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The role of distortion products in masking by single bands
of noise

Marcel van der Heijden and Armin Kohlrausch
Institute for Perception Research (IPO), P.O. Box 513, 5600 MB Eindhoven, The Netherlands

(Received 5 December 1994; revised 10 May 1995; accepted 25 July 1995

Masking experiments with frozen-noise maskers were conducted to investigate the role of distortion
products generated by the interaction between the components of a bandpass noise masker. In the
first experiment, thresholds of a 900-Hz sinusoidal signal with a duration of 5@ @mns ramps
included were measured in the presence of bandpass noise maskers ranging from 1 to 2 kHz. In all
measurements the same 500-ms noise sample was (frezén nois¢ presented at overall
sound-pressure levels of 35, 50, 65, or 80 dB. The signal was temporally centered in the masker.
Four subjects participated in the experiment. Threshold variations of more than 10 dB were
observed on varying the signal phase. The pattern of threshold versus signal phase resembled a
sinusoid; the signal phases at the minimum and maximum thresholds differed by about 180 deg. The
phase pattern shifted with increasing masker level. The individual shift for the masker range of 45
dB was between 100 and 200 deg. The direction of this shift agreed with data on the phase of cubic
difference tones as a function of the level of sinusoidal primaries. In a second experiment a large
number of different frozen-noise samples were used as maskers in order to evaluate the
generalizability of the phase effect. Two types of noise maskers were used: a low-frequency masker
(0—800 Hz and a high-frequency maske&r000—2000 Hg For each noise sample, thresholds of a
900-Hz signal were measured for two signal phases, 0 and 180 deg. An analysis of variance showed
that signal phase played a significant role for the high-frequency, but not for the low-frequency,
masker. ©1995 Acoustical Society of America.

PACS numbers: 43.66.Dc, 43.66.Mk, 43.66.Ba

INTRODUCTION tone (Buus, 1985%. Masked thresholds are affected by both
bandwidth and statistics of the masKkdtott and Feth, 1986;
Pure tones and bands of noise show considerably differvan der Heijden and Kohlrausch, 1995 he “release from
ent masking behavior. Many factors are likely to play a rolemasking” observed in the case of a noise masker is usually
in this difference. For instance, the use of beats as a detecticiitributed to the ear’s ability to make use of minima in the
cue can improve detectability of a sinusoidal signal when theemporal envelope of the mask@uus, 1985.
masker is a pure tone, provided that the two frequencies are Interestingly, the reverse effect occurs when the signal
not too far apart. The inherent fluctuations of a noise maskefrequency is below that of the masker. In this situation a
hamper this cu¢Egan and Hake, 1930 band of noise of sufficient bandwidth generally produces
The high-frequency slope of pure-tone masking patterngnore masking than a pure-tone masker of the same intensity
can be considerably affected by the generation of distortiofizwicker and Bubel, 1977; Mott and Feth, 1986; Glasberg
productsbelowthe masker’s frequency. The most importantand Moore, 199% Both Zwicker and Bube(1977) and Glas-
role is usually played by odd-order distortion products of theberg and Moorg1994 suggested that the masking by noise
type f,—n(f,—f), wheref, andf, are the frequencies of bands toward low frequencies is influenced by the generation
the lower and higher primaries, respectively, and a small  of distortion products by components within the masker. Un-
positive integer(Goldstein, 196Y. In a limited range of fre-  |ike in the situation described above, where distortion prod-
quencies above the masker frequency, masked thresholds agets facilitate the detection of the signal, in this scenario the

pear to be determined by detection of these distortion proddistortion products are supposed to produce masking.
ucts rather than by a direct detection of the signal. ThisA Maski duced by di . d
artifact is revealed by irregularities in the upper slope of the ~ asking produced by distortion products
tone-on-tone masking patte(@reenwood, 1961 which can Greenwood 1971 demonstrated that combination prod-
usually be removed with the help of a low-pass noise ofucts can produce masking. For maskers consisting of pairs of
moderate intensity. The influence of distortion products isnarrow-band stimuli he found local maxima in the masking
not restricted to pure-tone maskers, but is also found in theattern at frequencies below the masker spectrum. He argued
case of noise bands. The detection of the distortion productshat “...presenting two bands of noise as primary stimuli,
however, depends on the masker bandwiffreenwood, which then generate combination bands, is in principle no
1971). This is a second cause of the different amounts oflifferent than the presentation of only one bajwhich]
masking produced by noise bands and pure tones. should generate an overlapping series of combination com-
When the signal frequency is well above the maskeponents” (Greenwood, 1971, p. 525For this overlapping
frequency, a noise masker is usually less effective than a purseries Greenwood coined the teammbinational aggregate
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There are, however, some problems associated with the inB. Phase-dependent signal-masker interactions
plicit mathematical reasoning behind the “combinational ag- The approach of the present study is based on the fact

