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Abstract

The use of masking to‘study the auditory system's
frequency selectivity characteristi¢s has been quite
extensive. From these studies, a specific model of
spectrﬁl analysis has been developed that emphasizes
the energy distribution across frequency. This

perspective is acceptable when describing the

processing of simple tones, but certainly lacking when -

interest is in a description of the proces;ing of more
complex stimuli. The following experimenﬁs_exémined‘-
the ability of sinusoidélvsignals-!o mask sind&e-.gné’
R double-frggpency probes. The paradigm was simira{ to
that used in psychophysical tuning curve studies: the

masker level was adapted to just mask-a low-level probe

of fixed frequency. The results showed that knowledge

of masking with single-frequency‘probes cannot Predict
performance'with the double-frequehcy probes.' Further,
it was found that these effects could be demonstrated
in the binaural system, vhere the detection of
difference tones could npt play a role. A‘third
experiment demonstrated similar effects with a

~ different masking paradigm., 1t is obvious from these
data, that the auditory system encodes more than the
pé:er spectrum of the signais; for example, aspects of
the time structure 6f the waveforms are also coded.and

-

. differences. Therefore, it is incorrect to describe

-

analyzed. This is hgpothesized to explain the observed -

+
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auditory frequency selectivity as simply a matter of

power spectrum analysis.
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1, Introduction : ".

Although a complete description of the way in
which the auditory szsten'encdde; f}equency requifés an
understanding of the respeonse to both simple and
complex stimuli, many of the conglusions about spectral
processing have been drawn from'stuéies using single
sinusoidal tones. fher; ;§ evidence, however, }hat
responses to sinusoids cannot predict responses to tone
combinatioqs. In the fol}oviné secgions I sﬂall review
three factors that can have important consequences for
the frequency coding of sinuséidal ééirs-in the
auditory periphery, that cannot be fully anticipated
from knowledge of coding _of sinuséids.‘ These factors\
are: tvo;tone supg:gssion, combination toﬁé generation
and the tempﬁrq{zfine structure of the auditprff
discharge'pattetn.'_Before examining each of these :
areas, 1 will present a brief\summary of frequency

1

coding of sinusoidal stimuli., )\

t

1.1 'Coding of sinusoids at the auditory periphery
]

-~

The mechanical response of the basilar membrane to
. ’

sinusoidal ‘tones is the initiasl stage of frequency
’

.

-coding. Depending on the frequency of the stimulus,
| ;

the travelling-j;;g envelope will peak near the apical
: L | ’

+
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or basal end of the membrane; lov‘frequencies at the
apex, high frequenci;s at the base (Bekesy, 1960;
Johnstone and Boyle, 1967' Johnstbhe et al., 1976;
Khanna and Leonard, 1982; Rhode, 1980). Further, the
shape of the envelope is usually soneyhat asymmetrzc
(except at very low frequencies and intensxtxes) with
the s]lope of the envelope being steeper‘apically~than
basally (Bekesy, 1960; Rhode, 1978; 1980). Therefore,
the membrane's vibratory response to sinﬁgpids is ~
similar to that of a narrov band-pass filter (Khanna
and Leonard, 1982; Leonard and Khanna, 1984). |

The hair cells.adjacent to the basilar membrane

become deflecteN. v:th membrane movement, and it is this

shearing actxon i. thought to initiate neural

.

transduction (Dallos, !981 Eldredqe, 1974). Recordxngs

made {rom the inner hair cells shov tuning

_characteristics parallel to those fqund on the basilar

N

membrane (Ruséell and Selllck 1978). Po; example,
iso-amplitude functions show that 1nn3' ha1r cells are
very sensitive to one frequency, but are much less
responsive to-other frequencxes (Russell and Sellick,

1978). . S

4
Measurements of single fibres in the auditory

nerve show similar tuning properties. By measuring the

firing rate increments for sinusoids of various

- ———— — . e e ————— i
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. frequencies these units show a prefe;ence for a small

range of frequencies (Kiang et al., 1965). The data
are most often described by a neural tuning curve,
displaying stimulus intensity as a function of
frequency for ; just detectable increase in the
spontaneous firing rate of the fibre (Liberman and
Kiang, 1978). Typically, fibres show their best
resp&nse to a very narrov frequency region, while tones
presented at other frequencies require greater
intensities to activate the fibre. Purther, these
sharp tuning properties are constant as stimulus
intensity is increased (Evans, 1975; Rose-et al.,
1971). Therefore, the frequency response
characteristics of the auditory periphery seem to be
determined mainly by the coding occurring aé the
cochlea. The vibration pattern of the basilar membrane
coded by the neural array of hair cell receptors,
transmits the tuned response measured at the basilar
membrane to the Suditory nerve fibres. This response
is most often summarized as being similar to a process
of.band-pass filtering. Fiqafly, it can be noted that:
these tuned fibres are organized tonotopically ih_t@e

eighth nerve (Kiang et al., 1965). Single ne}veifibres

with high frequency responsel are found in the

periphery of the nerve bundle, and there is an orderly
decrease in the characteristic frequency toward the

center of the bundle.

. . A , oy
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Althgugh the response of the peripheral auditory : .
system is commonly described by the change in the
firing rate of the receptors or auditory-nerve fibres,
a second characteristic of the n®ral response to

sinusoidal stimuli is the temporal synchrony of the

|
|
|

f firing response to low frequency tones. The

presentation of sinusoidal stimuli less than 5 kHz ,

produces a neural discharge pattérn synchronous with

the phase of the sfimulating vaveform. This phenomenon '
can be best demonstrated by considering the number of

spikes that occur ﬁ}thin one cycle of the sinusoid with

'repeated presentations. Often, the greatest number of

spikes occur near the peak of the sinusoid, such that a
plot of the number of spikes within a given time-frame
resembles. a sinusoidal pattern. Such behavior from R
single fibres is likely the result of the coding of the. <
; - waveform as it occurs along the basilar membrane. o

il

t Interestingly, this response of a fibre to the phaselqtf} -

'\

- d
—

o2 <

" -

. the vaveform can be detected not only before an.’

.:\/"
increase in the mean firing rate is observed (Rose et

. ai., 1967), but ,also above the rate of saturation of
the Aéuron (Rose et al., 1971). An examination of this
type of neural response makes it evident that

"phase-locking” is a more sensitive indicator of o

T T RE e

stimulus intensity than neural rate responses, (for . :
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example, some studies have shown that phase-locking can

be up to 20 dB more sensitive; Evans, 1975; Rose et

al., 1967).

1.2 Coding of sinusocidal pairs

When examining the response of the auditory system
to more complex tonal Qtinuli, other factors become
important., Tonal elements in a complex stimulus can
produce either suppression or excitntqry‘interactions
at the'auditory periphery. Two-tone suppression is a

demonstration of one such interaction,

1.2.1 Two-tone suppression

The discharge rate of an audito}y-nerve fibre
reSponding’to a sinusoid can.be reduced vhen a second
tone, that does not excite the fibre when presented in
isolation, is intréduced at an appropriate frequency
and intensity. Sachs and Kiang (1968) first showed
thatnthb tuning curve of an auditory-nerve fibre showed

regions of suppressian when examined in the presence of

~

— " "a second tone. Arthur et al. . (1971) found that the

firing rate of a fibre responding to a low-level
sinusoid of 8 KHz could be reduced by over 20% by a 5
kHz tone at approximately 60 dB SPL.
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The phenomenon of two-tone suppression is limited
by the relationship of the stimulus rameters, such as
frequency and intensity. Only specific frequency and
intensity rel;tzonshipS‘between the stimuli produce
robust effects. Tﬁis can be demonstrated most cieaqu
wvith measurements of the.suppression of the neuron's
firing rate. Limitations also exist in the measured
range of the suppression effects. For example, ;
suppressor tone will never reduce the firing rate of a
neuron below its characteristic spontaneous rate.
Further, high level tones will cease to suppress the
firing rate, producing excitatory responses in the
neuron.ﬁ' |

Suppression is also observable in the discharge

.pat%ercs of the auditory-nerve fibres,'althdugh its

' measurement involves more- detailed analyses. Abbas

(1978) and Hind et al. (1967) described suppression
effects’in neural firing patterns by Eimihg thé
occurence of the each discharge relative ;o\the periods
of the individual tones., -More recent measurement
techniques involve generating period histograms from
the phase-locked patterns, which are then analyzed by

methods of Fourier analysis for the relative

contribution of each tone (Arthur, 1976). 1If
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at levels other than the eighth nerve. Sellick and

suppressionu;fféqts are coded in the neuron's discharge
pattern, then clearly ;bre complex mechanisms are
necessary for the auditory system to extract this-
information, than are nec;ssar; for coding the

suppression of the rate code.

Also, by examining suppression in the neural
discharge patterns, a more complete description of the
suppression effects can be obtained than when examining

rate suppression. Por example, discharge rate, as an

_index of suppression, cannot code the stimulus

situations.ﬁhere the suppressor tone itself &xcites the

fibre, or wvhen the discharge'rate of the fibre has
saturated‘(Javel,'1981).‘ Studying the effects of

suppreisidn from changes in the discbarge‘pa;te;ns

reveals larger effectslthah those.féund by the - .
diéchargg_rite-briterion. Arthur.(;976),'and others, P
have shown that‘d‘suppressor téhejéan attenuate the

neural response pattern. of ah?tﬁér tonézby 30 to 60 aB -

(Javel, 1981; Rhodglép al., 1978; sachs and Hubbard,

1981). .Pattern measures &re also able to show . -
suppression effepts throughout a nerve fibre's re#ponse
area,.su?pression-being greatest for the_frequehcigs

near the fibre's characteristic (or best) frequency.

The phenomenon of suppression has also been found

-
. .
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Russell (1979) denonstrated rate suppression at the
level of the inner hair cells. Others have found
twvo-tone suppresszon effects in wvhole-nerve action
potentials (Barrxs and Dallos, 1977), ‘and in ghe
recordings of~the cochlear m:c;ophonxc (Dallos et al.,
1974). From these stuaies,,it is the consensus that

two-tone suppression is a cochlear phenromenon, not due

to neural inhibition. This argument is miost clearly

'supported by. Rhode (1977), who found that the basilar

membrane displacement patterns displayed two-tone
interactions of suppression. Therefore, it is commonly
suggested that the travelling'wave is the 6ri§in of .
twvo-tone suppression.
.

Psychophysical maskingfgtudies have deﬁonstrated_
an effect similar to two-tone suppression. In a
forvard—mesking situation, the amount of'mqsking
produced by a sinusoidal tone can be reduced by the
addition of ; second sinusoid to the'gaske; (Hogtgast, V.
19735 O'Malley and Peth, 1979:'$hannon; 1978; Weber,

1978). This phenomenon of ’unmasking' is, like

‘neurophysxolog:cal suppressxon dependent on the

frequency and amplxtude of the added sxnusoaa (Abb&s,
1978; Duifhuis, 1980; Weber and Green; 1979)

\ L]
Therefore, two-tone suppre&sxon can be demonstrated in

! ) ’ o}
the neural coding of stimuli, as well as in .¢ \, 2

-
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psychophysical tasks, and is certainly an important

factor in defining frequency selectivity.
1.2.2 Combination tones

The nonlinear response of the auditory system can

also be demonstrated by the amplitude distortion

’ products known as combination tones. These are
generated vhen two or more tones are presented
simultaneously to the auditory system, and result in
responses at frequencies not present in those tones.
Goldstein and iiang’(1968) first showed that auditory
nerve fibres would re#pond (by increases in the firing
rate or by measured phase locking responses) to

« combination tones, even when it could be shown that the

initial tones did not, individually, produce any

response in that fibre. Such nonlinearities are easily

demonstrable with 6n1y two sinusoids, therefore this

several combinatien tones are possible in a nonlinear
Ve
- system, the phenomenon may be illustrated by
considering only two: the simple differenceé tone and

the cubic diff€rence tone.

}~. o The simple difference tone is the response at the

f", . frequency corresponding to the difference in the two

pure tones or primaries (designayéd as fl1 and f2, where

s N -ty

/

situation is the most commonly studied. Also, although ,
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T f2 > f1). ‘The cubic difference tone, on the other

10

hand, is the response at the frequency 2f1 - f2. Rose
et al. (1969) were able to demonstrate pfoginent
difference tones in the discharge patteras of auditory
nerve fibres. This work has been expandgd by Kim et
al. (1980) and'others, to show that the response of a
fibre to a generated combination tone is not different

from the response to a single sinusoid at the frequency

of the combination tone (Greenwood et al., 1976;
Pfeiffer and Kim, 1975; Smoorenburg et al., 1976). Kim
et al. (1980) argue that these similarities indicate a
common base for generating these reponses; i.e., the

propagation mechanisms are likely the same.

Again, these responses recorded at the level of
the ‘cochlea have psychophysical correlates. Two
sinusoids presénted simultaneously can result in the

perception of additional tones such as the simple and )

cubic difference tones. A great deal of psychophysical

research has specifically éxamined the stimulus

conditions that produce combination tones, as well as
estimating the amplitude of the‘distortion product

itself. There are three general methods used in‘
combination tone research. In one procedure, the use

of a third (or probe) tone is introduced at the same

time as the twvo primary tones. This‘prope tone is then .

either varied in frequency or intensity to produce a

Ll e~ WIPRRIPR T P R S e




beating or cancellation of the combination tone. From

the intensity of the probe, the amplitude of the
distortion product is estimated (Goldstein, 1967;
Goldstein et al., 1978; Hall, 1977).

A second procedure for measuring the amplitude of
the combination tone is the masking paradigm. This can
be accomplished with a direct masking procedure, where

the combination tone is used as a masker for a third

‘probe tone similar in frequency to the combination tone

(Smoorenburg, 1972; 2wicker and Fastl, 1973). This
method can also be used in a forward masking paradigm
(Smoorenburg, 1972; Humes, 1980), again to extrapolate

to the level of the distortion product.

A third procedure involves a nonsimultaneous
presentation of a probe tone to'the ipsilateral or
contralateral ear (known as the pulsation threshold

method; Smoorenburd, 1974; Zurek and Leshowvitz, 1976;

'Shannon and Houtgast, 1980). The prim&ries are

presented in altern;tion with the probé (of equal
frequency to the combination tone) at a rate of
approximately 4 per second. When the probe is
pres?nted at a specific level, the perception of tﬁe
combination tone is cont;nuous; i.e., the actual

distortion product and the probe at the same frequenéy

"are not pe;ceived as being gated every 250 ms. When the

»
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-perceived when the level of one primgry is near

12
-

level of the probe is increased a distinct probe is
perceived to be alternating with the primaries. The
level at which this transition from continuity to
puls#tion'occurs is called the pulsation threshold, .
which is taken as a measure of the level of the
combination tone. Using these methods, the stimulus
parameters that generate the combination tone can be
summarized.

The simble and cubic difference tones are the two

/are most commonly reported,

distortion products that
being percexved with the lowest level primaries, In
general, the .cubic difference tone is percezved at
primary levgls lower than those producing the simple
difference tone. For example, with f2/f1 less than.
1.2, the cubic¢ difference tone is perceived‘vith the
levels of the primaries as low as 20 dB SL. Further,
with differential levels of the primaries (e.g., L1 »

L2; where L1 and L2 are the levels of the primaries f1

and f2.respective1§), the cubic difference tone can be

a—
threshold. (Smoorenburg (1972) reported perceivable
cubic difference tones when L1 was 40 AB SL and L2
between 0 and 4 dB SL.) On the other hand, the

perception of simple difference tones requires much

higher levels of the primaries. With L1 = L2, the
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simple difference tone is perceived when primary levels

reach 50 to 60 4B SL.

Because of the difficulties in the three

procedures for estimating the level of the distortion

~

product, the reliability of these data has been
questioned recently. For example, with certain

frequency and intensity relationships between the

-

primaries, the combination tone in the simultaneous

N

paradigms may become masked (Egan and Klumpp, 1951),

and/or suppressed (Houtgast, 1972; Shannon, 1976), thus
leading to an inaccurate measure of the level of the
combination tone. The advantage of the nonsimultaneous
presentation of the-probe is that this procedure will

not produce suppression of the probe (Harris and

™

Dallos, 1977). (In fact, Shannon and Houtgast (1980)

have shown significantly lower measures of the

combination tone with the pulsation threshold
measurement over the cancellation method.) There
remains, tho?gh, the possibility of a masking of the
distortion tone by the probe in the nonsimultaneous
procedures. Therefore, there is no current metho&vof
measuring combination tones i.e. exempt from the
confounding {nfluences of suppression or masking. These

Eactors, when present, wili\result in an overestimation
/ . L]

—

error in the levels required to produce combination
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tones, and an underestimation of the level of the -

distortion product itself.

Finally, combination tones seem to be generated in
the initial stages of frequency coding by the
peripheral auditory system. In agreement with the
physiological data, the psychophysical data show that
combination tones behave much like externally applied
signals. The distortion products produced by two
primaries-can mask or suppress probes, be masked by
probé%, or produce further combination tones when an
appropriate tone is presented. Greenwood (1971) and
Zyicker (1979) have also found that the perception of
the combination tone is affected by the frequency
resolution of the peripheral auditory system; that is,
specific hea?ing deficits are detrimental to the
perception of comb{nation tones. Further, for certain
ratios of.the primary frequencies, the two combination
tones can be made to interact much like two externally
produced tones. This is accomplished by chanéing the
" phase of the primaries. Hall (1972) demonstragza\&his
. with primar{es in the frequency ratio (f1:£f2) of 2:3.
In this situation, both the simple difference tone and
the cuB}c difference tone are equal in frequency (i.e.,
£1/2). Depending on the phase relation of the
primaries, Hell (1972) found that the loudness of the

combination tofje varied. Presumably, the two

L ] - [
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combination tones cancelled or reinforced eaJE other,
depending on the respective phase and amplitude of each
distortion product. Since such interactions (and the

other properties of combination tone phenomena) are

peripheral, the psychophysical data also suggest that
distortion products occur in the initial stages of
coding of frequency by the auditory system (Tyler‘e} .
al., 1979). Despite such arguments that combination
tones are the result of a peripheral nonlinearity ,
(presumably the basilar membrane response; Gibran and
Kim, 1982), some questions remain as to its specific

origins.

