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In tro duction

The theme of this report is frequency selectivity and masking. Moore (1995) de�nes fre-
quency selectivity as \the abilit y of the auditory system to separate (to certain extent)
the components in a complex sound". One way to demonstrate and quantify this abilit y
is to study masking - the interferenceone stimulus can causein the perception of another
stimulus. This report is a discussionof the following papers: Moore (1978), Oxenham and
Plack (1997), Oxenham and Shera(2003), Delgutte (1988) and Ruggeroet al. (1992).

Psychoph ysical Studies

Moore (1978) and Oxenham and Shera (2003) deal with measuringpsychophysical tuning
curves. Moore(1978)studied the validit y of usingpsychophysical tuning curvesasanalogues
of neural tuning curves. The aim was to provide more information about the di�erences
between simultaneous and forward masking by a detailed comparison of psychophysical
tuning curves. It was observed that forward masking showed steeper slopes,particularly
on the high-frequency side, and the tip bandwidths were narrower (see �gure 1). This is
consistent with the idea that in simultaneousmasking (which shows broader tuning curves),
the threshold of the probe may be in
uenced by lateral suppression. In forward masking,
lateral suppressionpresumably plays no role. However, Moore pointed out someproblems
with using the forward-masking paradigm. One problem is that of the observer being able
to distinguish between the neural activit y evoked by the probe and that evoked by the
masker when the probe is very closein frequency to the masker. Pitch di�erences between
the masker and probe may act ascueswhich enhancethe detectability of the probe relative
to the casewhere pitch di�erences are minimal or absent. The result of this would be that
the tuning curve derived psychophysically would be sharper than the true neural tuning
curve. The secondproblem derives from the assumption that a given elevation in probe
threshold is produced by a �xed amount of masker-evoked activit y at the probe frequency.
But it has been shown that as delay between the masker and the probe is increased,the
level of the masker required to mask the probe increasesmore rapidly for maskers above
the probe frequency than for maskers below this frequency. One can shorten the duration
of the probe and the fall time of the masker, but only at the expenseof increased\energy
splatter" in the stimuli. And �nally , both forward and simultaneous tuning curvesmay be
in
uenced by the observer's integration of information over an array of neurons, and by
shifts in the \auditory �lter" so as to optimize signal-to-masker ratios. Moore concludes
that neither givesa satisfactory estimate of the shape of human neural tuning curves.
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Figure 1: From Moore (1978)

Figure 2: From Oxenham and Shera(2003)
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Oxenham and Shera (2003) tried to estimate human cochlear tuning as accurately as
possibleusing a variant of the notched noise method. As they rightly pointed out, while
ignoring cochlear nonlinearities for the sake of simplicit y has certain advantages, some
important e�ects are dependent on these nonlinearities. If a psychoacoustic measureof
cochlear tuning hasto sharemany of the propertiesof neural measuresof tuning, the masker
and the signal should not be presented simultaneously to avoid suppressione�ects and the
stimuli should be at a low level where tuning is generally sharpest. As Moore (1978) points
out, responsesof the listener will be determined by the activit y over an array of neurons
and the listener could shift his \auditory �lter" soas to optimize the signal-to-masker ratio.
However, at very low levels,the opportunities for such shifting arevery small. The signalwas
presented at a �xed low level and the masker level was varied to measurethreshold. They
studied the di�erences betweenforward masking and simultaneous masking systematically
as a function of frequency and found that frequency tuning increasessubstantially with
CF between 1 and 8 kHz in both conditions. Filter shapes were derived by assumingthe
rounded exponential �lter (�gure 3) and it was found that tuning was considerablysharper
than previously thought (�gure 2). The data of this study is in agreement with the results
from the study of Sheraet al. (2002). Further studies with forward masking, using either
higher signal levels or longer gapsbetweenthe masker and signal, will be required to de�ne
how tuning changeswith stimulus level.