gregate.” . . ) that signal-masker interactions can affect the audibility of a
In Greenwood's procedure, the distortion of an arbitrary;, 4| signal in the presence of a broadband néRfafflin
collection of primaries is constructed by a simplenmation ;4 Mathews, 1966 In order to be able to observe this ef-
of distortion products that would be produced by single pairgect in a masking experiment, the same sample of masker
of components when presented in isolation. The validity ofygise(reproducible or “frozen” noisghas to be presented in
this construction for an arbitrary nonlinear process is nolgach observation interval of the measurement, and the tem-
obvious; in fact, such splitting-and-adding schemes can onlyoral placement of the signal within the masker has to be
be safely applied to linear systems, in which “the effect ofjdentical in all test intervals. On changing titeonaural
the sum” is by definition equal to “the sum of the effects.” signal phase, thresholds have been observed to vary in a
In both Greenwood1971) and Zwicker and Bube{1977  sinusoidal fashion, the threshold differences being larger
this assumption underlies their attempts at estimating thénan 10 dB in some casédanna and Robinson, 1985; Lang-
level of the combinational aggregate and its masking pohans and Kohlrausch, 1992; von Klitzing and Kohlrausch,
tency. Greenwood sought support for it by inspecting datal994. This effect is not surprising since, as Pfafflin and
obtained with various combinations dfiree narrow-band Mathews(1966, p. 344 put it, “by changing the phase of the
maskers, from which he concluded “that the generation ofsignal relative to the samples making up the noises, the en-
combination components by any pair of primaries is not preergy increment produced by the signal is altered.”
cluded by the presence of any of the other primaries” A crucial condition for phase effects to occur is of
(Greenwood, 1971, p. 525But “not precluded” is not the course that the signal and portions of the masker have a
same as “unaffected,” and the generalization from three isomeaningful relative phase, i.e., that their spectra overlap.

lated masker components to an infinite number of adjaceriylore precisely, in order for two stimuli to show a phase-
ones is not self-evident. dependent interaction, the smallest spectral gap between
There is experimental evidence that the simple summathem should not exceed the reciprocal value of the duration

tion of combination bands produced by component pairs i®f the overlap. In the case of a larger spectral distance be-
an inadequate procedure; Lutfi983 observed that the tween the signal and the masker, one would not expect a
threshold of a signal at the frequency of the cubic combinaSyStematic effect of signal phase variation on the masked
tion band (2f,—f,) produced by two narrow-band prima- f[hres'hol'd§. Ifa phase effect §hou|d neve'rtheless be qbserved
ries actually decreased when the spectral gap between thH2 this situation, it Wou_ld point to the existence and interac-
two primaries was filled with additional noiseThe con- fion of “secondary” stimuli which overlap spectrally. For
struction of the aggregate proposed by Greenw¢ii1, instance, the combinational aggregate produced by a single

p. 532ff) is also incompatible with the simple compressing?and of noise could be responsible fpart of the masking

type of nonlinearity that has been proposed as the origin o?f a Iowe.r frequency S|gnal. Thg reverse case is glso conceiv-
odd-order difference tones in the auditory syst@mooren- able: If signal-masker interactions cause distortion products

burg, 1972. For an analysis of the spectral transformationsthat actually determine the detectability of the signal, then

resulting from nonlinear processing of more complexthes.e dlstor'qon products could mtergct with spectrally over-
A . lapping portions of the masker. In either case, phase effects
stimuli, the reader is referred to de BA@978. would reveal an essential role of distortion products in the
Although the data of both Greenwoodl971 and P

. i ) masking process. Once such phase effects have been ob-
Zwm:;er gnd Buglel(%gﬁ) agre(i Wt'rt]h tze hytpotheS|st of served, an inspection and manipulation of the stimulus pa-
masking by combination products, they do not present Con, a5 will contribute to an understanding of the genera-
clusive evidence for the aggregate. In the case of dlstmca1

. band King b bination bands i id jon of distortion products and their importance in different
primary bands, masking by com m_amon ands Is evidence asking situations. The present study intends to explore the
by the occurrence of irregularities in the masking patterns

. . ) ) : ~possibilities of this approach.
Such evidence is absent in masking patterns for single noise

bands. The low-frequency portion of the combinational agy expERIMENT 1: PHASE EFEECT FOR A SINGLE
gregate produced by a single masker bérel, those distor- FrROZEN-NOISE SAMPLE

tion components that are below the lower cutoff frequency of

the primary bangcan safely be expected to show a high—passa" Method

character; the intensity of combination products decrease$ Stimuli

with increasing order. An aggregate with such a spectral A single 500-ms sample of Gaussian noise was used as a
shape would cause an “extra” downward spread of maskingnasker throughout this experiment. It was bandlimited be-
that could equally well be due to the limited spectral resolutween 1 and 2 kHz and provided with 20-ms Hanning ramps.
tion of a perfectly linear mode of processing. For this reasorMasked thresholds were measured at masker levels of 35, 50,
masking patterns are not a very adequate tool for evaluatings, and 80 dB SPL, corresponding to spectrum levels of 5,
the role of distortion products when the masker consists of @0, 35, and 50 dB/Hz, respectively. Bandlimited Gaussian
single band of noise. In the present study we present andoise was produced as follows. First, a 500-ms buffer of
evaluate a new method for examining the role of distortionwideband Gaussian noise was obtained by drawing indepen-
products in masking produced by a single band of noise. dent samples from a Gaussian distribution. A discrete Fourier