1.2.3 The temporal fine structure of the neural
discharge pattern to two tone complexes
Although the response of the peripheral ‘auditory

system to sinusoids vas described earlier, when more

W e

than a single sinusoid is present, the neural discharge
;pattern reflects more than two-tone suppression effects
and combination tones. Additional characteristics can
also'be observed.
t

N The work of Hind et al. (1967) first recorded the
neﬁral response to sinusiodal pairs. They showed that
fibres in the eighth-nerve in the squirrel monkey

//' responded to sinusoidal pairs locked in various

%
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frequency and amplitud; ratios in three wvays. With
large.amplitude ratios, the fime(pattern corresponded
only to the lower frequency, or only to the higher g
frequency tone. With smaller amplitude ratios, the
fibre responded to both tones, reflecting the }elative
amplitude of each component. For example, measures‘of
the syncronization coefficient (a measure of the
syncrony of the firing pattern and the phase of the
stimuli) would be higher for each tone when presented
as a pair than vhen presented individually. |

When the temporal response of the neuron shows
evidence of both stimuli, information about other
properties of the combination is present also. These
include inforﬁation about the phase relationship of the ’
two tones. For example, systematiéally changing the
phase of one of the tones produces changes in the phase
of the temporal response of gﬁe neuron (Rose et al.,
1974). The response patterns can also be a sensitive
indicator of the intensities of the tones. Stimulus
levels near threshold can produée marked changés in
tempbral response to both tones. For example, when . .
both tones are presented at threshola (determined by 7
rate of response), significant phase-locking to both
tones can be evident (Rose et al., 1574). Also, when
one of the tones is presented at subthreshold levels

(e.g., - 15 dB SL), an interaction ¢an still be evident
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in the temporal response patterns. Rose et al. (1974)
also have shown that ¢ells in the anteroventral
cochlear nucleus of the cat can display two-tone
interaction when one tone is even as lov as -25 4B SL.
Therefore, the temporal pattern of the'neural response
to sinusoid pairs is able to accurately reflect :
interactions with thresh&ld level stimuli, as well as

when one tone is presented at levels well below

threshold.

Unlike the phenomena of two-tone suppression and

combination tones, there is liftle evidence concerning

‘the role of temporal coding of phase or intensity in

psychophysical-task;. There seem to be two reasons for
this. Pirst, the ﬁost simple manner of representing
spectral information in the eighth nerve has been the
place code, where frequency information is determined
by the profile of discharge rate versus the neuron's
best frequency.' Second, the temporal code has been
seen as either redundant or irrelevant in the spectral
processing of simple stimulf. With the recent research
into the temporal fine structure of n;ural response to
complex séimuli (e.g., Horst et al., 1986}, and the
arguments that complex sounds are processéd’in a
different way from simple sounds (Moller,' 1980), the
tempora} code has been reconsidered for its importance

in spectral processing, especially the processiné of

P
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complex stimuli vhose vaveform envelope, phase,

frequency or intensity may be changing over time.

The following experiments were an attempt to
determine the importance of temporal coding in auditory
spectral processing. This wvas accomplished by
examining the. differences in detection of sinusoids and
sinusoidal pairs in a forvard masking task. The
psychophysical tuning curve (masking) paradigm was
chosen both because of its extensive usage in this
field of research, and because of the kind of
conclusions made from this task about spectral
processing. In this paradigm, the level of a
sinusoidal masker-is adjusted until it just masks a
lov-level probe of ff;ed frequency. (At a
neurophysiological level, forward masking is defined as
the inability of the auditory system to respond to
immediate stimulation, due to the amount and spread of
residual excitation caused by the masker.) A simple
model was developed where the amount of ma;ker energy
necessary to mask a probe consisting of two sinusoids
céuld be predicted from knowvledge of masker levels
nécessary to mask the single;frequency probes,

Therefore, if factors such as two-tone suppression and

‘.combination tQne generation are taken into account, and

if no additional factors (e.g., temporal code) are

. <
important in such tasks, then accurate predictions of

[PPSR




masker levels should be possible. Pilot studies had

shown an inability of such a 'model to predict

performance with double-frequency 'probes. Therefore,

..the first eiper}nent examined this phenhomenon more

closely with a range of stimulus frequencies and

intensities.

'..—"5
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2. Experiment I: Effective Masker Levels of Single-

and Double-Frequency Probes
2.1 Introduction

There has been a longstéhding interest in the
auditory system's frequency selectivity as revealed by
sinusoidal masking studies. Notwithstanding known
nonlinearities (e.g., suppression effects and
combination tones), these s£udies have resulted in a
particular interpretation in\the literature: spectral
information is generalli thoﬁbht to be coded and
transnig;e& aEcording to place of stimulation.alopg the
basi}qr'membrane. For example, 3ohnsdn-Dav¥es and
Patterson (1979) developed a model where the discharge
raté‘of responsé across the neural érréy is'represented
by asymmetric patterns of excxtat1on. Figure 2.1(a)
shows a schematxc representatlon of the conventional
psychophysxcal ;un;ng curve data by plottxng the amount
of excitation as a funCtzOn of the frequency of the
stimuli, The pa;;érns of four sinusoidal maskers (open
t:&iﬁglgg) and a sinusoidal probe (filled triangle) are

shown, vhere f1, f2 and £3, f4 represent tvo low and'
maskers are represented at specific levels such that a
constant amount of exc;tatxon remains - for probe

detection at masked threshold. -Thérefore, a constaht

20

two high masker frequenczes, respectively. Further, the.
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Figure 2.1 “A schematic representation 6f the conventionhal

psychophysical tunxng curve data according to the

- pattern of exc:tatxon model (Johnson-Davies and

Patterson, 1979). ure. (a) displays the excitation . -
of a-lov-level probe . ?fxlled) and four maskers (f1 td
f4). Bach masker produce the amount of excitation
necessary for probe detection to be at masked
threshold.. Figure (b) shows the same patterns .
including a higler frequency probe .and two addxtxonal N
masker patterns. Note that only masker f4 masks both _
probes.’ .. . o S
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" .prea:of the probe“reﬁains "unmasked” "in all four
\‘ - Y . 4

masking conditions. . 4 . .. >

. R ) ‘ A

v If this model adequately describes pure tone

‘ .. masking, then the pasking or detection of additional

‘;__”."/ "+ ‘" spectral comporents could be represented in a similar
. -~ : :

\

2 - . fashion. .Figure e.l(bdfshévs a ‘hypothetical

;i - - repre;ehkation of the excﬁkatidn patterns produced by a
,~., : o prépg comprised of two Qinuﬁqids (filled triangles) and
E o - six maskers. ‘For the lower frequency probe, four’

: ;ﬁf -magkefs (f1 torfd) bring the detection of “the probe to
‘ - thrésﬁdld{ vhile for the higher {requepcf probe three

B . . maskers (f4 to f6)tdo so. If bath probes are presentea
, simultaheously, masker £1, f2, £3, f5 and f6 would

' mask' one of- the probe patterns, but not both. Only
A masker fe produces the necessary excxtat1on to mask

. e e thh pr9be frequencies. . - ' ‘ o

From these representatxons & simple model tan be

4“ph?' ?,;H‘ deveiopedrfor predxctxng the amount of masker

R A .
%2}?(;?;;‘ff'ffd}: ?fcxtatxon (1.e., isergy or 1ntensxty) necessary to ‘
5%/;14”;- e mask,; probe comprxsed of n 51nusoxds- A maskerjmust
gﬁf?(f.f‘i;ﬁi%iﬂ hhve suff{cxent energy to produce a ce’ taxn amount of . - -
\§5jaif?%;;:;£fi i';xpztéixon.:n'the regzons of all the probe, frequencres.

g;?‘;./,_ Cr- Tﬁé;éfoke, with knowle@gg of'the,masker energy

..
[y

. necessary to mask each probe compohent, 3 prediction of

>
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the masker energy Recessary to mask a complex probe

could be made.

However, it is plausible that this pattern of

excitation model (Johnson-Davies and Patterson, 1979)

is incomplete in-describing the masking situation shown

in Figure 2.1(b). For example, lemporal interactions
can be coded by the audito;y nefve vhen two sinusbidal
tones are presentéd at leQeis near threshold (Roée et
al., 1974). Masker fé in Figuré 2.1(b5 shows a
situation.vheredthe'detectioﬁ of the two sinusoidal'
probes is at masked threshold.. The question can he

asked whether the residual excifation from'éach‘prqbe

"could be coded at the- neural level (as with similar

low-level tones shown by Rose et;al., 1974), and
vhether this code produces an interaction that can be
used for detection of the probe pair.

' There is some psychophysical support for such a

Groen (1964) has shown a discrepancy between

the detection of simple stimuli and that of tonal

'pairs. His work involved a dichotic preseéntation of

twq.ioﬁjfrequehcy tones (that differed only'slightly in

frqquenc&).:where one tone was presepted at or- below

-

jts detection threshold. Observers reported a
subjective difference (a4 beating or wavering in the

amplitude of 'the audible tone) vhen:the second tone was

) .

[ . . 'r ’
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added to the cbntralaferal ear {above or beloﬁ_its‘
th{eshold). Récognizing the discrepancy between a

neuron's response rate threshold and the temporal

. pattern thréshold, Groen argued that .the subthreshold

component in the tonal pair was coded by the temporal

pattern of the neural array, which carried the

information about the slight difference in frequency

between the two tones. Similar beating effects hawve

ilso been found when tones vere presented at a level of

masked threshold (see ﬁ}oen,'1964).
, . .

More recently, Young and Barta (1986) suggest that
qeural dis;harge rate thresholds and beﬁavioral
threshold§ can be shown to be highly correlated-in the
same test animal; despite the fact that temporal
pattern thresholds were significantly lower. 1If this

similarity in rate and behavioral thresholds also

applies to masked thresholds (see Young and Barta),

" then our notions of, frequenéy selectivity may have to

. be adjusted accordingly. Therefore, although there is

_ support for the simple model of place/rate code

excitation patterns in describing the neural mechanisms
in th? auditory periphery when processing simple
.stzmulx, what tqmafns to be shown is whether such a
ﬁdézl hdkds vuth J !uﬁé of more complex probes, and if

1//‘

.Ehe temporal codxhg may become xmportant.
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The purpose of the prEsent investigation was to
compare the effective masker levels for single- and
douB}effrequency probes, as well as to examine the
importance of the relative probe amplitudes. In a
forvard masking task a sinusoidal masker wvas followed
by a brief‘lov—level p;obe comprised o{ one or two

sinusoids.

- There were four parameters of interest in this
experiment: fM (masker frequgncy), Lpl (1 kHz probe
level in dB SL), Lp2 (1.5 kHz probe level in dB SL),
and LM (the effective masker level in dB SPL). The
experiment‘involved measuring the masker level (LM)

necessary to just mask the probes, either presented’

singly or together. The levels of the probes (Lpl and

Lp2) wvere fixed while the LM was varied by the subject.

The masker frequency (fM) was an independent parameter.

The masking functions produced with the various fM
values were compared. Specifically, this involved
‘examining the masker levelé for the conditions with the
single~ and double-frequency brobes. Our simple model
pfedicted the masker 1e§e1 in the double-frequency
probe éondition to be equal to the highest of the two

masker sound pressure levels required for

single-frequency probes. Deviations from this

” aap———— - -~ . -
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ﬁredicted value will suggest additional factors are
relevent to the task. ~
The effects of changing the probe levels (Lpl and
\
Lp2) should reflect the relative influerf®e of the added

component on two-tone interaction. For exahple, adding

. the s@cond component at a level near threshold would

likely produce less interaction than if the added
component was presented at a higher level.

2.2 Methdd
2.2.1 Subjects”

' Three youﬁa\gdults served as subjects (two males
and one female). One male subject (RR) dropped out
du}ing this study, resulting in limited data. The
sub}gctsffpearing;was within normal limits as assessed
by purg-tahe air-conduction thresholds for octave
frequ;hcfes between 6.25 and 8.0 kHz (15 dB Hearing K
Level, ANSI S36 - 1969).

Each subject received ten hdurs of p}éctice in the *~
task.. This period was sufficient to stabilize the
masker thresholds in each subject. The experimental -

sessidns were 2 hours in length with brief rest

periods.
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2.2.2 Stimulus presentatjon and procedure

Forvard masking was used to measure the masker
level thresholds. The subject's response was to adjust
the masker level until the probe(s) were jugt masked.
The masking thresholds were obtained by an adaptive
two-interval forced-choice procedure that estimates the
70.7% correct point on the psychometric function )
{Levitt, 1971). The criterion for the adabtive
procedure was two consecutive correct responses, which
would increase the level of the masker, thle one
incorrect produced a decrease in the masker level. The
first four reversals in the masker used a 4 dB step
size, while for the remainder of the run a 2 dB step
size was employed. Trials continued \thin a run until
fourteen revefals were recorded. The fiyrst fou;-;b
reversals were discarded, while the average of -the
final 10 reversals was taken as the subject's threshold .
for that particular experimental run.

In the\tuo-interval paradigm, both intervals
contained tgélmasker and in one of the intervals the .
masker was followed by the probe (which was assigned

randomly to either interval with a probability of 0.5).

The subject's task was to select the interval that_
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contained the probe. The duration of each interval

(masker plus signal).was 217 ms and was marked by a 215

.. ms light. X 498 ms pause separated the intervals.

Following each response, the subject wvas presented with
200 ms feedback light indicating the correct interval
containing the probe. The next trial began 50Q ms

after the offset of the feedback light,

. The waveform enveiopes and spectra of the éfimuli
are shown in Pigure 2.2. The masker (fM) vas comprised
of a single sinusoid preceding the probe signal in
time. The probe consisted of one (Figure 2.2a: fpl or
fp2) or two frequénéy components (Figure 2.2b: fpl and
fp2). The masker was shaped with a cosine square
function risef%ﬁ)l of 5 ms and had a total duration of
205‘;s>\ The 12 ms probes vere similarly shaped with 2
ms rise/fall times. There was no delay between the

presentation of the masker and probes.

A block dia&ram of the equipment used in the study
is shown i; Figure 2.3. Three independent function
generators produced the masker and probe frequencies
(fM: Hevlett; Packard (HP)} 3310A; fpl: General Radio
1310B; fp2: Wavetek 112). Each was electronically
gated and attenuated before being mixed and delivered

to the earphones (Telephonics TDH- S0P) in a

double-walled”acoustic chamber. "All signals were

r

v - N - - ——
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Figure 2.2 The waveform envelopes and spectra of the
stimuli used in these studies. Figure (a) represents
the test conditions with single-frequency probes, while
Figure (b) represents the test cond1tzons with double-

frequency probes.
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Fig‘fare 2.3 A block diagram of the equipment used in these
studies. See text for a complete description.
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calibrated vhile _the signal was on contiququéiy. The
_subject's responses vere made on one of éwd'butions on
the response box placed in the chamber. The timing of
signals, stimulus presentation (gating and attenuation)
and selection of the masker frequency (DA outpﬁg to'the
AP voltage control_input) were controlled by a digital
computer (TecMar Teclab II). Also, the subject’'s
response recording, and trial-by-trial feedback was

controlled by the computer.
2.2.3. Experimental conditions.

Six different masker frequencies were used to mask
the single- and double-frequency probes. Table !
summarizes the paraméteés for each condition. The
masker frequencies ranged from i.O to 1.5 kHz‘}n_O.l
kHz intervals. Two probe frequencies were used:.fpl at
1.0 kHz and fp2 at 1.5 kHz. As well, a number of
different conditions were studied with tﬁese six masker -
frequencies and two probe frequencies. With the
single-frequency proﬁes, masking level thresholds were
obtained for three amplitudes of each probe frequency
(1.0 and 1.5 kHz): 10, 5 and 0 dB SL. 1In the
conditions with a double-frequenéy probe; these probe
1;ve1§ vere combined to produce five different testing

combinations at three specific pressure ratjos. For

example, presenting both the 1.0 and 1.5 kHz probe
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!
& Summary of Experimental Conditions in Experiment I
§ —
) .
>
-~ e e
Probes Differehce Pressure Ratio Masker
* fpl .pr in dB fp2:fpl M
1.0 kH2z 1.5 kHz -~ Lpl:Lp2 1.0 to 1.5 kHz
- (0.1 kHz steps)
. 10 4B SL 10 dB SL 0 aB 1.0 " level adapted
o : to threshold
< . by S's response
5 dB SL 10 4B SL S’A} -~ - 1.78
” 104dB SL 5 dBSL 5 dB 1.78
0 dB SL 10 4B SL 10 dB 3.16
10 dB S.. 0 dB SL - 10 dB 3.16
) 7 -
]
\_-/
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component$ simultaneously at 10 dB SL produced an

Bt L e oS PSRV A
M H -

pressure ratio of 1.0 (or a 0 dB difference in the

probe levels). Two other pressure ratios were also

—

tested} 1.78 and 3.16 corresponding to a 5 and 10 dB

B e

difference in the level of the probes (see Table I).
There are two reasons for using three pressure
ratios of the probe. First, if differences in

+

' performance between the single- and double-frequency

probes were to be found, one might expect that the
differences would be levelldependght; that is,
performance should differ with changes in the relative
amplitude of each component. As the pressure ratio
increases, the temporal waveform of the complex will be
jntreasingly dominated by the highest amplitude
component. Therefore, thé influence of the lower

amplitude component would be‘less.