Oxenham and Plack (1997) examined the possibility of estimating basilar-membrane
nonlinearity using a psychophysical technique. The method relates to the nonlinear growth
of masking(GOM) observed whena masker is well below the signal frequency. BM responds
linearly to tones with a frequencywell below CF whereasBM responseto the signal at CF
is compressive. There wasa discrepancybetweenthe slope of the predicted GOM function,
basedon physiological measurements of BM nonlinearity, and that actually observed. The
study employed a forward masking paradigm to study the on-frequency compressionof
the BM and used a very brief signal, presented closeto the o�set of the masker, in order
to measurethresholds over a wide range of signal levels. For normally hearing listeners, a
background noisewassimultaneously presented in order to restrict \o�-frequency listening".
The background noisemay alsohave restricted \o�-time listening". Data showed that GOM
correspondsto a slope of 6.25(betweensignal levels50 and 80 dB SPL - see�gure 4), which
contrasts strongly with previous estimates of around 2. These results do not contradict
results from the physiological study of Delgutte (1988) if the signal levels are compared
(thoseconclusionsmay apply for low, but not high, signal levels). Delgutte's study concludes
that the upward spreadof masking was due to the e�ects of suppression,while this study
suggeststhat suppressionmay in fact reducethe nonlinear growth of the upward spreadof
masking. The authors concludedthat a comparisonof the e�ects of an on-frequencyforward
masker well below the signal frequency provides an estimate of BM compressionwhich is
in quantitativ e agreement with physiological measurements. They observed that the lossof
compressioninferred from the results of hearing-impaired listeners was also consistent with
physiological e�ects of damageto the cochlea and suggestedthat a similar measurecould
be usedfor the diagnosisof hearing-impairment. Though the presenceof background noise
had a large e�ect on masked thresholds, they concludedthat the resulting estimate of BM
nonlinearity was not dependent on the presenceor absenceof noise.
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Figure 3: From Oxenham and Shera(2003)

Figure 4: From Oxenhamand Plack (1997). Slope of this masking function is the reciprocal
of the more usual GOM function.
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Ph ysiological Studies

In Delgutte (1988), the goal was to identify the contributions of suppressionand spread
of excitation to tone-on-tone masking by comparing masked thresholds of auditory-nerve
�b ers measuredwith simultaneous and non-simultaneous techniques. As pointed out ear-
lier, the di�erence betweensimultaneous and non-simultaneous thresholds givesa measure
of the contribution of suppressionto masking becausethere is no suppressionwhen the sig-
nal and masker are not simultaneously present (see�gure 5). Recordingswere made from
auditory-nerve �b ers in anesthetizedcats. It was found that excitatory masking dominates
for signal frequenciesnear and below the masker frequency, although suppressionalso con-
tributes somewhatbelow the masker frequency. Suppressive masking dominates for signal
frequencieswell above the masker. Overall, the non-simultaneousmaskingpattern wasmore
sharply tuned than the simultaneouspattern. The study concludedthat the upward spread
of simultaneous masking was due primarily to the supralinear growth of suppressionrather
than to the growth of excitation. Masked thresholds were measuredfor signalsof di�eren t
frequenciesrather than just measuringthe threshold at the CF so that the contribution of
o�-frequency listening to signal detection could be accounted for. Delgutte (1990) points
out that physiological studies of masking in which the signal is constrained to be at the CF
of auditory neuronsmay considerablyunderestimate detectability.

The conclusionsare basedon the assumption that the di�erence betweensimultaneous
and non-simultaneous thresholdsmeasuresthe contribution of rate suppressionto masking.
One di�cult y with this assumption is that, in the absenceof a signal, the discharge rates
of auditory nerve �b ers during the signal interval can di�er for the two masking conditions
becausethe masker is present in the simultaneouscondition, but not in the non-simultaneous
condition. Hence,non-simultaneous thresholds will be somewhathigher than simultaneous
thresholdswhen there is no suppression.When masking is both excitatory and suppressive,
the contribution of suppressionto maskingwill be systematically underestimated. A second
possiblebias in measuring suppressionis that the responsivenessof auditory nerve �b ers
may di�er for the two masking conditions becausesignal levels are higher in simultaneous
than in non-simultaneous masking. The author concludes (Delgutte (1990)) that these
inaccuraciesare too small to invalidate the conclusionsconcerning the role of suppression
in masking.