3126 J. Acoust. Soc. Am., Vol. 98, No. 6, December 1995 M. van der Heijden and A. Kohlrausch: Combination products 3126



transform was applied to this buffer, which led to a spectrumestablished and well understood in terms of masker—signal
with a spacing of 2 Hz between the components. The spectrahteractions(Hanna and Robinson, 1985The size of the
components below 1 kHz and above 2 kHz were set to zereffect, however, can vary considerably between different
and an inverse Fourier transform yielded a 500-ms buffer ohoise samples. This is not surprising, because some noise
bandlimited Gaussian noise. In this way, the long-term specsamples can show phase modulations that make the masker—
trum of the cyclic noise buffer had infinitely steep spectralsignal interactions essentially incoherent, thereby preventing
edges. The steepness of the spectral edges of the actual noike occurrence of phase effects.
maskers, as presented in each interval, was only limited by In the present study we are trying to find out whether
their duration of 500 ms and the use of Hanning ramps of 2@hase effects occur under off-band conditions. It is therefore
ms. desirable to select a frozen noise sample so as to optimize the
The signal was a 900-Hz sinusoid with a total durationexpected phase effect. From on-frequency masking data of
of 50 ms, temporally centered in the masker. The signal wakanghans and Kohlrausdii992 it appears that the lowest
provided with 10-ms Hanning ramps, and its starting phas¢hresholds produced by the “phase-sensitive” noise samples
was varied in 45-deg steps. All stimuli were digitally gener-are generally lower than the thresholds produced by noise
ated at a 32-kHz sampling rate and played out using theamples that yield no phase effect. That is, the phase effect
built-in 16-bit D/A converters of a Silicon Graphics Iris com- can produce &lease from maskingompared to masking by
puter. “phase-insensitive” noise samples. This suggests that,
The stimuli were presented diotically via a Telephonicsamong a set of noise samples, those samples that yield the
TDH 49 headset mounted in fluid-filled circumaural cush-lowest threshold for an arbitrary fixed phase value are likely
ions. The earphone had previously been calibrated by mears show an effect of signal starting phase. The utility of this
of a probe microphone placed at the ear canal entrance ddlea to select noise samples was confirmed by our previous
several subjects. The response was#f8tdB over the range experience with masking by frozen noise in an on-frequency
from 500 to 6000 Hz as measured at the ear canal entrancsituation®
Distortion was measured acoustically for a pair of primaries  We preceded the actual measurements by a pilot experi-
at 1000 and 1200 Hz, presented at a level of 85 dB SPL pament for selecting a noise sample. Different noise samples
tone. The level of the intermodulation products was at leastvere realized by successive 50-ms cyclic shifts of the

70 dB below the primary level. masker: The noise stimulus was shiftédtated within a
500-ms cyclic buffer. In this way, the central 50-ms parts of
2. Procedure and subjects all ten rotated versions of the maskghe parts that tempo-

Masked thresholds were determined using a threetally overlapped with the signahad nothing in common,
interval forced-choice adaptive procedufeevitt, 1971. since the shift was 5Q ms. The ten versi_ons of the masker
Each trial consisted of three 500-ms observation interval§h@y hence be considered practically independent noise
separated by 200 ms of quiet. The masker occurred in afamples. _
three intervals. The signal occurred randomly but with equal ~ Masked thresholds of a 900-Hz signal were measured as
probability in one of the three intervals. After the subject's described above for ten different placements of the signal
response had been collected, a 300-ms pause preceded ghin the noise buffer. The masker level was 50 dB SPL.
next trial. Correct-answer feedback was provided on a comE©r each condition the threshold was measured twice. Data
puter screen. Each trial block began with the signal about 20
dB above masked threshold. After two consecutive correct SRR R —
responses at the same signal level, it was decreased and for L
each incorrect response it was increased. This procedure 0F 2
tracks the 70.7%-correct point of the psychometric function. dBf &

25 [ % % é
il

reduced to 4 dB after the second reversal, and to 2 dB after
the fourth reversal. Using 2-dB steps, ten more reversals
were obtained. The threshold for a block was estimated by
taking the median of the signal levels of these ten last rever-
sals. The thresholds reported in this paper are the averages of
three single threshold estimates.

The subjects were tested in a single-walled sound-
attenuating booth placed within a larger sound-attenuated ms
room. Four normal hearing subjects, A—D, participated in the Temporal Shift

experiment. Subjects C and D were the authors. All subjec’[lgIG L Results of the oilot ont in which thresholds of & 50-ms tonal
; ; P ; . 1. Results of the pilot experiment, in which thresholds of a 50-ms tonal
had extensive experience in Ilstenlng tasks. signal at 900 Hz were measured, masked by a 500-ms frozen sample of
bandpassed noise ranging from 1 to 2 kHz. The error bars shomne
3. Pilot study: Temporal placement of the signal within-subject standard deviation. The cyclic masker noise buffer was
within the masker shifted in 50-ms steps as indicated along the abcissa. Different symbols
. jndicate data of different subjects: subjectgdicles, B (squarey C (tri-
In the case of a frozen broadband noise masker, the efgies; and D (diamonds. Each symbol presents the average of two data

fect of signal starting phase on masked threshold is both weHoints.