Second,- if the auditory system is sensitive to
large amplitude ratios (e.g., 10 dB difference in the
probe levels; see Rose et al., 1971), then the
condition of the io dB and 0 dB SL probe components’ c-
presengs an interesting situation. Adding the 0 dB SL
component to the ﬁrobe gontribute§ very little
additional power to the'éomplex (actually only 0.4 dB).

1f the auditory system uses a power spectrﬁh analysis ~

~—

of the signals, this should make little or no
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difference in performance. However, if differences in
performance are found, they would be attributable to

factors other than the increment in energy.

2.3 Results

2.3.1 Effective masker levels with a 0 dB difference
in the probe levels
N

- Figure 2.4 displays the typical masker levels
necessary to mask a 10 dB SL 1.0 kHz and 10 4B SL 1.5
kHz single~ frequency probe (subject RR)., Included in
these data are the additional masker frequencies of
0.5, 0.75, 1.75 and 2.0 kHz. The inclusion of these
data points allowedaan internal check on the shabe of'
the psychoppysical tuning curves.“The»general masking
pattern was consistent with others' research; for
example, the steep high-frequency tuning curve function
reaching approximately 70 to 80 dB SPL at masker
frequencies 0.5 kHz above the probe frequencyz Also,
the typical less steep low-frequency tunipg QUrve
function is also apparent in Figure 2.4 (cf. Green et
al., 1981; 0'Loughlin and Moore, 1981). Exact

comparisons are difficult because of the differences in
. - \‘ .

. S, -
the stimulus parameters used in each study. Moore

{1978) and others have shown that a number of

parameters are important in determining the exact shape

.
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~Figure 2.4 ‘The effective masker levels' for single-frequency

10 dB SL probes at 1.0 kHz (tr1angles) and 1.5 kHz

(dfamonds? for subject RR. Included in- these data are
, the masker frequencies 0.5, 0.75, 1.75 and 2.0 kHz.
- - Standard errors are shown that exceed the sxze~of the
: " data point (i.e., 5 aB). .
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of tﬁe psychophysical tuning curve -- the duration,
level and shaping of the probe and masker, and the
duration of the interval betwveen the masker and the
Qrobe (Green et al., 1981; O'Loughlin and Moore, 1981;
widin and Viemeister, 1979a,b). Ali three subjects

tested, though, showved similar masking functions. .

'According to‘the simple model-of masking, the
following prediction can be made. . The effective masker.
levels‘}B?“TnE‘douhle—frequeﬁby'probes {each at 10 4B
SL) should approximate the highest-of the two masker
levéls found at each masker frequency. For example, in
Figure 2.4, the masking pattern from the probe pair
should be prediéted by the filled diamond data at 1.0,
1.1, and 1.2 kHz and the filled triangles at 1.3, 1.4,

and 1.5 kHz.

The results from two subjects are shown in Figures
2.5 and 2.6 for these same masker frequencies. The
/masking patterns show both the single—frequency {closed
dat? points) and double-frequency (open data points)
probe conditions. Each data point is the average of a.
minimum of four threshold trials, and only the standard
deviatiofis that exceeded 5.0 dB are plotted.
Examination of the data reveals that masker levels with
double-frequency probes are épproximated by the levels

wvith the single-frequency probes, as would be expected

L 4
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from the excitation model. A closer examination of
each subject's performance, though, reveals some
notable differences. In Figure 2.5 (subject DCB), as
much as 4.8 dB more masker energy is necessary to mask
the double-frequency probe, compared to the levelsifor
the single-frequency probe (i.e., ‘with masker frequency
1.3 kHz). Also, with maskers 1.0, 1.1 and 1.2 this
subject's masker levels were between 1.5 to 2.0 dB
higher’ihiﬁ';;;éicted by the excitation model. On the
other hand, subject RR (Figure 2.6) shows masker levels
with the double- frequency probes slightly less than
the %evels with the single-frequency probes. The
difference is largest with the 1.0 kHz masker (-2.8),
otherwise it varies about * 1.0 @B for the other five

maskers.

In general, thg‘pattern of masking seems to be
consistent with the p;édictions of the model; that is,
the effective masker levels with a double-frequency
probe are p;edicted from the éffective levels for the

singleXfrequency probes. Still, there remain obvious

. inter-subject differences. A couple of explanations

are possible. The subject in Figures 2.5 needéd
slightly morf energy than pre&icted while the other
subject j?igure 2.6) needed less. Such differences
could likely be due to the sbecific cues in the task

utilized by each subjectf It is not uncommon for
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Figure 2.5 The effective masker levels for single-frequency
10 dB SL probes at 1.0 kHz (triangles) and 1.5 kHz
(diamonds§ and double-frequency probe (open squares)
for subject DCB. 1Included in these data are
the masker frequencies 0.5, 0.75, 1.45 and 2.0 kHz.
Standard errors are shown that exceed the size of the

data point (i.e., 5 dB).
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Figure 2.6 The effective masker levels for single-fregquency
10 @B SL probes at 1.0 kHz (triangles) and 1.5 kHz
(diamonds) and double-frequency probe (open squares)
for subject RR. Included in these data are
the masker frequencies 0.5, 0.75, 1.75 and '2,0 kHz.
Standard errors are shown that exceed the size of the
data point (i.e., 5 dB).
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: ,different subjects to rely on idiosyncratic cues for

.detecting the probe. Subject DCB (Figuré 2.5) wvas

!

. . likely able to use as 3 cue the additional energy that

"

3 resulted from presenting two tones simultaneously at 10

dB SL. (This stimulus presedtation'prbduces an

o s AP IRA T ST Y T
B

increase in the peak amplitude of the sinusoidal pair

W s

of 3 dB; Peterson and Gross, 1972), ) . B ~

rent

e

ft is also quite possiblé ihat‘these.differences

* reflect the fact that fhe ;asking/detection task with.
_the double-frequency probe ‘is different from the task
with a §ing?e§£requency probe, since there is no a
priori reason to eipegt that the effective maske{’leyglﬂ
should deé}ease yitﬁ the doubie-frequency probes (as in
?igu:e 2.6).  for example, the detection of
single-frequency probes Save been described as

. . involviné'e moni;orapg of specific channels in the

.auditory system (Moore, 1983). The detection of the

double-frequency probes may also involve a channel -

. -menitoring ;irateéy. but if information other than the
' frequency energy is'present, other strategies may also

be hgipful. (For example, t%e pair may be heard not as - -
. two individual tones or frequencies; but as a single

pé;ﬁeﬁt,pf both tonés.l Certainly a detection task “in
these.two cases conld:bg-quige different.) R

. - T - R _ * .. -

N -
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2.3.2 Effective masker levels with a 5 dB difference

in the probe levels

As described in Table 1, the stimulus conditions
that produced a 5 dB difference in the probe can be
obtained in two ways: the 1.0 and 1.5 kHz probes at
either ;9 and 5 dB SL or 5 and 10 4B SL levels,

. respectively. Figures 2.7 and 2.8 show the effective
masker- levels for both the single- and double-frequency
probe conditibn; for the first test condition (subjeets
DCB and GJF). _Only three masker frequencies are
displhyed sinceAthe maske;s of 1.3, 1.4 and 1.5 kHz
shoved no significant difference bé;veen conditions.
(This pheﬁomeﬁon was found consiétently throughout the
remaining conditions.) "The fii;eq\triangles show the
masker levels required to mask the 1.0 kHz 10 dB SL -

- ' probe. Similarily,.the filled diamonds shov the

- . ‘ Fffectivé masker>le;els for the 1,5 kHz 5 dB”SL probe.
The thi%d_mégkjng function (open sqﬁaré data points)

) —
shovs the effective masker levels for the

~ ‘e >

double:frequency>br6beé at these levelg...oﬂly the

standard deviation scores that exceed 2.5 dB are shown.

: ) One- would expect, from the model, that the masking

patterns for the combined probes would be approximated

PR S
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by the greater of the two single-frequency probe
patterns. In this case, the masker levels should be
similar to the data represented by the filled diamonds
for the 1.0 and 1.1 kHz maskers, and the filled
triangles for the 1.2 kHz masker. With these levels of
the probes, the effective masker levels for the
double-frequency probe were greater than predicted.

Therefore, more masker energy was necessary to mask the

-

doublevfrgque;cy probes than expected from the single-
frequency probe data. Also, inter-subject differences
vere evideﬁt. Subject DCB (Pigure 2.7) shows large
increases .in -all three masker leveds (between 4 and 7
dB{. Subject GJF (Figure 2.8), though, only showed a
large difference with the 1.1 kH2 maéke; frequency (8.7
dB). Desbite these inter-subject differences, what
remairs to be explained is the maéﬁitude of the
increases in the effective masker levels, "It is
unlikely that these incre&ses are the result of the
additional 1.2 dB due to the energy ;ummation of the
probes'(Petersop and Gross, 1972). For example,
comparing the 1.1 kHz maské; levels with the
double-frequency probes and those obtained with a 10 dB
1.5 kHz single-frequency probe (Figure 2.5), it is
evident that only 1 dB less energy was required to mask
the double-frgq;ency probe in this condition than the
single-frequenéy 1.5 kHz probe. In other wvords, the

effective 1.1 kHz masker level for the 1.78 ampiitude




Figure 2.7 The effective masker levels for single-frequency
probes: 1.0 kHz at 10 dB SL (triangles), 1.5 kHz at 5
dB SL (diamonds) and double-frequency probe (open
squares) for subject DCB. Standard errors are shown
that exceed the size of the data point (i.e., 2.5 dB).
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Figure 2.8 The effective masker levels for single-frequency

, probes: 1.0 kHz at 10 dB SL (triangles), 1.5 kHz at 5§
dB SL (diamonds) and double-frequency probe (open
squares) for subject GJF. Standard errors are shown
that exceed the size of the data point (i.e., 2.5 dB).
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ratio probe is approximated by a single 10 dB SL probe.
‘Such effects certainly cannot be explained by the
additional energy in the simultaneous probe pair or by

the excitation model.

The second combination of the probes at these
levels was also testéd, with the 1.0 kHz probe at 5 dB

and the 1.5 kHz probe at 10 dB SL. Figures 2.9 and

_’2.10 show the masker levels obtained for two subjects,

again for only three masker frequencies (in this case
excluding 1.0, 1.1 and 1.2 kHz). As can be noted, the
effective masker levels are more simila; between the
single- and double frequency probes than found above.
Subject DCB (Figure 2.9) shows no difference between
the effectiye masker levels for the single- and

double-frequency probes (as evidence by the proximity

‘of the data points ‘and the overlépping_error bars). The

second subject (GJF: Figure 2.10), though, shovs.
significant differences at all three masker .
frequencies, The ;fBKHz masker shows a differencé,of
1.8 gg (t(3)=2.81, p<.05, one tailed), 1.4 kHz masker;
4.6 dB difference (t(3)-1&?37f3?7005,'one tailed), 1.5
kHz masker;.3.8 dB difference (t(3)=8.5, p<.005, one
tai;ed). (All t-tests in this report are one-tailed,
since the hypothesis is that adding the second probe

wiL{&improve detectability, therefore reiect H¢ only if
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Figure 2.9 The effective masker levels for single-frequency
; probes: 1.0 ki#z at 5 dB SL (triangles), 1.5 kHz at 10
dB SL (diamonds) and double-frequency probe (open
j squares) for subject DCB. Standard errors are shown
; that exceed the size of the data point (i.e., 2.5 dB)}.

a
& . =




O U, V- U e i o - i e
P N \:_ .
. ; . 55
. /-\\ -
-5 ' S \
2N ’
3 Iy . >
. r\-s ~ -
£ 791
5
r
| 654 -
; 7 7 Probes
'; b / o
> - ——— -
- o & 357 B10 < -
b b 8 A
. c B - ] g N :’5
R (R
- B~ 45¢ 3
- e - ) v ]
. i Frequency ()
-
354 . equency _
. ’ X 254 + PR -t
13 , 14 - 15
s © Masker Frequency (kHz)
- KJ
. ! ' d v,
3 e E—
] . )
. !
i ) o
- '- ) - t
»
- - j.
s i
: ~\i
-~ . \__‘;
-, 4
v b
. -
E|




Figure 2.10 The effective masker levels for single-frequency .-
probes: 1.0 kHz at 5 dB SL (triangles), 1.5 kHz at 10
dB SL (diamonds) and double-frequency probe (open
.- squares) for subject GJF. Standard errors are shown
that exceed the size of the data point (i.e., 2.5 4B).
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effective masker level is greater than single-frequency

probes.)

»

Therefore, the 1.78 probe amplitude rétio data
shov interesting results. Performance is variable
across subjects (the two subjects show differential
detectability of the probe pair in the same stimulus
condition). Also, performance varies across conditions
(each subject does not always shq‘ie!fetts in the same
test condition) ‘In fact,'in one full. test condition,
no differences betwveen the sxngle- and double-frequency

tests were shown in subject DCB (Pigure 2.9).

Although there wvere inter-subject dxfferences, the
trend of ‘these daty suggests that in a number of test
conditions, substantial increases in the effective

maskerlleyel were necessary to mask the

.. double-frequency probes. Such increases are difficult

to explain by githerﬁthe proposed excitation model or

_ an energy summation of the probes. This improved

_;detec;ability“of the double-frequéncy probes. may be the

‘resulé of a differential coding of the sinusoidal pair

by the auditory system. FPor example,' if the masked
threshold of thq_sihgle-frequencf probe ig.coded by the
neuron's firin§ rate, then we might expect such

behavioral effects due to the higher sensitivity of the

car iob L am st
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temporal coding of the double-frequency stimuli (Rose

et al., 1974). -

2.3.3 Effective masker levels with a 10 dB difference

in the probe levels

fvo final test conditions wvere examined with a 10
dB difference in the level of the probes. Figures 2.11
and 2.12 show the data for the probes at 1.0 kHz at 10 .
dB SL and 1.5 kHz at 0 dB SL and three masker
frequencies. Again, the mé&sker levels for the 1,0 kHz
10 dB SL single probe are shown (filled triangles), as
well as the approximate masker levels for the 1,5 kHz 0

dB SL probes (filled diamonds). 1It is inporfint to

note that the masker levels for ‘the 0 dB SL probes were

difficult to obtain (as evidenced by the large error
bars). Not only do these data points shov ; large .
variability across a block of trials, but also within
the black of trials. The probe is detectable, in
quiet only 70.7% of the %ime, and introducing a
forvard mask easxly disrupted its detectabzlxty. {On a
number of trials the suh;eéts would note that theé
perception of the psobc would disappear completely ohly

to reappear when the masker ‘was reduced to

imperceptible levels.) T ; B .
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Figure 2.11 The effective masker levels for single-frequency
probes: 1,0 kHz at 10 dB SL (triangles), 1.5 kHz at 0
dB SL (diamonds) and double-freguency probe (open
squares) for subject DCB. Stahdard errors are shown
that exceed the size of the data point (i.e., 2.5 dB).
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Figure 2.12 The effective masker levels for .single-frequency
" probes: 1.0 kHz at 10 4B SL (triangles), 1.5 at 0 .
dB SL (diamonds) and double-frequency probe (o -
squares) for subject GJF. Standard errors are shown
that exceed the size of the data point (i.e., 2.5 dB).




)
| .
o
| " .
1
- Y o
| o ¢ 1M
: 2, w |
! e . , +
i \ o 4 101 . .
| %
¢ v £ | |
| ‘ O n O . v
(1S @p) oA “
i m @
~N .
Ot | .l. \‘d
) b
. k4
o
| aN
o
) c
- ﬁ.l “ |
1) o q '
@
(S f
[T
\ ) .
| @
E
(]
Q
= ﬁ er
-
' !
« P, fond 4 A —% Py & . , .n_”
o \ ﬁ ”m N - __
_ (1ds ap) o
. | ) {0A97] Jo)sSB . ! . Vo
. ) | .
{
N . ~
i
/ of t e at G Dot s <




The masking function for the double-frequency
probe (op;n squares) is very similar for both subjects,
Each sub)ect shovs a marked_jncrease in the effective

sker level for the 1. 0 kHz masker, v:th a smaller but -
significant xncrease vzth the 1.1 kHz masker. In Figure
2.11, subject DCB shows a 2.2 dB difference in the
probe conditions (t(3)=5.0, p<.01, one-tailed)., 1In
Figure 2.12, subject GJF shows a 6.8 dB difference in

the probes (t(3)=4.9, p<.01, one-tailed). {Using these

same stimulus parameters, the subject RR was found to
show large increases in the effective masker levels
with all three masker frequenc1e5° 11, 8 and 4 4B -
increases f&?‘ihe double-frequency probe vxth the 1. o,
1.1 and 1.2 kHz nasker frequencxes,-respect1ve1y)

This increase’ in 10. kHz masker level of up to 20 dB
cannot be predxcted by tho excztatxon model or by the
additional 0.4.d8 in thg“summatxon of»;he probe energy
(Peterson and qroﬁs, }972). This suégests a strong
intef&ciion,pf the two probe frequencies is present in
the task and detected by the subjects., Examining e~
specific values, it can be noted that fof subject DEB,
the 50 dB SPL 1.0 kHz masker level for the
double-frequency probe condition is only 2 dB below
that of ;he 1.0 masker level for a single-fregquency 5
dB 1.5 kHz probe (see Figure 2.7; filled diamonds).
Therefore, this masker level approximates that le;el

necessary to mask a suprathreshold 1.5 kHz probe.
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The’d;ta for ‘the second combination of probe

‘levels Qigh the 10 4B difference in the probe levels
are shown in Figqures 2.13 and 2.14 for the 1.3, 1.4 and
1.5 kHz maskers. Again, the effective masker levels
f§r the 0 dB SL probes were-quite variable. But yhén
this threshold-level probe vas added to the 10 dB SL
1.5 kHz probe,';ﬁe'effecti;e masker ievels increased

substantial;y.thly xhe»l.BrkHz'masker.fot subjectAGJF

" (Pigure 2.14) showed no difference).

