non-MLD conditions. For the EC
and p models the variables are all energy-like quantities, although different
in each case. The vector or PD model receiver listens to interaural phase dif-
ferences under MLD conditions, but not under non-MLD conditions. The differen-
tial role of transients due to the addition of signal to noise under different
interaural conditions is not clearly specified by any one of these models. An
examination of BMID's for different temporal relations of signal and noise for
both NOSO and NOSw was carried out to answer and possibly raise questions re-
lated to the differences between current models of BMILD's and the inadequacies
of each. Data were collected in a two-interval forced choice (2IFC) task and
in a Yes-No (Y-N) task using a signal of LOO cps. The results for one observer
are shown in Figure 5. They show several significant effects:

(L) A 10 msec signal presented during a 125 msec noise burst is more
easlly detected as it is placed closer to the termination of the noise burst.
This is true for both NOSO and NOSm. The BMLD is little affected by these
temporal changes.

(2) For NOSO a 10 msec signal added to a 10 msec noise burst is as de-
tectable as the same signal added to a 125 msec noise burst provided that signal
and noise terminate together. For NOSn detection is improved in the case where
there is more noise. The BMLD is therefore larger when there is more noise
(before or after the signal).

(3) The BMLD for a 125 msec signal added coincidentally to 125 msec noise
lies somewhere between the two results indicated in (2) above. The Y-N experi-
ment is being conducted in an attempt to clarify the size of the BMLD differences
for three such conditions, since the result may be of significance for inter-
preting the role of the noise fringe (which plays a different theoretical role
in each model).

(4) Small BMID's exist for signals ending before the noise burst begins,
and relatively large BMLD's exist for signals beginning after the noige burst
ends. These results are most difficult to explain with the PD model.

(5) The shape or slope of the psychometric function does not appear to
differ for NOSO as compared to NOSnm under the same condition.

(6) There may be a change in slope of the psychometric function as signal
and noise vary in relative positions. The function may be shallower when the
signal ends before the noise begins.

The experiment summarized in Figure 5 was carried out with three observers
and the points listed above are in general agreement with the results of all
three, but with some qualifications. The results will be analyzed further and
extended observations may be made before any final interpretation is reached.



FIGURE CAPTIONS

Figures 1 and 2. BMLD's expressed in dB referred to the homophasic condition
NOSO (interaural ncise phase shift of 0° and interaural signal phase shift
of 0°) as a function of signal frequency. The notation NOSwx, NxSO, NOSm,
NnSm, NrnSw, and NmSm is interpreted as follows: N refers to noise, S re-
fers to signal, the second and fourth symbols give the conditions for N and
S, respectively, with O,n, and m referring to interaural phase shift of 0°,
interaural phase shift of 180°, and monaural input, respectively. Two
parameters reflecting the magnitude and interaural correlation of internal
noise in the p-mcdel were estimated for each signal frequency for NOSn and
NrSO in Fig. 1, and the predictions derived from these are plotted (o-open
circles) in Fig. 2 along with the corresponding empirical results (e-filled
circles) for NOSm, NxSm, NnSw, and NmSm. (The two open circles for NmSm
at each frequency define the endpoints of a range within which the theoreti-
cal value must fall.) Empirical results from Hirsh and Burgeai (1958).

Figure 3*. BMLD's in dB referred to NOSO for fixed interaural time delays for
noise, Ty, as a function of interaural signal phase shift, ¢g, for a signal
of 50C cps (TS denotes interaural time delay for signal). A single param-
eter reflecting the "effective" noise correlation defines all the theoreti-
cal curves simultaneously. Only the curves at Ty = O and -1.0 msec are
drawn, the others would also be in good agreement with the data. Empirical
results from Jeffress. Blodgett, and Deatherage (1952).

Figure 4. BMLD's in 4B referred to NOSO for homophasic (SO) and antiphasic
(Sw) signals in noise of varying interaural statistical correlation, py,
as a function of |pN[. For SO noise correlation is negative (o-open
circles) and for St it is positive (x-crosses) to the right of O. The
Sppusite 10s Uo e wElL Ul L. Signal Trequency 1s HUU cps.  Empirical
results from Rocbinson and Jeffress (1963).

Figure 5. Percent correct in a 2IFC task as a function of signal level for
NOSO and NOSw. Signal frequency is 400 cps. Noise level is fixed.
Curves are for different temporal relations of signal (S) and noise (N)
as indicated on upper right corner of figure, where numkers indicate
duration of 10 msec or 125 msec, and S and N either start together, have
coincident middurations, or end together, or S begins 2 msec after N
ends, or S ends 2 msec before N begins.
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