The step size was 8 dB at the beginning of each block, was
20 |

Masked Threshold
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FIG. 2. Masked thresholds of a 50-ms tone at 900 Hz as a function of signal starting phase, which was varied in 45° steps. The masker was a 500-ms
frozen-noise sample, bandpassed from 1 to 2 kHz. Panels A—-D show the results for subjects A-D, respectively. In each panel, thresholds for four different
masker levels have been plotted: @&rcles, 50 (squarey 65 (triangleg, and 80 dB SPl(diamond$. Thresholds measured with the same masker level have

been connected by lines; for visual clarity the 0° data have been plotted (&ti6e and at 360° Each symbol presents the average of three data points; error

bars indicater one standard deviation.

were collected from the same four subjects that participatedpproximately 180°. The difference between the maximum
in the main experiment. and the minimum varies between Gubject B, 35-dB
The results are shown in Fig. 1. The thresholds variednaskey and 16 dB(subject D, 50-dB maskgrThe phase
over a range of 16 dB. Although there were considerableffect can be observed for all masker lev@5—-80 dB SPL
intersubject differences, there seemed to be a systematic efhere is an effect of masker level on the phase effect: Apart
fect of shift as well. This was confirmed by a two-way analy-from an expected overall increase of thresholds with increas-
sis of variance(shift versus subject; both treated as fixeding masker level, the patterns are also shifted to the left. A
effects, which revealed significant effectg9<0.000) of  further analysis of the data is presented in Figs. 3—5.
both shift and SUbjeCt. The interaction between shift and sub- Growth-of-masking function$thresho|d versus masker
ject was found to be significant as wéfi <0.0004. level) for each of the four subjects were obtained by averag-
Since the shift of 200 ms led to the lowest averageing the thresholds belonging to each pattern in Fig. 2 over all
thresholds, this shift was used in the main experiment. phase conditions. In this way, a curve relating average
threshold to masker level was obtained for each subject. The
curve in Fig. 3 is the average of the four individual growth-
Figure 2 shows the thresholds as a function of signan-maSking functions; the error bars indicate the intersubject
starting phase for subjects A-Panels A-D. In each panel standard deviation. The threshold increases by 31.8 dB for a
thresholds for four different masker levels are shown; differ-45-dB increase in masker level. This corresponds to a slope
ent symbols have been used for each masker level. Linesf 0.71 dB/dB.
connect thresholds measured using the same masker level; As a measure of the size of the phase dependency we
for visual clarity the threshold for 0° signal phase has beertalculated the standard deviation of subsets of the thresholds
plotted twice(at 0° and 360F The data of all subjects show that only differ in phaséthe first eight points of each of the
an effect of signal phase; the thresholds vary in a sinusoidglatterns of Fig. 2 This resulted in a curve relating “spread
fashion with one maximum and one minimum, separated byaused by phase” to masker level for each subject. The av-

B. Results of experiment 1
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FIG. 3. Average growth-of-masking functiotthreshold versus masker FIG. 5. Phase of the individual patterns of Fig. 2 relative to the 50-dB
level). The thresholds were obtained from the data of Fig. 2 by averaging thgattern of subject D, plotted as a function of masker l¢see text Differ-
data for each masker level over all signal phase values and over all subjec®nt symbols are used for the four subjects: subjedisiles, B (squares

The error bars indicate: one intersubject standard deviation. C (triangles, and D(diamonds.

erage of these four curves is shown in Fig. 4; the error bars ~ The resulting curves are plotted in Fig. 5. They show the
indicate the intersubject standard deviation. The phase effe@hase of the individual patterns of Fig. 2 relative to the
was found to be maximal for a 50-dB masker level. A two- 50-dB pattem of SubjeCt D. It can be inferred from Flg 5 that
way analysis of variancémasker level versus subjégt the phase of the patterns decreases monotonically with an
however, showed that the effect of masker level was notlcreasing masker level. The total shifts over the 45-dB
significant(p>0.05). masker level range are 205, 106, 157, and 163 deg for sub-

In order to analyze the phase shift of the patterns of Figjects A-D, respectively. As the phase shift seems to saturate

2 with increasing masker level we calculated cross-at the highest masker level for most subjects, we calculated
correlation functions between the individual patterns of Fig.the slopes of the curves for the lowest three masker levels
2. In these calculations, the curves were treated as beir@ly. These slopes were 3.9, 2.4, 3.0, and 2.7 deg/dB for
cyclic (with a cycle of 360 dely The analysis was performed Subjects A-D, respectively.
in two steps: first a within-subject comparison, and next an
across-subject comparison. For each subject the pattern for@ Discussion
50-dB masker level was used as the reference. The shift of
one threshold pattern relative to the reference pattern wak Masking by the combinational aggregate
defined as the phase value at which their cross-correlation Both the shape and the size of the patterns of Fig. 2 bear
function was maximal. In this way, the relative phases of thea close similarity to frozen-noise masking data measured un-
four patterns obtained using different masker levels were esder “on-frequency conditions,” i.e., with a tonal signal
timated for each subject. In order to be able to relate thesglaced within the spectrum of a broadband masker. Hanna
phase values across the subjects, the same procedure wagl Robinson(1985 measured masked thresholds of a
applied to the 50-dB data of all subjects, now using the100-ms tone at 500 Hz, temporally centered in a 150-ms
50-dB pattern of subject D as a refereficEhe offsets that  reproducible noise with a flat spectrum extending from 100
resulted from this procedure were added to the correspondo 3000 Hz. Ten different noise samples, presented at a spec-
ing curves from the within-subject analysis. trum level of 50 dB/Hz, were used as maskers. The signal
starting phase was varied in 45-deg steps. Most of the
. . threshold-versus-phase patterns reported by Hanna and Rob-
6L § inson (1985, their Fig. 3 have the same sinusoidal shape as

b ] the patterns of our Fig. 2. Threshold variation caused by
dB | ] signal phase ranged from a few to 12 dB. Langhans and