- Obviously, the combined probe condition results in
adlitional information not present or utilized in the
sjngle probe conditions. - These differences in the
effective masker leyels are most notic;able with a 10
dB difference in-the levels of the probes, but are also
evident with a 5 dB difference. (Some differences were
found with bo;h probes at equal sensation levels (10 4B
SL), but these findings'may be explained by the energy

summation of the probes.) It has been shown that the

excitation model is unable to predict these findings.

As well, the energy summation of the prob¥s cannot

produce the magnitude of such effects. The
neurophysiological data show that two sinusoids can
interact even at these levels (Bose et al., 1974). 1If

such coding is utilized by the subject, it may be that

U mabs ok rr makse prrn TS




Fzgure 2.13 The effective masker levels for single-fregquency
probes: 1.0 kHz at 0 dB SL (triangles), 1.5 kHz at 10
dB SL (diamonds) and double-frequency probe (open
squares) for subject DCB. Standard errors are shown
that exceed the size of the data point (i.e., 2.5 dB).
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Figure 2.14 The effective masker levels for singleffrequency ,
probes: 1.0 kHz at 0 4B SL (triangles), 1.5 at 10
dB SL (diamonds) and double-frequency probe (open .
.squares) for subject GJF. Standard errors are shown
that exceed the size of the data point (i.e., 2.5 @B).
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this would explain the differences between the
effective masker levels for the single: and
doublézfrequency probes. Therefore, masﬁ;ng'of the
single-frequency praobe would involve gaéking only the
f}equency information coded at a specific g‘gqueﬂty.
The masking of the doub;e-freqﬁency probe, on the other

hand, would involve .a masking of the coded interaction

~‘'of the probes. This type of model could, then, .explain

the data shown above.

~

There femains a possibility, though, that
éombinaéién tones may influence the task. During the
double-ffeqpehéy probe presentation, energy may be
Qreseﬁt’in the co;bination tone region. .This }po'cﬁuid
explain the effects fouﬁh above. 'Experimqu'jl

specifically addresses this question.
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3. Experiment Il: Effective Masker Levels of Single-

and Double-Frequency Probes in a Dichotic

Presentation
3.1 Introduction

In this experiment, we examined whether the
presence of combination tones may have led to the
differences in the effective masker lc'vels found
necessary to mask the single- and double-frequency
probes. It :is certainly possible that the r,.
double-freiquency probe condition ;a/y- have‘iroduced
combmatxon tones at a frequency regmn belov that of
the masker and probes. 'rhq tvo sxmultaneous probes then °
‘vould produce, through the nonlmeant:es in the
auditory system, stimulus energy in the difference tone
regions. 'rr;'g situation is d'egicted in Figure 3.1,
Here, the paiterns of excitation for a double-frequency
probe (filled triangles) are displayed vith the patterns
E f_o'r si;.pblr.e tone maskers (open triangles). At the far
I,le.i_t “of'the fréquency spectrum, there is répresentgé a
,sman amount of exc:tatmn as. would produced by a
' combmatwn tone, that falls in a lowk unmasked)
h'equency region. If this egergy vas detectable in the
"expermgntal task thetgreater masker levels wouf® be

’ f'necessax:y to mask the combination Wone energy. |

«




Figure 3.1 A schematic representation of the typical
Imasking patterns with two probes (filled) and six
maskers (open). The small filled triangle at the far

left of the frequency spectrum represents energy at the ' .
combination tone region. ; -
- e
& .
- [}
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It is also important to note the probe frequency
relgtionshiﬁ used in the fifst study. This stimulus
.Jarr;ngement (f2/f1 = 1.5) produces two difference tones
vith ghe §ame frequency; that is, the simple difference
tone (fz- fl):atvo.s kHz, and cubic difference tone
(2f1- £2) also at 0.5 kHz. In certain éhase
relationships between the probes, the DT and~CDT;cou1d,
in fact, reinforce each other to produce a greater
amplitude combination tone (Hall, 1972; Kim et al.,
1980). ‘ ‘
. ®
In Experimgnt I, very low-level probes were used
(0,.5 and 10 dB SL) which vere thought to be too low to
make combifation tone generation possible. %;e lowest
stimulus lévels found to produce combination tones (when
thetlevel of both tones is ééual,i.e., Lpl = Lp2, and
;ﬁhe'frequency ratfo, f2/f1, is approximately 1.2), are
appraximately 20 dB SL (Goldstein, '1967; using the
cancellation method). With unequal levels of the

primaries (Lpl ¢‘L§2), Smoorenburg (1972) found

"combinai@ﬁn tones could be perceived with primary levels

of 40 and 0 4B SL.

-

- t

It vas ndted earlier, though, :nﬁk these levels

LIS

necessary to produce cdmbination’}éhes may be

overestipated (Humes, 1680; Shanhon and Houtgast.l1980). -

. ) /
IiJ{s certainly possible that the masking procedure in
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Experiment 1 may be more sensitive to the presence of
combination tones than previous paradigms. For &xample, .
Shannon and Houtgast (1980) found that a nonsimultaneous

pulsation threshold method produced significantly'lovér

estimates of the combindtion tones than the cancellation
' N\

method. Unlike Shannon arid Houtgast, in our paradigm no
comparison probe vwas used to estimate the level of the
combination tone.' Therefore, there would be no masking
confounds, as is possible in all othér methods for
estimating‘the combination tone level.

The production of combinatioa_tones requires’ a
simultaneously monaural o; diotic presentation of each
tone. It vas argued earlier that combination tones
result from the nonlinear proﬁagation of the travelling
wvave or°the nonlinear transduction at the level of the
receptors. Whether they result from one or both of
these nonlinearities is, at present, unknown, but f 4
combination tdne generation does reqyiré that the tones

be processed by the same ear. . e _ -

-

.-

The results from@Bxperiment I showed that the

~

masking performance with double:frequency’brobes vas not

-

probes., It wis qdbgested that these differences may . o
v . .

have been due to a mechanism that compared the temporal -

code of the probe pair. If this is accurate, then a
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‘presentatxon of the tvo probe frequencxes to different

dichotic presentation of each prdbe should not effect’

this phgnouena. On the other hand, if the results of

Experiment I are due to the presence of combination

tones, then the dichotic presentation of the probes -
wvould have profound effects, eliminating the distinction

between the sihgle- and double-frequency probe '

presentations.,
3.2 Method

3.2.1 Subjects

Twvo subjects were used in this study, one male
(GJF) and one female (DCB), both of wvhom had served as
subjects jn Experiment I. '

Il

~
3.2.2 Stimulus presentation -

. The forwvard masking procedure usgd in Experiment !
measured masker level thresholds for éhe single- and
double-frequency probes. One difference in these | -
experiments vag the use of the dichotically presented
houble-frequency probes; The probes were presented to

opposite ears; that is, the 1'0 kH2 ﬁrobe'to the

‘ subJeet s right ear, and the 1,5 kHz probe to the left

ear. It was not “thought necessary to tounterbalance the

Y
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The'oﬁtputs of the itténuators.carrying fpl and fpl. S'l
were fed into the approprxate addef such that fpl was
output at the right earphone and fpl 5 at~the left
earph;ng._‘ﬁ o _ ' - ;
- _ P;rfornaq;e vis measured for on¥p twvo ampiiiude . 3
t “ratios Svhere the probes differed in 13ve1 by & §n¢310 C _
” dB)}‘since.the effects found in Experiment I wifh the . >_ e . 3 -*

SN’

ears, siﬁce there has been no indication that
hemispheric differences pla{ a rolg\in psychophysical
masking studies as they do in spEech‘processing studies.
The masker vas alvays presented binaurally (in both the
single- and double probe conditions). When measuring
the masker levels for the single-frequency probes, the
masﬂer vas binaural and the probes monaural to the
appropriate ear. thh the double-frequency condxtxon
the masker vas binaural and the probes wvere presented

M 4

dichoticgll}.

"Ih order to accomodate the monaurally presented
probes and binaurglly'pfesénteh maskers, the apparatus
was Qet up somewvhat differently frém that shown in ;

//Figure.1.3. Thg output }rom the .programmable attenuator
'<~17(fM;, which controls the masker intensity, vas

).\

directed to tvo different adders that fed each earphone.’

roem ey ie wr 4

1.0 amplitude ratxo nay‘ﬁhve been confounded by the,

sxgmf icant energy sumauon ot‘the probes TAll data -
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wvere collected with this experimental arrangement for
the two subjects. 'Other aspects of the experiment was

the same as-described above (Sections 2:2.2 and 2.2.3).
k]
3.3 Results

3.3.,1 Effective masker levels with a 5 dB difference

in the probe levels

Figures 3.2 and 3.3 show the effective masker
levels for the monaural and binaural probes iﬁ the first
test configuration: 1.0 kHz at.lo dB SL and 1.5 kHz at 5
dB SL. Throughout these results only three masker
frequencies are plo:}ed as in Bxperiment I, and for the

same reasons as explained there. The levels for the _

binaural masker to just mask the 1.0 kHz 10 dB SL probe

presented to the subject's right\eaf/:Fb shown for the

-

masker frequenéies of 1.0, 1.1-and 1.2 kHz (filled

triangleslf siﬁilarily, the binaural masker levels for
the 1.5 kHz 5 dB SL probé pres;nted to the left ear are
shown (filled.digmonds). Finally, the effective masker
levels vith a dichotic preseqtéiion of the tgb,probes

are shown by the open squares.

~—

Before comparing the sing{e— and double-frequency -

conditiong, it is important to mote the~il{getf
. i - -« -

quanti{ative differences in the data betveen ﬁkperiments_

. ~
4
-
v

of



FPigure 3.2 The effective masker levels for single-frequency

probes: 1.0 kHz at 10 @B SL (triangles), 1.5 kHz at §

dB SL (diamonds) and double-frequency probe (open

squares) for subject DCB. The single-frequency probes

are presented mondyrally (1.0 kHz to the right ear, 1.5
kHz to the left ear) while the double-frequency probes

are presented dichotically. The masker, in all test
conditions was presented binaurally. -Standard errors -
are shgvn that exceed the size of the data point (i.e.,

2,5 @s).
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Figure 3.3 The effective masker levels for single-frequency
probes: 1.0 kHz at 10 dB SL (triangles), 1.5 kHz at 5
dB SL (diamonds) and double-frequency probe (open
squares) for subject GJF. The single-frequency probes
are presented monaurally (1.0 kHz to the right ear, 1.5

. kHz to the left ear) vhide the double-frequency probes
are presented dichotically. The magker, in all test
conditions vas presented binaurally. Standard errors
are sh?vn that exceed the size of the data point (i.e.,
2.5 dB).
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1 and Il. On the average, the subjects needed gg_to 3
dB more binaural masker energ; than monaural masxer
energy to mask the ménaural prgbes. This effect is
common in auditory research aéé is known as the binaural
masking level difference. Therefore, a monaural signal
is more detectable following the presentation of 3
binau{al masker. The magnitude of the differences,
shown in the following figures, is certainly within the
range of expected differences with stimuli in this
frequency range (Green and Yost, 1975). Further, there
is an obvious betweenssubject difference-in the binaural
Aasking level difference; that }s, subject DCB generally

shows smaller values.

.In contrast to the data in Experiment I, the' -
effective maskef levels for the single- ;nd T %
double-frequency probe conditions were not differénp
vhen presented dichotically. For example, in Eigure;
2.7 and 2.8, both subjects showved that the effective
masker level for the monaqrally presented proSe pair was
between 7 and 9 dB greater than the effective levels for
the single—frequency‘probes with the 1.1 kyz masker.’
Only one subject shows evidence of sﬁch differences in
these data, and only for one masker fréquean (a 5.6 dB
difference with the 1.1 kHz masker; Figugéxﬁ.B, subject

GJF; t(3)=6.7, p<.005, one-tailed).
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Figures 3.4 and 3.5 show the results vhen the 1.0
kHz probe vas'presented at 5 dB SL, and the 1.5 kHz
probe at 10 dB SL. In Eiperiment I, only one subject
showved increase$ in the effective masker levels with
single- and double- frequency probes (Figure 2,10). With
the binaural masker a;é dichotic probes the effect
disappears for this subject (Figure 3.5). Surpriéingly,
the other subject’'s data (Figure 3.4; DCB) show that the
effective masker levels for the.dichotic probe condition
are below those obtained with the contrasting monaural
condition (compare the open square data with the closed
diamond data points). The reason for such differences
is uncertain., One possiﬁility, though, is the
difficulty in the task itself, When both probes were
presented at suprathreshold values (i.e., 5 and 10 dB
SL), the subject reported difficulties in deciding which
earphone to attend to, since the detection of each probe
wvould change (become masked or "unmasked”) as the masker,
level increased or decreased with a block of trials. 1In.
summary, other than the one data point in one subject's
data (Figure.3.3), there is no demonstration of
differences in the effective masker levels with

dichotically presente® probes with a 5 dB difference in

the levels,




Figqure 3.4 The effective masker levels for single-frequency
probes: 1.0 kHz at" 5 dB SL (triangles), 1.5 kHz at I¢
dB SL (diamonds) and double-frequency probe (open
squares) for subject DCB. The single-frequency probes
are presented monaurally (1.0 kHz to the right ear [ °
kHz to the left ear) vhile the double-frequency probes
are presented dichotically. The masker, in all tes®
conditions was presented binaurally. Stuandard er-o-c¢
are shown that exceed the size of the data pc:~: .
2.5 dB). '
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Figure 3.5 The effective masker levels for singledfrequency
probes: 1.0 kHz at 5 @B SL (triangles), 1.5 kHz at 10
dB SL (diamonds) and double-frequency probe (open
squares) for subject GJF. The single-frequency probes
are presented monaurally (1.0 kHz to the right ear, 1.5
kHz to the left ear) while the double-frequency probes
are presented dichotically. The masker, in all test
conditions wvas presented binaurally. Standard errors
are sh?vn that exceed the size of the data point Ti.e.,
2.5 ds). .
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3.3.2 Effective masker levels with a 10 dB difference

in the probe levels

With this amplitude ratio, differences in the

effective masking levels with the single-frequency

" monaural probes and the double-frequency dichotic probes

were found.  Figures 3.6 and 3.7 show the stimulhs
configuraeien eith the 1.0 kHz probe at 10 dB SL 'and the
1. 5 ui: brcsiae at 0 dB; SL. Agam, the 0 dB probe data
were quxte varzable, within’ and across a set of trzals,
yet ;he double= frequency probe resulted in 1ncreased ‘

maékervleveis. Comparing these double-frequency mask1ng

-patterns w1th those in Experiment 1 (Figures 2.11 and
2. 12), the same general maskxng functlons are found ?or
'example, theel 0 kHz masker shovs a large difference

- betwveen the effect1ve mask:ng 1evels with the sxngle*‘

and double-frequency probe (approxxmately 12 dB)ed

Subject DCB (Figure 3.6) also shows a small but .

significant difference-at the 1.1 kHz masker (2.9 @B -.".. ..

~difference: t£(3)=7,1, pf.QDS,‘one-taiied), -

[ ) ! - - .
'Results obtained from testing the masker

reversed (1.0 kHz at -0 dF SL and 1.5 kHz' at 10 4B sL)

are shovn in Figures 5.8 and* 3.9. Aagain, the

A - o

Qi




Figure 3.6 The effective masker levels for single-frequency
probes: 1.0 kHz at 10 dB SL (triangles), 1.5 kHz at 0
dB SL (diamonds) and double-frequency probe (open
squares) for subject DCB. The single-frequency probes
are presented monaurally (1.0 kHz to the right ear, 1.5
kHz to the left ear) while the doubple-frequency probes
are presented dichotically. The masker, in all test
conditions was presented binaurally. Standard errors
are sh?vn that exceed the size of the data point (i.e.,
2.5 dB). .
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Figure 3.7 The effective masker levels for single-frequency
probes: 1.0 kHz at 10 dB SL (triangles), 1.5 kHz at 0
dB SL (diamonds) and double-frequency probe (open
squares) for subject GJF. The single-frequency probes
are presented monaurally (1.0 kHz to the right ear, 1.5
kHz to the left ear) wvhile the double-frequency probes
are presented dichotfcally. The masker, in all test
conditions was presented binaurally. Standard errors
are shown that exceed the size of the data point (i.e.,
2.5 dB).
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Figqure 3.8 The effective masker levels for single-frequency
probes: 1.0 kHz at 0 dB SL (triangles), 1.5 kHz at 10
dB SL (diamonds) and double-frequency probe (open
squares) for subject DCB. The single-frequency probes
are presented monaurally (1.0 kHz to the right ear, 1.5
kHz to the left ear) while the double-frequency probes
are presented dichotically. The masker, in all test
conditions was presented binaurally. Standard errors
are shown that exceed the size of the data point (i.e.,
2.5 dB).
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Figure 3.9 The effective masker levels for single-frequency
probes: 1.0 kHz at 0 dB SL ftriangles), 1.5 kHz at 10
@B SL (diamonds) and double-frequency probe (open’
squares) for subject GJF. The single-frequency probes
are presented monaurally (1.0 kHz to the right ear, 1.5
kHz to the left ear) while the double-frequency probes
are presented dichotically. The masker, in all test
conditions was presented binaurally. Standard errors
are sh?vn that exceed the size of the data point.(i.e.
2.5 dB
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double-frequency dichotic prbbe conditioés show very

large increases in detectability over .the'l #i'

single-frequency conditions, comparéble to the data in

Experiment ! (Figures 2.13 and 2.%4): ' . ‘
Showing these differences in zhe‘efféctive masker

levels with a dichotic preseniation of ;hh probes (at

this amplitude ratio) demonstrates that such interactiopn

effects can be found vithout combimation tone

generation. Differences inthe experimental effects

between single- and double-frequenéy probes &uggest that

g e

some additional cue is present in the:douﬂhq;frequency

probe code that is not present with the single—fréquency
probes. Neurophyéiologicél data have shown similar‘
detection discrepancies with sinusoids ‘and sinﬁso}dal

pairs as measur;d by. the néhral phase-locking responsé§4
These differences in theeffective masker levels may - be’ . ;
a behavioral demonstratron of similar effects. ’

. \
~ . \

In summary, the results of Experiments I and II

have shown that neither the excitation m 1 or the

i e )

presence of combination tones can predicti@r account for .
these effective masking level differences. The existénge

of these effects with sucﬁ low-level stimuli siggests. ‘
r ' that aspects.of thé temporal code of the stimuli may be

' useful. Therefore, if masking is generally understdbd

]

in terms of the ?nalysij/df the spectral energy of the . -

] /o . ‘ :
) , .
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stimuli, it would seem probable that the "release from
masking” observed in these two experiments: is due to

aspects of the temporal coding of the stimuli,.