Ruggeroet al. (1992) report their experiments to characterizemechanical two-tone sup-
pressionin the basilar membrane (chinchilla) and compareit with auditory nerve rate sup-
pressionproperties. They concludedthat mechanical suppressione�ects weredemonstrated
that closely resemble, qualitativ ely and quantitativ ely, most features of rate suppressionin
auditory nerve �b ers. Suppressionmagnitude was maximum at probe frequenciesnear CF.
It increasedas a function of suppressorintensity and decreasedwith probe intensity. Sup-
pressor tones linearized probe-intensity curves (�gure 7). Rate of growth of suppression
for increasingsuppressorintensity was larger for below-CF suppressorsthan for higher fre-
quencysuppressors(�gure 9). Low-frequencysuppressortoneshad suppressionmagnitudes
which varied periodically (�gure 8). Cochlear death was found to destroy suppression.Pos-
itiv e correlation was found between suppressionand BM sensitivity to CF tones. They
concluded that mechanical suppressioncould result from interactions between outer hair
cells and the basilar membrane.
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Figure 5: From Delgutte (1988)

Figure 6: From Delgutte (1988)
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Their data is in agreement with results from Delgutte (1988). For probe frequency at
CF, they report that suppressionexists both for suppressorfrequencyabove and below CF
(at stimulus intensities at which the responseto the suppressoris smaller than the response
to the probe alone - see�gure 10). Their �ndings that below-CF suppressorscausefaster
growth of suppressionis consistent with the conclusionsin Delgutte (1988) (�gure 6).

Commen ts

While comparing results and conclusions,oneshould exercisecareand caution. When com-
paring psychophysical data and physiological data, one should bear in mind the species
di�erences. Oxenham and Shera (2003) mention studies on the guinea pig by Evans and
colleagueswhich found good correspondencebetween auditory-nerve tuning curves and
behavioral measuresusing simultaneous masking. This is at odds with the authors' asser-
tion that suppressione�ects in simultaneous masking can severely underestimate cochlear
tuning. This discrepancy can be resolved by considering that guinea pig cochlear tuning
is generally poorer than that found in humans by a factor of 2 or 3. As another exam-
ple, Moore (1978) mentions data of Dallos and colleaguesobtained from chinchillas with
kanamycin-induced hair-cell losses.Such animals may show very broad, and clearly abnor-
mal, neural tuning curves, while showing relatively normal psychophysical tuning curves
in forward masking. The possibility of speciesdi�erences in more than just the frequency
range of hearing needsto be examined further. One should also keep in mind di�erences
in experiment paradigms, signal/masker conditions etc. For example, we saw earlier that
the results of Oxenham and Plack (1997) might appear to be in con
ict with the results of
Delgutte (1990) if one doesnot consider the signal levels used.

The papers assignedfor this theme tackle important issueslike di�erences between si-
multaneous and non-simultaneous masking, measuringsuppressionand its role in masking,
importance of o�-frequency listening, nonlinearities in cochlear tuning, behavioral estima-
tion of BM nonlinearities, relating BM properties and auditory-nerve properties and others.
We have discussedtheir results and conclusionsin the previous sections.

Conclusions

Psychophysical and physiological studiesof masking help us to gain a better understanding
of the frequency selectivity of the auditory system. However, it is not straightforward as
there are many confoundingfactors. In this theme, I learnedabout the tradeo�s involved in
trying to simplify the systemand accurately modeling it. More importantly, I learned how
nonlinearities are essential in understanding crucial properties of the peripheral auditory
system.
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Figure 7: From Ruggeroet al. (1992)

Figure 8: From Ruggeroet al. (1992)
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Figure 9: From Ruggeroet al. (1992)

Figure 10: From Ruggeroet al. (1992)
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