] Kohlrausch(1992 measured thresholds of 5-ms tones at 1

kHz, masked by broadband frozen noise. The masker had a
spectrum level of 36 dB/Hz and a duration of 300 ms. They
reported phase-induced threshold variations ranging from 6

Threshold Spread
~
T
|

Masker Level

to 13 dB. Again, the patterns presented in Figs. 1 and 2 of
their paper bear a close resemblance to our observed pat-
terns, shown in our Fig. 2.

In most studies reporting the effects of signal phase on
masking by reproducible noise, the authors state that their

FIG. 4. The amount of phase-induced variation of thresholds, expressed lgjata can be adequately explained by energy or envelope de-
the standard deviation of the points contained in each pattern in Fig. ztection (Pfafflin and Mathews, 1966; Gilke;et al. 1985:

plotted as a function of masker level. Each data point presents the value
obtained by averaging over all four subjects. The error bars indicatee

intersubject standard deviation.
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Hanna and Robinson, 1985; Langhans and Kohlrausch,
1992. This involves a straightforward evaluation of the en-
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ergy or the envelope of that portion of the stimulus that isconstant, a doubling of the number of masker components
close to the signal frequency. Langhans and Kohlrauschesults in a halving of the power per component. Since the
(1992 argued that the effect can be well understood fromlevel of the odd-order difference tones is roughly linear in
direct interactions between the signal and neighboringhe overall level of the primary paifSmoorenburg, 1972;
masker components, provided one assumes that a temporafyvicker, 1979, the net result of doubling the number of
decreaseof the envelope of the fluctuating masker is notcomponents is a doubling of the power contained in the
detectable, whereas a sufficiently large temponacyeaseis aggregaté. This curious property precludes the application
detectablé. of the scheme to a single noise band; here the decomposition
In the present study, such a phase-dependent signai® components is only an artificial construction, the details of
masker interaction is excluded by the spectral separation bavhich should have no impact on the derived result. If one
tween the two stimuli. The lowest masker components aravere to identify the number of components with the number
still 100 Hz above the signal frequency, which means thadf Fourier components of the noise bands, then one would
their phase relative to the signal is “running around” threearrive at the unacceptable result that the level of the combi-
times during the 30-ms plateau of the signal burst. This innational aggregate grows in an unbounded manner with the
coherence between signal and masker means that the tvipiration of the noise stimulus, the number of Fourier com-
have no phase relation, and that there cannot be any meaponents being linear in the duration.
ingful phase-dependent interaction between them. This im-  In Zwicker and Bubel1977), such problems were cir-
plies that the phase effect found in experiment 1 can only beéumvented by only considering a group of five primaries
caused by the interaction of spectrally overlapping “secondafter it had been experimentally observed that five irregularly
ary stimuli” resulting from nonlinearities. More precisely, spaced tones were sufficient in reproducing the low-
the explanation of the present data demands a scheme ffequency part of a masking pattern produced by a single
which either the signal or the mask@r both are exposed to noise band of critical bandwidth. Taking a magic number of
a nonlinear distortion prior to their merging into the input five primaries per critical band, however, can hardly be
channels) of a detector. Any linear type of imperfect fre- called a satisfactory solution to the problems encountered in
quency resolution fails to account for the data, irrespective ofhe estimation of the aggregate.
the exact detecting mechanism. In the case of a pair of narrow-band noise primaries, the
The most probable explanation for the present stimuli isconnection with two-tone data can be saved by regarding the
that the frozen-noise masker produces a “frozen combinatWo narrow bands as modulated sinusoids, and by assuming
tional aggregate” of the type postulated by Greenwoodthat the distorting process is fast enough to act at each instant
(1971). An aggregate extending over the spectral regior®S though the primaries were unmodulated, i.e., to produce a
around the signal frequency would essentially create an oflumber of modulated difference tones. This “instant-wise”
frequency situation and hence explanations based on dire@PProach is basically different from the “component-wise”
interaction would apply as before. The high degree of simi-@PProach proposed by Greenwo@®71), and is not appli-
larity between the present data and on-frequency data otsable to the wider noise bands used in the present experi-
tained in other studies supports the validity of this explanaMent, in which the distinction between lower and higher pri-
tion. maries is lost.
On the basis of the on-frequency data of Hanna and
Robinson(1985, we made a rough estimate of the spectrum o ] o
level of the combinational aggregate around 900 Hz. Correc?- Compatibility with known properties of combination
tions had to be made for the differences in signal duratiorP"09Ucts
and frequency.For our 65-dB masker, which had a spectrum The preceding analysis supports our view, also ex-
level of 35 dB/Hz, the estimated spectrum level of the dis-pressed in the Introduction, that even a detailed knowledge
tortion products around 900 Hz is 19 dB/Hz. This estimate isof combination tone$CTs) produced by pairs of primaries
not very precise, since the noise maskers used by Hanna addes not help much in predicting the exact form of distortion
Robinson had a flat spectrum around the signal frequencyroducts of single noise bands. On the other hand, the fact
whereas the combinational aggregate can be expected that both types of distortion products are supposed to origi-
have a steep high-pass characteristic, which makes the direghte from the same nonlinear process suggests that their gen-
comparison between their masking effects questionable. eral properties should not be too different. In the following
We have attempted to compare this estimated spectrumiscussion, aspects of our data will be compared with corre-
level of the combinational aggregate with predictions of thesponding aspects of odd-order CTs.
constructions by Greenwood 971, p. 532ffi and Zwicker The 45-dB masker range for which the phase effects are
and Bubel(1977. As was described in the Introduction, observed agrees with the large dynamic range in which odd-
these investigators proposed to estimate the aggregate lyder difference tones are observed. Goldstgie67) and
summing the distortion products caused by individual pairsSmoorenburg1972 reported the detection of cubic differ-
of masker components. A closer look at this scheme reveaksnce tonesCDTs) for primary levels as low as 20 dB SL.
that the estimates obtained in this way are dependent on th&wicker (1979 reported CDTs for levels of 30-90 dB SPL
numberof masker components. This is easily seen by notingper primary. In the same study, fifth-order difference tones
that the number of component pairs is quadratic in the numwere observed over a range of primary levels of at least 40
ber of components. If the overall level of the masker is keptdB.
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Zwicker’s data on CTs produced by two primaries of ries. There are, however, two qualitative similarities between
equal level(this condition seems the most appropriate for aour data and those obtained in many studies on CTs which
comparison with single-band distortigrghow an almost lin-  are worth mentioning. First, in all three studies cited above,
ear increase of third- and fifth-order CTs with primary levelthe downward phase shift saturates for high primary levels
in the range from 30 to 80 dB per primary. On the basis of(Zwicker, 1979, Fig. 3; Smoorenburg, 1972, Fig. 3; Lutfi and
such data one would expect the level of the combinationa¥ost, 1981, Fig. & This saturation is also apparent in the
aggregate to increase linearly with the masker level, whicllata of three of the four subjects of the present st(sihe
contrasts with the shallow growth-of-masking function of theFig. 5. Second, individual phase shifts, though conforming
present experimen0.71 dB/dB, see Fig.)3 to the same trends, show a large variation across suljjgets