B
e

The last experiment examined thé various stimulus
parameters that produced these effects with a different

masking paradigm by determining the ieyql.of the'brobes

necessary for differential detection.

»”

W P e 4

‘e




4. Experiment IIl: The Importance of Subthreshold

Levels with Double+Frequency Probe Stimuli

-

\\

4.1 Introduction

The purpose of this experiment was to extend the’
- results found in Experiments 1 and I1I1. The data in
these experiments suggest that adding a second,
near-threshold level sinusoid to the probe, in a
s . _éorward masking task, makes the probe more detectable.
Specifically, Eiperimentllll determined the necessary f

amplitude of the added probe component for prbducing

this effect.

In a different psychophysical study, Groen (1964)
has shown that, subjects can detect the temporai ‘
interactions (i.e., beating) of two sinusoids even when -
‘the level of one of the tones is 20 dB belo; threshold.
It is possible, then, tha£ similar subthrgshold effects
could, be demonstrdted with the .forward masking

paradigm. ‘ : ,5'

100~
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4.2 Method

N

4.2.1 Subjects

The same two subjects particiggted 1n this

experiment as in Experiment II.

4,2.2 Stimulus presentation and paradigm

The forward masking paradigm was altered such that

instead of adapting the.masker levels to threshold, the

' . =

- probe levels vere adapted to levels at which they were

just masked by a ¢onstant level masker. Again, a .

two-interval forced-choice procedure was used to
estimate the 70.7% probe threshold. Presentation of
all stimuli Qas monaural, to thé‘subject's right ear. . -
Six masker frequencies and two probe frequencies Rl
were tested in two different studies. Table IIA shows L
the various parameters used in the ‘probe maskibq gtudy:?;i;f
Six fixed-level maskers were tested, ranginéziroﬁxes;i;ﬁ
75 dB SPL. Depend}ng on the specific masker freqﬁency,
between "three and six masker levels would be examined.

The masker levels excluded were those that had been

shown in earlier experiments not to mask the 10 dB SL
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Table II

Summary of Experimental Conditions in Experiment II!
: - A. Probe masking study

—— e S e e v W W R A A e A S Gm e Y e R D WD GE SR R ma e b G ek e e e o M W G G e = W W v

-
"""""""""""""""""""""""" Masker Levels °
1.0 kHz (+) 10 4B SL adapted 25 dB SPL (+)

1.1 kHz (*) 10 dB SL adapted 35 dB SPL {+)

1.2 kHz (x) 10 .dB SL ‘ adapted 45 dB SPL (+ *)

1.3 kHz (x) adapted 10 dB SL 55 dB SPL (+ * x)

1.4 kHz (*) | adapted ’10 dB SL 65 dB SPL (+ * x)

1.5 kHz (+) adapted 10 dBSL 75 dB SPL (+ * x)

(symbol denotes intensities tested for each fM)

APA

Mdppars - S
.




Table Il (continued)

-

Summary of Experimental Conditions in Experiment II1l

B. Probe detection (4') masking study
Masker probes .
M - fp1 - fp2
N U
r{ 1.0 to 1.5 kHz 1.0 kHz 1.5 kHz
‘ """"""""""""""""""""""""""" Masker Levels
' 1.0 kHz (+) 10 dB SL 0 dB SL 25 AB SPL (+)
1.1 kHz (*) 10 4B sL 0 dB SL 35 dB SPL (+)
1.2 kHz (x) 10 @B SL 0 dB SL 45 dB SPL (+ *)
1.3 kHz (x) 0 4B SL ‘iO dp SL 55 dB SPL (+ * x)
& 1.4 kHz (*) 0 dB SL 10 dB SL 65 dB SPL (+ * x)
f 1.5 kHz (<) 0 a8 SL 10 d§ SL 75 dB SPL (+ * x)
{symbol denotes intenééties tested for-each'fM{
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probe component for that masker frequency (compare with
Fig;res 2.1 ana 2.2). For example, only the masker
levels greatgé than 45 4B SPL were used wiih'the 1.2
and 1.3 kH; maskers.
)

The probe frequencies vere again set at 1.0 and
1,5 kHz, With masker frequencies of 1.0, 1.1 or 1.2
kHz, the 1.0 kHz component was set at 1Q 4B SL, while
the 1.5 kHz component was adapted to masked threshold.
Similarily, with masker frequencies of 1.3, .1.4 or 1.5
kHz, the 1.0 kHz component was adapted while the 1.5 e
kHi component was fixed at 10 dB SL.

Both thé sinéle- and dbuble-freéuen;y probe o
conditions vere tested with @he_tvo-inperQal
forced-choice paradigm. In the single-frequenéy probe
coﬁditién, Sotﬁ intervais contained thé fixed level :
masker, while 6n%y one ‘interval contained the,probel
in the double-frquéncy probe condition, both intervals
contained a fixed-IeQeJ méskén and‘bne of thg‘pkbbes.
(set at 10 dB SL). Th:oﬁe intgfval, the:secoﬁd probe
component'yas also bé presgnteé simultaneéusly with the
:10'd8 SL }robe. Tﬁe-degree to which this second.ptobe ) ‘
added additional information to the detection task o
should‘belreflecieé in the subject's detectability df_

that interval.

.

-
am

.
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ﬁtﬂg phase of ‘the probes was aiioweé'to'vary'randomiy,
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To supplement these data, a signal detection . '
paradigm was also used. .In this study, all ;timulus
levels (masker and probes) were held constant. The data
wvith single-. and doub}e-frequenc} probes were again
compared. For thg single-frequency probe conditi?ns,
the probe was-.presented at a level of 0 dB SL for the
block of trials;‘ In the double-frequency conditiodn,
the probe levels were set at-10 and 0 dB SL, such that
both intervals contained the 10 dB SL proﬁe, while only
6ng interval coqtained the added 0 dB probeq(see Table .
11B for ali the specific parameters).- The subﬁect's

task was simply to indicate which thterval contained

“the 0 dB probe. One block of trials consistéd of fifty

presentations of the two intervals. Values of d' were
estimated from the percentage of correct responses to :

the threshold-level probe (Elliot, 1964).

-

-

An additional procedural change was made in

»

Experiment I1d1. Instead of using analog—pfoduced : ,

3

sinusoidal ‘tones for the probes, the sinusoids were

produced digitally. In this way, the experimenter. had
. “ p

full control of the phase of the probes.' Previously,

.

(in Experiments I and II), If a-temporal mechanism is .
i . r) . ? o . -
responsible for the masking effects, then fixing the

phase relationship between the two tone§<alloqed a

o . oY } . .
constant :temporal pattern to- be coded on'each trial ) oo

[ 4

, .' ,. - a’ " \
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(see Rose et al., 1967). Further, Hall (1972) noted -

that with a 0 degree phase of each.(simultaneous)
probe, the ratio of the positive to negative peak
amplitude will be greatest (i.e., when the stimuli have
a frequency ratio of 2:3). Therefore, in Experiment
111, the probes wvere algéys presented in phase for a
duration of 10 ms with a linear 2 ms rise/fall time.
Again, the maskers were produced by the HP function
generator. All other temporal parameters and remaining
experimental details were exactly as described in
section 2.2.2. (except that each interval was 215 ms

and separated by a 500 ms pause).

4.3 Results

The data for each of the six masker freguencies
®will be examined in the light of three questions.
First, do the data show that the added probe component
improves the detectability of the probe pair compared
to the detectability Bf the same probe component.
presented singly? In other wérds, the subject's
performance with sinjle- andldouble-frequency probes
will be compared with this paradigm for evide;ce of a

two-tone interactjon between the probes. Second, if

there is evidente of an interaction, at what level is

.the added probe component presented to produce these

- effects (suprathreshold or subthreshold levels)? For

3
N . ' /
. .
N
.
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éxample, when examining the effécts found in Experiment.
.i and Il, can wé expect to find that one# component in
the probe can be re@uced to subthreshold levels?
'Finally,.if Such interactions are found, are they
sufficient to produce the magnitude of the .effects

- ." .
demonstrated in the earlier experiments?

4.3.1 Probe levels and 4' values with the 1.0 kHz

masker

In the first study, the level of the 1.5 kHz probe
was adapted when presented singly or simultaneously
with the 10 dB SL 1.0 kHz probe following a 1.0 kHz
masker. Figures 4.1 and 4.2 shov the data for the two
subjects. Six masker levels vere.tested frﬁm 25 to 75
dB SPL. Both the single 1.5 kHz masked probe levels
and the levels with the double- frequency probe are

shown.

There are two aspects of these data that require
discussion. First, there is the examination of thé
éifferences in probe levels'in the two test conditions
(single- and double-frequency presentations), and
second, the data point for the single-frequency prébe
with'a 45 dB SPL masker. The latter point will be '

discussed below.
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Figure 4.1 The 1.5 kHz probe-level masked thresholds for
the 1.0 kHz masker at six masker levels for subject
DCB. The closed data points represent the thresholds
of the 1.5 kHz probe presented alone, while the open
data points represent the threshold with the 1.0 kHz 10
dB SL presented simultaneous to the 1.5 kHz probe.
Standard errors are shown that exceed the size of the-
data points (i.e., 1 dB).
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L Figure 4.2 The 1.5 kHz probe-level masked thresholds for
the 1.0 kHz masker at six masker levels for subject
GJF. The closed data points represent the threésholds
of the 1.5 kHz probe presented alone, while the open
data points represent the threshold with the 1.0 kHz 10
dB SL presented simultaneous to the 1.5 kHz probe. "
Standard errors are shown that exceed. the size of the

data points (i.e., 1 dB). -~
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Examining the two masking functions, it can be

seen that with a number of masker levels the 1.? kRz
pr&be could be detected at lower levels in the
double-frequency presentation (open data points), than
the single-frequency presentation (closed data points).
Therefore, less ‘probe energy is necessary when the 1.5
kHz probe is presented simultaneously with the 1.0 kHz
probe than presented singly. Although this effect 1is
small (approximately a 1 to 3 dB difference), some of
these effects are significant. In Figure 4.1, a 1.4 dB
probe level difference is found with the 35 dB masker
(t{(3)=3.3, p<.05, one-tailed). The 55 dB masker
produced a 2.5 dB &ifference in probe levels (t(3)=3.5,
p<.025, one-tailed). Also, the 65 dB masker produced a
1.8 dB difference in the probe levels that was not
significant (t(3)=2.1, p>.05, one;tailed). In Figure
4.2, the same two masker levels show significant'
effects. The 35 dB iasker produced a 2.7 dB difference
in probe level detection (t(3)-4.§, p<.01, one-tailed).
The 55 dB masker produced a 1.5 dB difference
(¢(3)=2.4, p<.05, one-tailed). These results confirm
the findings in Experiments I and II that adding only
minimal energy Eo'h probe can improve its detectability
in a masking task. There is no evidence, im these
data, of large subthreshold effects. The levels of the
1.5 kﬁz probe (open squares) are only slightly below

threshold for subject DCB (Figure 4.1), and at

.‘//’

L
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threshold for subject GJF (Figure 4.2). .Therefore,
subthreshold interaction of the probes is very small if .

present at all.

The data from the probe detection study are shown
in Figures 4.3 and 4.4. In this paradigm, the level of
the 1.5 kHz probe.vas held constant at threshold (0 dB
SL). Therefore, if including this 0 dB component with
the 10 dB probe adds detectable information to the
probe, the detectability data should reflect higher 4d'

values for the double-frequency probe. The

1 ] detectability functions in Figures 4.3 and 4.4 show
patterns vefy similar to those in the probe level dataL
Overall, the double-frequency probes are slightly more
‘ detectable than the single-frequency ﬁrobes. Finélly,
it can be noted that, as in the probe level data,
masker levels of 75 dB SPL disrupt the detectability of
the probe substantially.

The question remains whether these differehces in

Lalian 2o RURNPRAVINE

the probe levels or detectability functions are

produced by similar mechanisms that produced the-

A
-

differences in the effective masker levels (of 10 to 20
dB) found in Experiments I and 11 (Fiéhres 2.11, 2.12;
and 3.6, 3.7). Certainly, before an adequate answer
can he given, the data with.the 45 dB masker need to be

.

examined. 1In Figures 4.1 through 4.4, both subjects

W - T S B 0y SO 4, PGP RO
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Figure 4.3 The masked detectability (d') functions for the
single-frequency probe (1.5 kHz at 0 dB SL) and double-
frequency probe (1.0 kHz at 10 4B SL and 1.5 kHZ at %
dB SL) for the 1.0 kHz masker at six masker levels
(subject DCB). Standard errors are shown that exceed
the size of the data points (i.e., 0.25).
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Figure 4.4 The masked detectability (d') functions for the
' single-frequency prebe (1.5 kHz at 0 &@B SL) and double-
frequency probe (1.0 kHz at 10 dB SL and 1.5 kHz at 0
dB SL) for the 1.0 kHz masker at six masker levels
(subject GJF). Standard errors are shown that exceed
the size of the data points (i.e., 0.75).
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showed that the 1.5 kHz probe (presented singly) was
more detectable with the 45 dB SPL 1 0 kHz masker than

’ with masker levels above or below thls value. Sub]ect

DCB (Figure 4.1) shovgd\tbat the 1.5 kHz probe ctan be

determined in quiet, when a 1.0 kHz masker preceded it
at 45 dB SPL. Subject GJF also shows this effect
(Figure "4.2), but at levels of approximately -3 dB SL.

.The dava in Figures 4.3 and 4.4 further show that high

d' values were found for the -0 dB probe with tHKe 45 as

masker.