This expectation is based on a two-step arguméht: to 100 deg over a total range of only a few hundred degrees
The aggregate grows linearly with primary level, a(® At the same time, the levels of the distortion product show
on-frequency masking shows a linear growth. Step 2 is basdiitle intersubject variatiorfonly a few dB over a total range
on a comparison with masking by spectrally flat broadbandf 45-60 dB. An analogous contrast is found in the data of
noise (Hawkins and Stevens, 1950Possibly the expected the present study: The large intersubject differences in
steep high-pass character of the spectral portion of aggregatieasked thresholds shown in Fig. 2 are more “horizontal”
belowthe primary band causes a deviation from the perfecthan “vertical” (in terms of the axes of Fig.)2i.e., they are
linear growth of a white-noise masker. It seems more likelymainly due to differences in phase offset, not to differences
however, that step 1 is unjustified, as it contains a generalin average growth of masking. This was revealed by the
zation from pairs of tones to bands of noise of exactly theanalysis in Sec. | BFigs. 3 and
type that is criticized in Sec. A of the Introduction. Lutfi
(1983 found that the masked threshold of a signal at the

CDT frequency of two primary bands actuatlgcreasedn Il EXPERIMENT 2: PHASE EFFECT EOR A LARGE

filling the spectral gap between the masker primaries with aR ;MBER OF FROZEN-NOISE SAMPLES
extra noise. Furthermore, Goldstdit®70 observed the ef-