An éxplanatlon may be found in the’ mechanzcs of

. sound propagatxon 1n tbe cochlea. Sound energy 1s‘

known to . produce an’ asymmetr;c ﬁravell:ng vave pattern

to occur along the basilar membrane such that the’

energy from a sxnusoxd will spread more into the. h»gher

.than lower frequency reglons Purther, the auditory.
- o Hsystem (i.e., b351Iar membrane) obvxously mu;v perform

some -form of rapxd dampxng to be able to dxstxnguxsh

Ve

4
- successive stxmulus patterns. The atyp1ca1 masﬁlng-:

e

patters found fn our data with the 45 dB masker may be'

.//

a demonstratan of the membrane s dampxng Ixmltatlons
- h ;

Tbe explanation, then, :S/as fo&kpws-»the 457 dB masker
energy which spreadé 1nto tﬁe 1 5 kHz probe TGQLOH
'causes this region to be morefsen51txve to xmmedxate

/
lawt level’ stxmulatxon,rn,rhat area. ?herefore; less

detected at a level 5 d§ below the detection threshold;

e
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'probe eneréy is’necessary for detection, and‘compared
to threshold in quxet, the masked probe level actually’

becomes more detectable. The loss of_thxs effect‘thh

“‘higher masker levels .shows that this effect is lével

(and presumably frequency) aependént. (Similar ... .o
arguments have been preposed by vacker (1981 'with & -

sznultaneous masking parad:gm and very low-frequency

maskers.) ' ,,f A ' "
- - . I . ) ‘ ' ( <
A second interesting finding is also shown in * T
Figures 4.1 ﬁhrcugh 4.3. . The 1.5 kHz probe, presented =~ ) & '§
, . - . ) . T N ) s - .: ’ *
singly, is shown . to be detectable at.levels near ~ - S S
el L S RN
‘threshold‘thh masker levels as high as 45 to 55 dB SPL Sy
. g ¢ 3
-for,both subjects. an11er, it was shovn that very lnw "
masker levels (1ess-thénl 20 dB SPL) were sufficient to - ’
mask the 0 dB SL p?obe (see Fxgures 2. 11 and 2.12). . The )
procedural dxfferences betveen each task may explazn 'M»' : Lo
§ g g
the dxscrepancy R P ’ S
e . T, "? ,': - . . X .,“ ."”", . - - ] s
CLE S Ay -
. ) /’, /.. , ::"3
In Expenxment'l the probe level was held Constant - -

PR e . ) e
on a block of trzals,'and the sub;ect ‘was to report - /ng”//
which of -two- 1ntervals conta1ned the-O,dﬁ probe. " The ‘ ;12*:/”’ g

‘.',' /'./’ e .-//"
large varxab1l;ty }d each trxal run and acrOSS trials C

vas indicative of the dJificndty the subjects had inu?;'/fi;y;f '
detectlng the probe when preceded by the forvard mask.,f’/ ) "
7 ' A
In Experrment 111, though, the probe level,was va;}gd ) /‘5’4{.‘32
. - ’ < L Pa— . - :, ) /l ,t’/ f
over a number of trials. If on any trial the.subject -. R R
i .- " e . .o /” l“//f/ ;
. ’ . /,' . T :‘;' o

. e e
- /



coplé not’ detect the low-level probe,

the paradigm
adjusggd_the probe levgl'such that jin subsequent trials

it"was presented at highéf (i.e:, more perceptible)

levels. Therefore, the sﬁbjécts‘Vere'ablé’to track the

s .probe more consistently within each block of trials,
and subseguently detect a hear threshold. level probe at
higher masker levels, ' g
1 - ’

- . . .
ae

o L we would conclude that, with a 1 0 kHz masker,

-t N : there is evxdence ‘of*a two—tone 1nteractxon, both 1n

B ¢ * ©  the‘prbbe level and detectability values, but the’
N 4‘ } N N ‘ [N R . B ,
. - magnitude of the interaction is limited to between 1

. , . Ir
S B and 3:aB.- There .is only weak evidence for a

subthreshold 1nteractxon and thzs 15 not consxstent

betveen subjects Further, the varxable detectability

of e sxngle-freqneﬂcy.probe (vith.the.45 dB masker as

" ,~well as being found more detectable at higher masker

./., . s . , ).:_:
e Yevels) suggests that somefadditional factors may be :

-
~

. ] - . jt.znfluentxal 1n producxng ‘the’ large dxfferences in the

\‘\‘-*.-»-.vn. NS 7eamvims: n 8
A )

PR L,
e masker igvels w1th the 1.0 kHz masker -In Exper1ments 1

R 3 . , “'&" -:"" ".-.
i e AT, and 11
é./ - {// TN s A:' L .
R AR ,;tfff e o ' . ST
‘i :/’ {?g:" ; 3 32 Probe leuels iﬂd d' values with the 1.1 kHz
Y v - . L . .
LrS . . 4 o ‘ .. o . ‘ s
é§4 e masrér ' i R . )
K%"*A Fzgures 4.5 through 4.8 show the 1.5 kHzZ probe
fi? G e levels and detectabxlxty ‘values under the sxngle- and
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Figure 4.5 The 1.5 kHz probe-level masked thresholds for

P2

L

the 1.1 kHz masker at four masker levels for subject
DCB. The closed data points represent the thresholds
of the 1.5 kHz probe presented alone, while the open
data points represent the threshold with the 1.0 kHz 10
dB SL presented simultaneous to the 1.5 kHz probe.
Standard errors are shown that exceed the size of the
data points (i.e., 1 dB). -°
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Figure 4.6 The 1.5 kHz probe-level masked thresholds for
the 1.1 kHz masker at four masker levels for subject
GJF. The_closed data points represent the thresholds
of the 1.5 kHz probe presented alone, while the open
data points represent the threshold with the 1.0 kHz 10
dB SL presented simultaneous to the 1.5 kHz probe.
Standard errors are shown that exceed the size of the
data points (i.e., 1 dB).



fee------.0dBSL

1.5

Frequency (kHz)

1.0

oom

(1S 8p) 14287

-

1.1 kHz Masker Level - (dB SPL)

A 2
-4 -

o
™

o
<

(1dS ap)
c;w._ aqoid w:xB

)




O e g

4 e r - eee o emen

Figure 4.7 The masked detectability (d') functions for the
single-frequency probe (1.5 kHz at 0 dB SL) and double-
frequency probe (1.0 kHz at 10 dB SL and 1.5 kHz at O
dB SL) for the 1.1 kHz masker at four masker levels
(subject DCB). Standard errors are shown that €xceed
the size of the data points (i.e., 0.25).
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Figure 4.8 The masked detectability (d') functions for the
single-frequency probe (1.5 kHz at 0 dB SL)} and double-
frequency probe (1.0 kHz at 10 dB SL and 1.5 kHz at 0
dB SL) for the 1.1 kHz masker at four masker levels
(subject GJF). Standard errors are shown that exceed
the size of the data points (i.e., 0.25).
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double-frequency conditions with the 1.1 kHz masker.
Only four masker levels were tested;, the lower three
masker levels were found to be insufficient ‘to mask the
1.0 kHz probe component'(for subject GJF at least a 55 A

4

dB masker was necessary to mask the 1.5 kHz probe).

= Earlier, it was shown that each subject performed
differently with this masker frequency. For example, °
subject DCB showed a 2 dB differénce-bgtveen the
single- and double-frequency probe conditions (as shown
in Figure 2.11), while subject GJF showed a 6.5 dB
Lo - ﬁifferenéé.(?igure 2.12). Only very small, although
\not'signifiéant differences between the adapted probe
levels in the éingle— and double-frequency canditions . -
are‘fouﬁd in Figures 4.5 and,4.6: Alsé, the d' values
in'Figureg 4.7 and 4.8 show functions of detectability
similar to the p}obe level functions. There is no
evidence of a subthreshold interaction of the double-

.frequency probes other than the small but insignificant

effect in Figure 4.5 at 45 dB SPL (subject DCB).

The differences in the effective masker levels for . v
» . ‘

this masker frequency in Experiments I and 11 may be
explained by a type of masker lgvel-probe-levei
interaction. As can be seen in Figures 4.5 and 4.6,
the 1.5 kHz probe again becomes more detectable with a

’

* specific level 1.1 kHz masker (55.dB SPL) than in quiet




ST e e -

had

.

T

vy

-

130

or with the-other masker levels. Therefore, the 1.5
kHz probe can be reduced from 2 to 3 dB below threshold
and still be deiected wvhen preceded by thé 55 dB
masker. This phenomena is also reflected in the

detectability data (Figures 4.7 and 4.8).

The improved detectability gf the single-frequency
probe with the §5 dBiQPL masker cannot be exblained as’
easily in terms of an interaction at the basilar
membrane. For example, this effect was shown with a 45
dB SPL 1.0 kHz masker and a 55 dB SPL 1.1 kHz masker.

But, according to the explanation given previouély;‘the

‘1.1kHz masker should produce the effect at an intensity

.

less than 45 dB. I have represented the situation

schémptically in Figure 4.9. Figure 4.9a shows the

.excitation displacement pattern expected to produce B

small amounts of displacement in the 1.5 kHz frequency
region with the two masker frequencies. This model
assumes that the spread of excitation pattern is

proportional to the magnitude of the peak of -

' displacment. Figure 4.9b shows how the effect of a

"more intense 1.1 kHz masker (as found in Figures 4.5 to

4.8) might be represented assuming the excitation
pattern remains proportional to increases in the masker
levels. Finally, Figure 4.9c shows how our data would
have to be represented with such a model, by assuming

L} .
that the spread of excitatidn is irreqular with respect



R .

Figure 4.9 The excitation patterns for a single-fregquency.
probe (1.5 kHz) and maskers of 1.0 and 1.1 kHz. Figure
{a) represents the patterns that would produce small
by®™ equal amounts of excitation in the probe frequency
region. Figure (b) shows the representation of
. patterns according to the data found in Experiment I1II.
" Figure (c) shows the representation that is necessary
to represent this model and our data.
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fo masker level. Cleérly, it is this final
representation that can best represent these data,
tﬁough, from present knowledge of the membrane's
mechanics, this is an unlikely representation (Moore,
1984). vaiou§ly, these data alone cannot determine

what mechanims are responsible for these effects.

{n conclusion,‘the evidence of temporal*
interaction of double-frequency probes is very limited
in,these data. The small differences in the effective
masker levels (in Experiment I1Il) may again be

explained by a masker level- probe level interaction,

although the exact mechanisms for thRis phenomena are

undetermined.

4.3.3 Probe level and d' values with the 1,2 kHz

masker » *

The data for the 1.2 kHz masker tested 4t three
intensities are shown in Figures 4.10 through 4.13.
Since subject GJF (Figure 4.11) could detect the 10 a8
probe to masker levels of 65 dB SPL, only the 75 dB
masker is tested with the double-frequeny probe,
allowing only limited comparison to the single- and
double-frequency data. As can be seen in these déta;
no important effects are found. The only difference in

probe levels is found in Figure 4.10. Here, the
—
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Figure 4.10 The 1.5 kHz probe-level masked thresholds for
the 1.2 kHz masker at three masker levels for subject
DCB. The closed data points represent the thresholds

" of the 1.5 kHz probe presented alone, while the open

data points represent the threshold with the 1.0 kHz 10
dB SL presented simultaneous to the 1.5 kHz probe.
Standard errors are shown that exceed the size of the'
data points (i.e., 1 dB).
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' Figure 4.11 The 1.5 kHz probe-level masked thresholds for

. the 1.2 kHz masker at three masker levels for subject
e GJF. The closed data points represent the thresholds
-of the 1.5 kHz probe presented alone, while the open
data points represent the threshold with the 1.0 kHz 10
dB. SL presented simultaneous to the 1.5 kHz probe.
. ' Standard errors are shown that exceed the size of the
Ao . data points (i.e., 1 4B).
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Figure 4.12 The masked detectability (d') functions for the '
single-frequency probe (1.5 kHz at 0 dB SL) and double-
frequency probe (1.0 kHz at 10 dB SL and 1.5 kHz at 0
dB SL) for the 1.2 kHz masker at three masker levels
(subject DCB). Standard errors are shown that exceed
the size of the data points (i.e., 0.25).
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Figore 4.13 The masked detectability (d') functions for the
single-frequency probe (1.5 kHx at 0 dB-SL} and double-
frequency probe (1.0 kHz at 10 @B SL and 1.5 kHz at 0
dB SL) for the 1.2 kHz masker at three masker levels
(subject GJF). Standard érrors are shown that exceed
the size of the data points (i.e., 0.25).
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subject does show detection at a lower level of the

single-frequency probe than the double-frequency probe,
although not at subthreshold levels as before, but at a
suprathreshold level of approximately 9 dB SL.'When the
1.0 kHz probe component was added, the 1.5 kHz probe,4
surprisingly, hagd to be increased another 5 dB. No easy

explanation can account for this finding.
\

Because 3ll the adapted probe levels we;e above
threshq}d, the detectability data (Figqus 4.12 and .
4.13) ate very near chance perfo}mance (with the 0 da
SL probe). These results are not totally unexpected
coﬁsideriﬁg Experiment I, where both subjects showed °
less than 1 dB difference betwaeen the single- and
double-frequenc; probe conditions (Figures 2.11 and

2.12).

4.3.4 Probe levels and d' values vith the 1.3 kHZ
masker
With the 1.3 kHz masker, tée probe le;els were
reversed. The 1.6 kHz probe was adapted to masked
thbreshold-while the 1.5 kHz probe was set at 10 dB SL
(see Table l1IA ané B). Figures 4.14 and -4.15 show the

probe level data. Four masker levels were tested in

the single—frequehcy probe conditions; only three

A >
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Figure 4.14 The-1.0 kHz probe-level masked thresholds for
' the 1.3 kHz masker at four masker levels for subject
DCB. The closed data points répresent the thresholds
of the 1.0 kHz probe presented alone, while the open
data points represent the threshold with the 1.5 kHz 10
i dB SL presented simultaneous to the 1.0 kHz probe.- =~ _
Standard errors are shown that exceed the size of the

‘ ) - data points {i.e., 1 @B).
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Figure 4.15 ‘The 1.0 kHz probe-level masked thresholds for
the 1.3 kHz masker at four masker levels for subject
GJF. The closed data points represent the thresholds
of the 1.0 kHz probe présented alone, while the open
data points represent the threshold with the 1.5 kHz 10
dB SL presented simultaneous to the 1.0 kHz probe.
Standard errors are shown that exceed the size of the
data points (i.e., 1 dB). '
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masker, levels were used in the double-frequency probe

conditions.

. ) -
-

3
The two functions are quite d{fferent-betggen
Cooe .. )
subjects. Subject DCB (Figure 4.14) needed less 1.0
kHz probe energy:at all masker levels except the 45 dB

masker. Both suhjects show a two-tone interaction; the
. . . AN
1.0 kHz probe .could be presented at lower levels in the

double-frequency condition than the single-frequency
condition (for the 55 dB SPL masker with subject DCB

and both the 5§ and 65 dB masker with subject GJF). No

> .
subthreshold interaction is present in these data.

-

The detectability of the single- and

+ .

double-fequency probes for these conditions are shown

<

in Figures %.16 and 4.17. Not surprisingly, the d'
values are all generally below threshold performance,

and reflect pérformancg found with the adapted 1.0 kHz

..
/

probe in Figures 4.14 and 4.15, respectively. :j;/
these

differences between the subjects' performance i

at .

L ]
data correspond to the differences in the effective
masker levels found in Experiments I and II, where bnly
subject DCB showed any.cansistent and significant

effects. Dol

-
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Figure 4.16 The masked detectability (d') functions for the
single-frequency probe (1.0 kHz at 0 dB SL) and double-
frequency probe (1.5 kHz at 10 dB SL and 1.0 kHz at 0
dB SL) for the 1.3 kHz masker at four masker levels
(subject DCB). Standard errors are shown that exceed
the size of the data points (i.e., 0.25).
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Figure 4.17 The masked detectability (d') functions for the
- ' single-frequency probe (1.0 kHz at 0 dB SL) and double-
- frequency probe (1.5 kHz at 10 dB SL and 1.0 kHz at 0
I dB SL)} for the 1.3 kHz masker at four masker levels
g (subject GJF). Standard errors are shown that exceed
the size of the data points (i.e., 0.25).
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... 4.3.5 Probe levels and d' values with the 1.4 kHz

\‘ N ~—~ N
~

B - R ' o

*éigures ¢.18 and ¢.19, shov-the 1.0 kHz probew
levels vxﬁh and vxthout the 1 5 kHz 10 dB SL probe The
data in Exper1ment ! (Figures 2.13 and 2. }4) had shown
that the e{fectxve masker 2evels for the ‘ .
double;frequeﬂcy probes vere.betveen'g:end 10 dB

greater than the levels required for the

Sinéle-frééheggy probes. -The adapfed 1.0 kHz probe

" levels in t_his‘@xpe;‘i‘inent seem to reflect these

>

effects; o -

[ (

'rhe doublemt'requenc)y probe function shovs lower

1.0 kﬂz probe levels wvere necessary for detectxon than

‘when the probes wvere presented singly. Again, obvxous

1ntersub3ect d;fferences ex1st. For subject DCB

. (ngure 4. 18) the effects remazﬁ for all four masker

. levels, while subject GJF shows effects only with the

*
55 dB masker Also,,bothvsubjects shov interactions -

with the 1. 0 kHz- probe at subnhrehold levels. The

deﬁectton data (Figures 4.20 and 4.21) show d'- values

very coﬁperablegtp the probe level data, including the

t;o-téne interactigp'effectsf' In Figure 4.21, subject

GJF here shovws lar;er detection differences than in the
probe level stu&y. It does seem possible that such

differences in these-data are large enough to produce
. . - .

n
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Pigure 4.18 The 1.0 kHz probe-level masked thresholds for
the 1.4 kHz masker at four masker levels for subject
DCB. The closed data points represent the thresholds
of the 1.0 kHz probe presented alone, while the open
data points represent the threshold with the 1.5 kHz 10
dB SL presented simultaneous to the 1.0 kHz probe.
Standard errors are shown that exceed the size of the

data points (i.e., 1 @B).
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Figure 4.19 The 1.0 kHz probe-level masked thresholds for
the 1.4 kHz masker at five masker levels for subject
GJF. The closed data points represent the thresholds
of the 1.0 kHz probe presented alone, while the open
data points represent the threshold with the 1.5 kHz 10
dB SL presented simultaneous to the 1.0 kHz probe.
Standard errors are shown that exceed the size of the
data points (i.e., 1 dB).
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FPigure 4.20 The masked detectability (d') functions for the
single-frequency probe (1.0 kHz at 0 dB SL) and double-
frequency probe (1.5 kHz at 10 dB SL and 1.0 kHz at O
dB SL) for the 1.4 kHz masker at five masker levels
(subject DCB). Standard errors are shown that exceed
the size of the data points (1. e.. 0.25).
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Figure §.21 The masked detectability (d') functions for the
single-frequency probe (1.0 kHz at 0 dB SL) and double-
frequency probe (1.5 kHz at 10 dB SL and 1.0 kHz at 0
dB SL) for the 1.4 kHz masker at five masker levels
(subject GJF). Standard errprs are shown that exceed
the size of the data points (i.e., 0.25).
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the 5 to 10 4B difie;pnces P the effective masker

levels in Experiments I and 1I.

. Similar to the data with the 1.0 and 1.1 kHz ' - ..

. ' masker, the single-frequency (1.0 kHz) probe was fouhd
- L] . - .

P ) *to be detectable at levels near threshold for masker

; levels up to 55 dB,SPL. These data are égain at odds

‘ vith the data in Experiment 1, vheféhmuch lower masker
'; - levels were sufficient to mask the 1.0 kHz probe. The
procedural differences between the two experimants,

though, is the best explanation for the discrepancy.

"

- ,. Finally, there is no evidence of the type of masker
. o ~level-probe level interactions that occuryed with the
. * . lower frequency magkérs‘(sée Qectﬁons.i.h,l §nd-43€;}):‘ Co -
. . \.Lzﬁis is what is eipected for the displacement ﬁétiern |
“explanation, sincé the travelling wave pattern :along

the!basila} membrane .displays a'stéep low-frequency B x L

-

N “cut-off, i.e., very little spread_into ‘over frequehcy.”

!

P S SR

regions.) Both the probi ievels’pnﬂ_detectability data

4

. with the 1.4 kHz masker. show evidence for two tone )

interaction effects demonstrated in earlier *‘~‘NK

- ——
- experiments. ~

4
B AR Bl -
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'..4.3.6 Probe levels and d' values vith the 1.5 kHz

masker -

Figures 4.22 an¢,4.23 display the 1.0 kHz probe

levels functions with the 1.5 kHz masker. Both subjects

- -show signiff&antly lower probe level functions with the 4

double-frequency conditions than with the
“single-frequency 1.0 kHz probe. The 1.0 kHz probe also
femains detectable at levels Sélow threshold (in’'the
double-f{gqyency,condition) until masker levels greater
than 55 dB SPL are used. The magnitude of these -
_effects.in'Exbéfimént i shﬁ# comparable f&ndiﬁgs. In
fact, Expgrigent 111 shows that higher masker levels

are necessary to mask the double-frequency probe than

prev%ously found. .Therefore, adding the 1.0 kHz probe

component improves detectability of the 1.5 kHz probe

with masker levels as high as 60 dB SPL.

The detecfabiiity data show similar effects,
although more in the range of 55 dB SPL (Figures 4.24
and 4.25). These findings, along with the subthreshold
adapted levels of the 1.0 kHz probe, argue strongly for -

-

a significant interaction between the probe components,

and supplement the large effects fourmd in Experiment I.

L e




i . Figure 4.22 The 1.0 kHz probe-level masked thresholds for
) . the 1.5 kHz masker at five masker levels for subject

i : DCB. The closed data points represent the thresholds
- ¢ of the 1.0 kHz probe presented alone, while the open

data points represent the threshold with the 1.5 kHz 10
e dB_SL presented simultaneous to the 1.0 kHz probe. .

! Standard errors are shown that exceed the size of the

: data points (i.e., 1 dB).
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! Figure 4.23 The 1.0 kHz probe-level masked thresholds for
the 1.5 kHz masker at five masker levels for suhject
GJF. The closed data points represent the thresholds
i of the 1.0 kHz probe presented alone, while the jopen

. data points represent the threshold with the 1.5 kHz 10
dB SL presented simultaneous to the 1.0 kHz pr .
i 3 Standard errors are shown that exceed the size pf the
data points (i.e., 1 dB).
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Figure 4.24 The masked detectability (d') functigns for the
single-frequency probe (1.0 kHz at 0 dB SL) "ahd double-
frequency probe (1.5 kHz: at 10 dB SL and 1.0.kHz at. 0
dB SL) for the 1.5 kHz masker at five masker levels
(subject DCB). Standard errors are shown that exceed
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Figure 4.25 The masked detectability (d') functions for the
single-frequency probe (.0 kHz at 0 dB SL) and double-
equency probe (1.5 kHz at 10 dB SL and 1.0 kHz at 0
SL) for the 1.5 kHz masker at five masker levels

(subject GJF). Standard errors are shown that exceed
the size of the data points (i.e., 0.25).
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" In summary, the results in Experiment Il support

the hypothesis that the differences in the effective
‘masker levels in Experiment ! and Il are due to a

© two-tone interaction of the probes. As might be
exggcted from the earlier data, the range of
fnteract{dn was dependeqt on the masker frgquency. For
example; ihe maskef frequencies of ‘1.2 and 1.3 kHz 4id
not showv very iargé effects in previous ‘experiments,
therefore little evidence of an interaction vas
expected or found in'bxperiment I1I. The remaiqing
four masker frequencies (1.0, 1.1, 1.4 and 1.5 kHz)
produced the strongést sﬁpport for two-tone
.interaction. Purther, a second factor of importance
was fouﬁd in these data. With the masker frequencies

'of 1.0 and 1.1 kHz, a masker level- probe level
interaction was discovered,.such that the
-single-frequency probe could be detected at levels

v below threshold when preceded by a specific %eyel of
‘hasker. It is quite possible that the large,
differences in the effective masker levels at these
fréquencies in Experiment I and Il could be at least

partially explained bi this phenomenon.

These masker level-probe.level interactidns 3lso
revealed a further diSSOCiation/bétvéen detection
performance with the single- d double- frequency

probes. Alfhough 7he singleg-frequency probe.could be
/
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detected below threshold, when presénted in the

double-frequency condition detectability was not as v

good. This does seem to be incongruent with what one .

et e e

| ‘might expect. At the same time, it does support the
i notion that single- and double-tone stimﬁli-are-

processed differepily.‘ There is no reason to expect
| that the subthreshold déieqtion'of the probe would

disappear or lessen vhen the 10 dB probe is added to .

- the stimulus.. Yet, this is what does occur. If we

4

assume that an ipteraction is taking place in the <

~ SERI——

processing of the two probes, and the tonal pair is

thérefore recoded in some combined fashion, then we

might expect such effects.
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5. Discussion

5.1 Summary of Results

Three experiments examined the interaction of two
sinusoids and their effect on detection in a forward
masking task. In Experiment 1, detection of the
douﬁle-frequency stimuli was shown to improve
substantially compared to detection of the
single-frequency components. Specifically, in the
forvard masking task greater masker. levels were needed
Eo mask the double-frequency probes than prediczed from
the masker levels necessary to mask each pfobg
presented singly. These effects were most evident with
a large differential level in the probes, that is, when
the addea probe component was at or near‘threshold.
With Some stimulus conditions, the difference Qn
effective masker levé}s (for the single- and
double-frequency proﬁgs)'veré found to be_as large as

20 dB.

The two-tone interaction effects were also found’
to occur in a task that made nonlinear'proées}ing, such
as combination tones, impossible. In the second

experiment, a,dichotic presentation of the two

sinusoids was used, to remove the confounding influence

- .

of ‘combination tones, since the generation of

hd L
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combination tones require a monaural {(or diotic)
presentation of each tone. Differences in the
effective masker levels vere still present with certain

masker frequencies.

Finally, it was shown in Experiment III that the
interactions were not limited to suprathrgshold
stimuli, but were demonstrated when one of the two
sinusoids was presented at levels slightly below
threshold. It was also discovered that peripheral

. interactions of the,tones ﬁccﬁr with some stimulus
rela{ionsnipﬁ. The residual excitation from }he
low-frequency haskgr improved the detection of
subseqdent and higher £reqnency'stiﬁuli. It is likely
that this phenomenon is also élaying a partial role in
producing the ditfgkénces in the effective masker
lévels found in earlier experiments.
s ‘5.2 Temporal imteraction of the‘probes
' As stated earlier, the common ;igy>of processing
_by'the peripheral auditory éystem is one which
- 'eﬁbﬁa;izes the eﬂergy analygis:of the stimulus, .

< -

illustrated by the pattern of excitation model. This

R
» ? A

~ s+ - view, though, does not include the,role of the neural

- 'teméora; code in frequency analysis. ‘An‘explanétion
. + " for this emphasis‘dhggnergy analysis and latk of

3 S
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concefn for the importance of temporal coding may be
due to the type of stimuli and kinds of paradigms used
to examine this process. The pattern-of-excitation
model, for exaﬁple, has been based on a vast amount of
auditory masking research. Thgq typical paradigm is the
forward masking procedure, where the level of a
sinusoidal tone is adjusted until it just masksa
second sinusoid thaE temporally follows the first. At
any moment, then, the auditory system is processing
only ene sinusoid: Therefore, while temporal coding of
the tonal period méy be taking place, there is no .
dynamic comparison of‘the teﬁporal patterns as is the

case with complex stimuli. _

Neurophysiological studies have shown that the

-temporal discharge pattern of the auditory nerve, in

response to tonal pairs, is a more sensitive indicator

of intensity than neural rate discharge patterns (Rose

et al., 1967). Therefore, the two sinusoids interact

at some level of the auditéry system and allow a

-

"richer” encoding of the stimuli to take place. If this

information is used at a behavioral level, than we
would expect performance differences between the

pfoéessing of sgmpie and .complex sounds. The use of.

forward masking in these” experiments examined whether

the kind of. temporal processing between two sinusoids

demonstrated at a neural level could be demonstrated in

.
- -
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a psychophysical task that is generally considered to
‘deal specifically with power spectrum analysis. By
adding a second pure tone component to the probe, we
vere interested in whether there was evidence of a
two-tone interaction as heasured bi the effective
masker levels for single- and double-frequency probes
resultin§ from different processing mechanisms. This
type of model of spectraliprocessing would also have

important implications for current models of spectral

Wi

analysis, such as the pattern-of-excitation. model.

As. summarized above, the data did show that more
masker energy was needed to mask the probe pairs than
e

each ptobe presented alone. In some stimulus

conditions the effect wvas small (less than 3 dB), w%ile

in athers the'increases in the éffective masker levels

. exceeded 10 and 15 dB. An explanation of these effects :

.

> is difficult without including a temporal coding

hypothesis that states that the in;ensiiy of each
component of the probé isicompared and analyzed in a
way different from the processing of each tone
separately. .
o toe

.

- . -
- ~ ' .

AL
In Experiment 111, there were two stimulus .

conditions thWt produced an opposite effect from that
- EN .
. described above, It was shown, with two of the masker :

v frequencies, that-a loy frequency masker at a specific
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level could improve the detection of a single-frequency
probe presented immediately following the masker. This
effect results in the masked detection of the probe at
levels below the threshcld measured in quiet. When a
.second sjnsoidal‘ﬁomponent was added to the proBe, this
effect was found to diminish significantly, if not

’ L e .
disappear. The reason for this decrease in detection
is nat obvious., Further, rf is counter to the main
~effect found in- these experiments. Still, it is quite
possible that this is further proof that

double-frequency tones are processed differently.

Two ?xplanations can be proposed to account for
the increased threshold with the added 10 dB probe.
First, though, we will fully describe the effect. As
shown in sections 4.4.1 and 4.4.2, when the masker was
presented at a specific intensity,-the probe could be
detected at levels below its thi;7&old iﬁ quieé)
Therefore, the single-frequency Probe was more
detectable when'preceded by this masker level than with
higher or ;lower masker_levels, or when presented alone

- in quiet. AR explanatipn similar to Zwicker (1981) was

. pf6posed, where the residual excitation of the masker

. [y -

~ made the probe frequency region more sensitive to
immediate low-level stimulation. In the -
doublé-frequency prgpe-condition, a 10 dB probe was

presented simultaﬂkou§ly-§itp,and 0.5 kHz below the

1]

-

(RN
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threshold-level probe. The result was the loss of the
subthreshold effect.

, One possible explanation would be that the second
10 dB SL probe component masked the simultaneous
low-level probe. Therefore, more probe energy would be
necessary for detection than when the 10 dB probe was
not present. There are two problems with this )
proposal. It is generally agreed that low-level and
widely separated frequenqx components will not mask
each other. Further, if some form of masking was
occurring between these two sinusoids, then it would
also be unlikely that we could find the kind of effects"
in other stimulus arrangements, where the two.

simultaneous probes are more detectable than each alone

(Experiment "I and II).

The second explanation for this effect is one that
proposes that the single- and double-frequency probes
are processed quite differently;' When the 10 dB probe
is added to the presentatiod,.it is ‘not processed as
sﬁmﬁly two tones eagp at a specific level and -
frequency, but as a complex where each component
.interacts and this signal becomes, thus, recoded.

Thef%fore,‘thé stimulus to be masked is not simply

energy in a spegific frequency region, but a more

[ > WIRGEPORSITSE R WPNOR P
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complex coding of energy, phase and period of the .

wvaveform.

5.3 Effective masker levels with specif¥c stimulus

parameters . .

. | h;)

In the summary, it was noted that the lafgest'
differences in the effect}ve masker levels (and probe
levels) were found with the lar;est ;@plitude ratio of
the probes; i.e., when one of the probe‘leveis wvas at
threshold (0 dB SL). Further, -these effects were
largest with the most ext;eme-masker frquencies'll.o
and 1.5 kHz). ;herefore,“these 5fféc££ were displayed
wvhen the masker'frequency vas'éqpal 59 the 10 4B probe
frequency, and decreased as the paskér frequency
approached the frequency of the 0 4B ‘..Dbe.— (In fact,
in Experiments I and II, only three masker frequencieﬁ .
vere tested for the 1.78 and 3.16 probe rat§q§[ since -
the other three masker frequencigs_consistgqfly showed

no differences in the effective masker levels). : '

The fact that these effects are highly‘freguency
and level specific corresponds to ‘other defined
cochlear nonlinearities in the auditory system. For

example, although it was shown that combination, tones -

. .
kY

are not necessarily a factor in these data, the

’
production - of additional spectral components depends on

.










" ¢he freqfency and intensity relationship of the

‘ stilulil\ﬁboth neurophysiological and psy¢hophys§cal
data shov that the production of combination tones
diminish vith an increasing frequency separation and/or

decreasing level of the primaries (see section 1.2.2).

The phenomenon of two-tone suppressioh ?s
similarly dependent on the frequency and intensity
relﬁtion:hip of the primaries. \In this case, the two
gbnes interact to produce an effect‘that is less than
the response of each tone separately. These effects
are most dramatic when measuring the suppression of the
temporal firing patterns of auditory neurons (Arthur,
1976). At'the same time, the q?ding of such
interactions must involve complex mechanisms in order
to compare the differences in the phase-locked patterns

across the neural array (see seétion 1.2.1).

L4
. L Y

The data presented in th@se experiments do not
examine the effect of the frequeﬁcy separation of the
probes on na!ksd;thresholgs (i;e;; the probes wvere
alvays prcscﬁted~at 1.o.a;d 1.5 kHz), but the data do .
shov that the d§££erenég* in the effective masker °
levels are lbdvel dcpé;dent (see summary). It is
somevhat counter-intuitive, though, that the effective e
masker level differences aciually incréase.as the

levels of the géiuuli decrease (in :hai other

. . . . . /
‘ L4




nonlinearities are found to decrease with decreasing
levels).” There are a number of reasons for this
effect.

Pirst, in each of the stimulus conditions wvhere no
or very little differences in the effective masker
levels werer found, the masker energy exceeded levels of
60 dB SPL. Although this may suggest that our two-tone
interactions are a lowv-level phenomenon, it is also
possiple that the interactions are due to the fact that
the ;asker levels are too high to allov the lower level
probes to be detected (i.e., the spread of excitation
from the high level maskers is great enough to make
low-level probes over a range of frequencies difficult
to detect). This can be clarified b? feturning to the
-excitation schematic shown earlier (Pigure 5.1a).
Masker f4 is described as representiﬁg the excitation
of a masker that just masks the detection of each probe
conponent. The main effect in our experiment was
described as an interaction that occured betveen the
residuel~excita£ion of each probe. Certeiﬁly, then, wé
vodld expect that independent of na:ker frequency.
there would be séme magker level that vould make the
coding of each lob-level probe'dxfficult (consider:ng
the level of the probe that wve used). Therefore, in

these cases, the spread and amount of excitation would

be too great for subsequent coding of the two_ probes.




) Pigure 5.1 The schematic representation of cochlear

excitation, Pigure (a) represents the excitation
produced by tvo probes (filled) and six maskers (open).
The residual excitation of, each probe interacts such
that masker f¢ is no longer an effective masker.
Pigure (b) represents the stimulus conditions with a 0
dB SL probe 0.5 kHiz above the 10 4B SL probe. The >
masker levels L1 and L2 represent the effective masker
levels for the single-frequency 1.0 kHz probe and

Py 2
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“

The conditions that produced the largest .
differences in the effective -eiyer levels are
schematically represented in Pigure 5. 1(b) Here: -the
interaction of the residual excitation of each probe
produces a no£§ detectable cb.plex as described above.
But in this case, the masker.levels have to be- --
increasedliuhstantially before excitation from the
masker spreads ifito the 0 dB probe frequency region.
Hhen this occurs, the interactxon can no longer be
coded and the probe becomes masked (compare L1 and L2
in the figure). Therefore, aithougﬁ the da;a'suggest
that the demonstrated differences in the eﬁfective
masker levels are a lovilevel effect, it is more likely.
a reflection of the masking paradigm and its inability

to demonstrate the effect at other stimulus levels.

These data have important implications for aby

theory of spectral processing; }hai is, complex sounds
are processed?in vays not predictable from thg
performance with simple tones. Others have argued this
point at the neural level, PFor example, Moller (1980)
has studied extensivel& the response oflthe'auditory
system to more complex sounds. His work has .
specifically examined the transformations of the neural
information that occurs in the cochlear nucleus. He has

’




found that changes in both frequency and amplitude are
actually enhanced {B‘thc cochlear nucleus. Also, the
importance of the temporal goding has been seen as

necegsary for giving a complete description of the

differences between neurophysiological data and
psychophysical data in loudness gréwth (Bvans, 1980).
Others hgve shown indirectly the inpo;;gncé.of'ténﬁorgl
‘coding in auditory processiné (as in Groen's '¢1964)
bxnaural'beating phenomenon). The de-onstratioﬁ of S-
te-poral interaction in this focvard naskxng task -
broadens this data has! and supports the thesxs that
the aud:tory system may enhance !eatn;es of a conplex
sound, rather than simply convey the spectrally
analyzed information of the sound s energy

distribution. .