fect of a third primary tone with frequency & — f, on odd- A Rationale

order CTs produced by a pair of tones fatand f,; two All data of experiment 1 were collected using one par-
different adjustments of the phase of this third téthe level  ticular 500-ms noise sample. Such an approach permits a
was kept constanted to a complete cancellation of the CDT detailed measurement and data analysis, but has the disad-
in one case and of the fifth-order CT in the second case. Sugjantage that the data are somewhat “anecdotal;” the selected
data show that the generation of distortion products is afnoise Samp|e m|ght be unrepresentaﬂve in some unknown
fected in a nonlinear way by the presence of componentsense, and might not reflect the masking properties of the
other than the primaries. The growth of the aggregate witlensemble from which it is drawn. The second experiment
the primary band level can therefore be very different fromwas designed to test this possibility by using a large set of
the linear growth observed for combination tofi@he shal-  different frozen-noise maskers.
low growth-of-masking function does not seem to be caused  Simply repeating the measurement scheme of experi-
by the frozen-noise paradigm of the present study, as thgent 1 with a lot of different frozen-noise samples would be
slope of 0.71 of the present experiment agrees reasonabijery time consumingmeasuring thresholds at eight different
with the value of 0.77 reported by Glasberg and Mooresignal phase values for each of the samplEsrthermore, it
(1994 for their most comparable condition, @unning  would not yield an objective estimate of the significance of
noise ranging from 1150 to 1550 Hz masking a 1-kHz signalthe phase effect. An obvious tool for testing the significance
The phase shift with increasing masker level, apparendf the phase effect for a large number of different noise
from the raw data in Fig. 2, and in analyzed form in Fig. 5,samples is an analysis of variané@NOVA). In such an
has the same direction as and is comparable in size with th@pproach, a set of data is collected using a number of differ-
phase shift of CDTs with primary levels found in many stud-ent noise samples and, for each noise sample, a number of
ies. Zwicker(1979, using a cancellation procedure, found adifferent phase values. In terms of an ANOVA, “noise
downward phase shift in CDTs amounting to 90—-120 deg fosample” and “signal phase” are the two factors of the analy-
an increase in primary level of 60 dB, depending on thesis. At first sight, the significance of the second factor, signal
subject. For the fifth-order difference tone, a phase shift ophase, is the desired quantity. But signal phase has no abso-
about 200 deg over a 40-dB primary level range was foundlute meaning across different noise samples; what really mat-
Smoorenburg(1972, also using a cancellation procedure, ters is only therelative phaseof the noise and the signal.
found a downward phase shift of CDTs of about 360 deg for  That signal phase as such cannot have a significant ef-
a primary level increase of 50 dB. Lutfi and Yodt981), fect on the thresholds can be seen as follows. Assume that for
using a binaural paradigm to estimate CDT characteristicsa certain set of frozen-noise samples the thresholds have
found downward phase shifts of 50-150 deg for a 25-dBbeen measured for two signal phase values, 0 and 180 deg.
primary-level increase, depending on the subject. Now imagine an arbitrary subset of the noise samples to be
A detailed comparison of the amounts of phase shiftflipped in sign. This does not affect the statistics of the set of
obtained in these different studies is meaningless, since thwise samplegindependent Gaussian samplesd, there-
level-induced phase shift varies not only with the order offore, should not affect the statistics of the data, either. On the
the CTs, but also with the frequency separation of the primaether hand, flipping the sign of a noise sample will reverse
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the roles of 0- and 180-deg signal phase. From this it is clea€. Results and discussion
that there cannot be any systematic difference between O-

. The data sets obtained for the two masker conditions
and 180-deg data. The same argument applies to phase v

W’ere analyzed separately. A two-way analysis of variance
ues Aorlhtehr' tr:jan 0 antd 180 dtig.t ianal oh th bnoise sample versus signal phase; mixed model in which
IS does not mean that signal phase cannot have a ignal phase was treated as a fixed factor and noise sample as

effect on the measured thresholds; the only restriction is tha& random factorwas performed on the data obtained with
there cannot be systematieffect of signal phase on thresh- the high-frequency(1 to 2 kH2 masker. This ANOVA re-
olds obtained wittdifferent noise samplefn other words, if vealed a significant effect of bé)th noise sample

there be an effect, it is expected to be different for different(F 016722, p<0.0001 and the interaction of noise
7 ,l . y .

noise samples. In terms of an ANOVA, this dependence issam . _ .
. ; ) ple with phaséF 5.63,p<0.000). The main ef-
expressed by thinteractionof the two factors, signal phase ot ot phase was noztgéligogificafﬁl160=0.88,p>0.05). The

and noise sample. Experiment 2 is designed to test the SI(1:1r'1significance of phase by itself was expected, since signal

mﬂc;’;mcedof tth's mte_ra_ctlotnh. ber of ind dent f phase has no absolute meaning across noise samples. The
n order 1o maximize the humber of Independent TozeM,q,,once of therelative phase of signal and masker is ex-

n0|se| safmples,hw;athchosg_ tg? 11_Jhs_e dlfferenL sets OI nOISSressed by the interaction of noise sample with signal phase.
Samples for éach of the Subjectslnis approach prevents an rpq significance of this interaction shows that the phase ef-

elaborate data analysis as in experiment 1, as well as a MEYAt observed in experiment 1 is not an artifact of the par-

ingful intersubject comparison. Qn the other hand,. th.eticular noise sample used as a maskdrhe mean threshold
present approach yields an objective measure for the signifj-

g . 9Ny as 34.7 dB; the root-mean-square erfoneasurement er-
cance of the phase effect. This is most useful in determmmgor,,) was 2.3 dB.

conditions under which the phase effect does occur. In
order to also test this falsifying capability of the method we
applied it to two experimental conditions. The first condition
was similar to that used in experimengrhasker components
abovethe signal frequengy For the second condition we
used noise maskers consisting of componésiswthe sig-
nal frequency. In the latter situation it is unlikely that mask-
ing is determined by combination produ¢@oldstein, 1967;
Greenwood, 1971; Erdreich, 1977

The significance of noise sample agrees with the obser-
vations of the pilot experimeriSec. | A 3 and also with the
variability due to differences between individual noise
samples reported in studies in which an on-frequency masker
was usede.g., Hanna and Robinson, 1985

The same analysis of variance, performed for the data
obtained with the low-frequency100—800 Hz masker,
showed a significant effect of noise sampe,g 157=10.58;
p<0.0001. Phase and its interaction with noise sample were
not significant (F 167=0.92, p>0.05 and Fg,671.20,
p>0.05, respectively The mean threshold was 37.9 dB; the
root-mean-square error was 2.1 dB.