—

] N 3

. 5.4 An examination of the phenomenon of temporal

cueing *

L -

n

An important phenomenon th&t has been previopgly.
demonstrated in forward masking tasks needslto.be .
examined in light of these data. In the following
section, we will re-exfmine the basic findings of
Bxperiment I with respect to‘temporal cueing. It should
be notedkfhat the idea of tedporal'cueing ié:not
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specifically related to the temporal neural code, as
will be made clear below.

A number of studies have shown that forward

neéking.neesure-ente can involve a high degree of

tenpogal uncerteint}. For example, in a task where a
sinusoidal masker and probe are equal in frequency, .
there may be. uncertainty as to wvhere the nesker”ends'

- - '§" ‘ zend the probe begins.. Theretote, in & tvo-interval
task,. where the lasker and,probe ere-presented in one
" interval and: only ‘the nasker in the other intervel t?e

» sub;ect may: be respondiﬁq to the»duretxcn dxfference

- betwveen theenesker—probe end the-aesker presentetzons
ahd not to the nesked detectability of the p;obe:

L 4
The phenonenon has been nost cleerly denonstreted

by noore and’ Glasberg (1982, ° A 500 ms. masker. was

e

;generated -with a.centerﬂfrequency-end-bendvxdth sensler

to a 20 ms 1 kHz probe. With these—sttnuia, they coulg >f'

A proéuce a fbrverd nesking situation vhere there vae""ﬁ
-;, - jya\//- very lxttJe quelitntxve difference between the nasker

and probe. " The tesk invo&ved ediusting the level of

the probe untxl it veb just nesked-by 'the 70 4B masker.
n order to overcone eny tempora} uncertaxnty 88 to
when the nasker ended or the probe begen, a broadband
noxse cue vas presented s;nultaneously wvith the mesker

or probe to the contraleterel or xpsileteral ear.
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The results showved that the cued probe could be

-~

detecteg.E to 25 @B belov the levels found when no cue

vas used. (This 24 AB range vas dependent on the
manner of cue presentation, as vell as a reflection of

a large variability found across subjects.) The results

clearly demonstrate that vith stimuli that are Qinilar
in quality, the amount of masking may be partially a
reflection of a temporal uncertainty in the task. .This
finding is supplemented by Pastore and Freda (1980) wvho
were unable to showv cueing éffeéts in a forward masking’
task vith & noise masker and cue and siﬁusoidal probe.
In other words, there is no Evidencg'for cueing vhen
‘the masker aﬁd'probé}differ in quality; cueing has only
been observed vhen thefé.is'an unc;:tainty in the

tenpofal order of the stimuli. .
'The question_can be asked vhether the presence of
cueing could have been a factor in explaining the
differences in the effective masker levels found in
Bxperiment I. Before making this comparison it is
useful to note the differences in the typical cueirg
paradigm and that used 3n Experiment 1. In Moore and
Glasberg's (1982) study, the cue is a segnent'of
broadband ﬁoise presented-si-ultaneously.vith the

masker or probe. Thereiore; vhile the sinusoidal

A
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masker may mask some of the noise cue, there should be
sufficient information in unmasked frequency regions to
cue the temporal intervals. Also, typical to the
cueing paradigm, the cue is presented in both
comparison intervals (i.e., in a two-interval

'\
forced—ehoice task), so as not to confound the

~—
=
—

ipsilatetal cueing condition. ..

-

In our experiments, wve compared masking
. performance betveen conditions with single probes and
wvith a second probe presented with the first-probe.' 1f
the second probe is seen as a cué‘fpr the first, then
: ceétain comparisons and contrasts can be made between
the tvo paradigms. '

The "cues" that we used were sinusoidal gnd
pfesented simultaneously with the probg. ?uréhqr, they
were presengéd 6n1y in the same interval as the probe.
This arrangement differs somewhat from the cueing
paradigm producing a situation where the cue could .
itgelf become the stimﬁlus to detect. As vefl, since
the cue was sinusoidal, the cue could become fully

" masked with certain masker levels., Finally, when the
~/ ’ second probe component or "cue" is a 0-dB SL tone, it

is difficult £6 understand how this could work

effectively as a cue.
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Since off-frequency cueing does not occur (Pastore

PRR PR AL

‘and Freda, 1980), the only stimylus ;onditions where

W AR,

cueing is possible in our studies are those wvhere the
masker and one of the probe components are similar in

frequency. These are the conditions that showed the

largest differences in the effective masker levels.
Table III shows these conditions with the various
masker level differences. (obtained from the data in
Figures é.4 through_4.11). 1In Table III séctions (a)
and (b), the‘cue‘is considered to be the 5 dB SL tone
vhich vas presented to the ipsilaterallear in the
masking ée&ﬁence.‘ The: measures under these conditions
show a 30 to 40 dB increase in the masker levels is
necessary to overcome the;e 'Eueing' effects. However,
since the cue is presénted only in the same temporal
 interval as the probe that is to be detected, the -
perception.of the cue itself should be taken into
account. When the masker }eﬁels\necessary to mask the
- \ . cue are subtracted. from théée valﬁgs, the cueing
effects are reduced sﬁbstantially._ The. values _
_remainiﬁg vary between -2 and 55 dB. " A question .
'remaxns, though whether these result;nt dxfferences |
are due to some form of resxdual cuexng by the 5 dB

N 8 . ..

probe.

Sections {(c) and (d) of Table III show the

effectivqﬁggsker levels with a 0 dB SL ﬁ%oﬁé‘qr éue.
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Under these conditions, the measures shovw that between

12 to 20 dB more masker energy is needed to mask the
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Table III-
Data from Experiment I analyzed by temporal coding
" conditions
(a) Masker 1.0 kHz Probes 1.0 kHz 10 4B SL
. 1.5 kHz 5 dB SL (cue)
LA (b) Masker 1.5 kHz Probes 5=kHz 10 dB SL k
.0 kHz 5 dB SL (cue) 3
(c) Masker 1.0 kHz Probes 1.0 kHz 10 4B SL ) -
1.5 kHz 0 dB SL (cue) ‘ ;
{d) Masker 1.5 kHz  Probes 1.5 kHz 10 dB SL
\\\ , 1.0 kHz 0 dB SL (cue)
Measures ?
subject DCB subject GJF %
Masker Level Masker Level :
- (a) Single Probe 29.8 29.7
(no cue) ,
Double Probe 58.25 59.9
« (ipsilateral cue)
S ~28.45 30.2
7 (b) Single Probe 27.35 ‘ 26.95
(no cue) _
Double Praobe 70.85 69.0
(ipsilateral cue) . :
43.5 T 42.05
(c) S;ngle Probe - 29.8 29.7
. (no cue) . .
Double Probe 50.1 44.9
(ipsilateral cue)
_ 20.3 15.2
.(b) Single Probe 27.35 - 26.95 .
N . (no cue) 2
: Double Probe 41,65 39.2
(ipsilateral cue) =
‘ 14.3 12.25
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-
"cued"” probe. Again, the 0 dB cue was present only in
the probe ‘interval, but attempts to measure the

effective masker levels required for the cue itself

-

vere quite variable (in Bxperiment 1). Therefore, these
differences betveen‘the_sidg;e-'and double- frequency
probes may be the result of‘aﬁcueing effect as found by
Moore and Glgsberg.(1982): ‘Egyever, in a strict sense,
this form of éheing is not exactly the type described
earlier, ‘

A typical cueing effect occurs_ihen a perceivable
marker indicates the end of the masker and/or beginning
of the probe. In other words, the cue acts as an
indicator for the probe vhen there 'is a temporal
aﬁg}guity as to vhen the masker ends or the probe
begins. In ou; experiments, it is somewhat difficult
to imagine how a 0 dB probe could act as this kind of
cue, because when it is presented in quiet it is
perceived only 70.7% of the time. Placing this "cue®’
in a masking situation, éetection should not be any

_better than 70.7%, and would likely be worse (as

demonstrated in BExperiment I with the'single—frequency .

probes):

On the other hand, if a twvo-tone fnterac;ion (of
the probes)'is coded at a neural level (via the

temporal coding of thé two frequencies), then these
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interﬁctions could be undersiood as a form of cueing.
) Therefore, as stated earlier, the residual ,excitation
from the 0 dB SL probe céuld be seen to act as a cue
for the 10 dB SL probe. The differencg betwveen Moore
o and Glasberg's (1982) cueing and cueing defined in our
studies would be that Moore andiclasherg's'cue is a
perceivable marker, vhile our cue is "perceivable”
*\_,/ . ~through the processing of the intgractions of each
probe. ’

. 5.5 Cog;lusions

In a series of studies, ve have demonstrated a

nonlinearitf in a masking paradigm that is not
'-;" predictable fron theories of spectral processing. This
work is limited in that all the factors that may be
responsible for pro@ucing this effect “could not‘be
isolated. Experiment 1l shoved that combination tones
vere not necessary to produce the effect, On the other
hand, Experiment 11T did shov some form of maskér-prcbe
interaction to be important.
.

The hyp&ihesis igs proposed that a temporal coding
of the probg‘?air may play a major role in pgoducing .
this nonlinearity. ihis‘is supported by the.following
findiﬁgs: first, the lack of fbe excitation/energy

mQdels to éxplain the data; second, the production of

- - . t A

.
~
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* the effect in e.bihaﬁral task; end finally, the
evidence of improved detection vitg subthreshold
stimuli. There is some peripheral support for this
hypothesis, despite the dominance of the spectral
energy models, but it.cones mainly from
neurophysiologicel studies. Groen (1964¢), vho
conducted the only other psychophysical study of
related effects, makes conclusxons that temporal coding

interactxons can occur in a binaural systen. Other

—~- Ry

-..— - - W —

researchers heve based the/;,argunents for such a
mechanism on the observed discrepancies betveen the .
‘temporal pattern and firing rate thresholds, suggesting
that simple models of spectral processing are

inadequate in describing complex sound analysis.

Our data demonstrate in a subjective task similar
behavioral discrepancies. It is on the basis of these
data that ;e propose a hypothesis that described
spectral processing the auditory system as less sratic
than the excitation models. Our model, then, suggests
a system that analyzes complex sounds in a way that
enhances or highlights vhe differences in the spectral
components instead of simply conveying the absolute
distribution of energy vwith a specific frequency range.
Such a model of freqﬁency analysis may play significant
roles in speech or music processing. Clearly, the

broad types of frequency discrimination suggested by




masking studies and energy models is insufficient for

explaining fing spgctra% processing or envelope coding
as seeams neces&ary'iq.taSkS'such as speéech. recognition.
Recoénizing the types -of complex processes necessary
for speech perception, it is not surprising to find

differences in behavioral performance as demonstrated

4 El

in  these stddigs.

-
-
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'5.6 General applicatibus and discussion

The main focus ol thx; dxssertat:on has been
restricted to a 'sxlple abdztory psychophysxcal task”
and the relation between the‘results.and the literature
- from which these tyﬁgg of studies are found. There has
been only brief mention of aitfrnatg theories. 1In this
final section, some discussion will-be.presented of
such theories. Notwvithstanding the n;jor scientific
leap !éou the data above and these ideas, at the same

ti they do presernt interesting comparisons to these

£indipgs. . : S .

5.6.1 Piték models
Theories of pitch perceptxon (the auditory quality
of sound that is musically ordered) have long

postulated ;he temporal processinggof sound. The twvq

major argunents.in éupporf of sﬁch processing are: 1)
the case of the miss;ng fundamental - subjects ¢an hear

" a lower pitched ‘tone even vhen all the energy in. the

stimulus is in the hxgher harmonxcs, and 2) the fact
that the 'sense of musical pitch is lost‘for'stimuli
_above 5 kHz, the region where temporal code is no /

longer recorded in the auditory nerve.




T Rt . . i

187 -

Due to these findings, models of pitch processing
generally include a stage where the temporal pattern is
processed for each ’frequencyurégion', as well as a
stage vhere these patterns are then coqpared aCross
different frequency regions (e.g., Terhardt, f974i. The
comparison of the temporal code in different frequency
channels allows the system to determine common time
intervals in the individual components in the sound

3
stimulus, such as when the sound contains a number of

\

harmonics of the fundamental.

A further and critical stage at this point in
pitch processing is a decision stage, where factors
such as context play a major ro;e (aided by memory and
attention). As is évident in the dissertation,
discussion of this‘st;ge‘is absgné in describing the
differences in the effeqtive ma?kér }eyels. Certainly,
this absence is nqt due to the fact thht memory is ﬁ?t
seen as important, but that masking is generally ’

considered from a "hottom-up approach: -~

R . . S, ..

9 .
The use of pitch processors in producing the
‘nonlinearities found in our ﬁasking data 35 certainly
plausible hypothesis, although difficult to prove from

. these data alon®. .Interestingly, the pron stimuli in
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the above experiments were harmonically related. The
1.0 and 1.5 kHz probes were a "perfect fifth" apart 'in o
frequency (a musical relationship with a frequency

ratio of 2:3), as wvell as being the second and third

harmonics of a 0.5 k¥ tone. 1If these relationiships

are processed- by \the audito?y system, then it may not

be surprising that\ the effective masker levels are <N
different for the single- and double-frequency probes.

The second experimenti did shov that nonlinear

distortion products (at 0.5 kHz) wvere not necessary to

produce the increase in \the effective masker levels,
but it did not rule out the possibility that a pitch at f .
the 0.5 kHz“fundamenéal may have may been detected by

the .subjects. Such a hypothesis would, unlike our g
simple masking model, require additional mechanisms for

determining this information tontent of the stimuli. -
\ ' A

" ,/ e

5.6.2 Envelope or Phase Sensitivity PRt :

r -
z - o -

g

Similar to pitch processiﬂqffan'aggfifongl'
hypothesis would propose that the differences in the

effective masker levels were due to a sensitivity to ' ‘

.

the envelope of the probes. One area of the literature

that examines this phenomenon is ampl\itude modulation

sensitiviti. Amplitude modulation is Ximilar to

difference tone generation, except it ddes not occur
. . -~

due to nonlinearities in the auditory system.
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Typically, in amplitude modulation, the amplitude of a
sinusoid (or carrier) is Qaried so as to follow the
amplitude of a second (modulating) sinusoid. This
produces a vaveform tba£ is complex and periodic. The
periodicity can be analyzed into individual sinusoidal
components corresponding to the carrier frequency and
both the sum and difference of the ca;rie} frequency
‘and the modulating frequency. 1In our experinept, the
1.5 kHz probe would be considered the carrier, while
the 1.0 in probe would modulate the carrier.and

produce components at 0.5 and 2.5 kHz.

In.our naskihg experiments, the ébuble-frequency
probe condition, then, would produce a complex with
fr?quency components at 0.5, 1.5 and 2.5 kHz.
Theréfore,_incréases in the effective masker level may °
be a reflection‘gt thg sensitivity té these amplitude
modulations of the 1.5 kHz probe. (This may be the
same argument used above for pitch perception; i.e., $
pitch ‘at the 0.5 kHz fundamental would likely be most
prominent.) This hypothesis, though, is not without
problems, Most notably is the quebiion of how pgch

< moaulation (or the percent of modulation) would occur .
vhen the 1.0 kHz'mbdulating_vaveform is'S or 10 dB
below the 1eve4.of the carrier. Clearly, tﬁe detection
qf.éhesé {Wal? amoungs of modulation would requirdé a

.
- '\
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very sensitive argorithm, that, in our data, would have~\

to be very robust in the face of the masking stxmul:.

“

Still, there is some evideséﬁ‘fﬂit ve may be more ) .
séhsitive to the phase relationships between stimuli\\\
that are'harnonically related (as were our probe
stimuli) than_stinuli that are non—harmonic&lly related

(see Lamore, 1972).

5.5.3 Cortical functions and other hypotheses

Typical of psychophysical masking data, the~
previous discussions were linited to peripheral
explanations oi audxtory prOCessxng. Likely due to the
stzll 11mited understand:ng of the peripheral cod1ng off,x’
audztory stimuli, there is much less lxterature
discussing;the role Qf the cortex in auditory
functioning (except in speech processing, where
§t{mu1us pfocessing ﬁecesgarily réq;ires large memory

banks) .

Along these lines, quite a different approach
could be suggested. For example, there is the
posiibility that the detection/processing/perception of
simple ‘'stimuli (sinusoids and sinusoidal combinations)

~ is somewhat artificial. Therefore, the effective




. leap- from the data above and these following 1deas, j

.as important in speech and pitch,. can also be found in -

EY

;aske} levels for the double-fréquency probe more
closely represents performance of the auditory system
than the effeative yiékgr levels for the -
single~-frequency stimuli,. Conpared~io more
"real-world” stimuli, these experimental signals- are
relatively "information-less”. The auditory ;ystem\s
performance with such stimuli could be seen as
unrepresentative and possibly"erratic;. This would
place the hypothesis of the dissertation onrik's head
(i.e.,; the perfor-ance of’ the audxtory system to sxmple

stimuli is not predxctable from performance vz;h more

' conpiex“stimuli). Certainly this idea presénts an

- interesting counter-hypothesis to that describe above,

but it ig more than radical with respect to the whole

-

body of bs}chophysicalfiitérpture;

The conclusxon of the dxssertation xs very
'lov-key n comparison to this 4ast point. 1t seeks
only re—examine the th1nkxng in a very small area of
audxtory procegs:ng. Audxtory maskzng, despxte the
convenxence, should not be described by sxmple energy

detection models. The kinds of processing recognized

a forward masking ,task. alternate theories. In this
final section, some discussion wiil“be presented of

such theories. Although there is a major séientific oo

they do present interesting collalaries to these findings.
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