The data of experiment 2 permit a direct comparison

The procedure was the same as that used in experimebetween the two masker conditions. The observation that sig-
1 except for two modifications. First, the masker durationnal phase does not affect masked thresholds in the case of a
was decreased from 500 to 300 ms. Second, a two-intervalpw-frequency masker indicates a basic, qualitative differ-
two-alternative forced-choice paradigm was used instead ance between masking by the high- and the low-frequency
the three-interval paradigm of experiment 1. Both modifica-masker. The two masker conditions have in common that the
tions served to speed up the measurements so as to allow tfrequency separation between signal and masker is 100 Hz. It
inclusion of a larger set of noise samples. was pointed out in Sec. 1 C1 that, in view of the 50-ms

Two masker conditions were examined. The Gaussiamsignal duration, phase-dependent signal-masker interactions

noise masker, presented at a level of 65 dB SPL, was bandwe highly unlikely to occur under these conditions. As these
limited between 1 and 2 kHz for the first condition and be-arguments are equally valid for both masker conditions, the
tween 100 and 800 Hz for the second condition. The methodifferences suggest another origin of the phase effect.
of noise generation has already been described in Sec. | A1. From studies of combinatiotonesit is known that dis-
In each adaptive run a singlrozen noise sample was used tortion products at frequencies below the primary frequency
as a masker. The signal was a 900-Hz sinusoid with a totadre perceptually more prominent than distortion products at
duration of 50 ms. It was temporally centered in the maskefrequencies above the primary frequencies. The latter are
and provided with 10-ms Hanning ramps. generally masked by the primari€wicker, 1955, and only

Different sets of 20 independent noise samples werén special cases can they be detected by means of an indirect
used for each subject. For each noise sample, two signahethod (Erdreich, 197Y. Thus the observed contrast be-
conditions were examined, differing in starting phase by 18Gween the high- and the low-frequency masker presents fur-
deg. Each stimulus condition was measured twice, whicliher support for an explanation of the phase effect in terms of
resulted in a total of 320 data points for each of the two noiseauditory nonlinearities, in addition to the arguments pre-
types(80 noise samples, two signal phases, and two repetsented in Sec. | C.
tions). The order of presentation was completely random-

B. Method

ized. lil. SUMMARY AND CONCLUSIONS
The four subjects of experiment 1 participated in this In experiment 1 an effect of signal starting phase on
experiment. masked thresholds of a tone in frozen noise was found for a
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condition with spectrally nonoverlapping masker and signal.can be detected, but that this cue is eliminated by the extra noise.
The threshold-versus—phase patterns were similar to patterﬁB‘e signal duration was assumed to be reciprocal in signal power at thresh-

. . . . . . old, which led to a 4.5-dB correction. A further 3-dB correction was taken
obtained in other studies, in which the Slgnal was I:)lacedto account for the 1-oct difference in signal frequency, corresponding to an

spectrally within a frozen-noise masker. The occurrence ofapproximate doubling of the critical band.
the phase effect for a nonoverlapping stimulus condition in®in this derivation the effect of frequency separation of the components is
dicates that the masked thresholds were influenced by distorignored. This does not affect the argument for two reasons. First, the dis-

. . . . tribution of separations of primaries will hardly be changed if a large num-
tion products. The most probable explanation is that the SI9%er of closely spaced components is increased to a still larger number.

nal was actually masked by odd-order distortion productssecond, the small effect of increasing the number of primary components is
below the low cutoff frequency of the masker noise band.the introduction ofsmaller distances. According to Greenwood$971)
This mechanism had previously been proposed by Greengonstruction, this will only result in a furthencreaseof the power con-

. . . tained in the aggregate.
wood (1971, Zwicker and Bube(1977), and other investi- o, addition, level dependences of combination tones derived from masking

gators for comparable spectral conditions. This explanationexperiments might differ from those measured using the cancellation

is supported by other aspects of the data, such as the downethod as in Zwicke(1979; Greenwood(1972 reported a slightly de-

ward phase shift of the patterns with increasing masker leve|$'¢asing CT-to-primary ratio with an increasing primary level.
9n this respect, the four subjects are treated as one single subject; a justi-

In experiment 2 many different noise samples were used ication for this strategy might be found in the high degree of similarity
as a masker in a similar frozen-noise paradigm. For eachbetween the data of the different subjects obtained in the first experiment.

noise sample only two signal conditions were examined, dif**strictly speaking, the confound of noise sample and subject in the design

; ; ; of Exp. 2 does not exclude that the significant interaction between phase
fering in starting phase by 180 deg. Two masker types Wereand noise sample igpartly) due to a phase—subject interaction. In view of

L_'S?dv a high—fregugncy and a |9W'frequency masker. A sta-ine physical irrelevance of signal phase by itself, this is highly unlikely.
tistical analysis indicated that signal phase affected maskedNevertheless, we ruled out the confound by performing separate two-way

thresholds only in the case of the high-frequency masker. analysedphase versus noise sampi the data of each of the subjects.

. . . or all four subjects, the interaction of phase and noise sample was found
The results of these experiments present direct ewdence{:O be significantF g 4=3.08, 4.06, 4.49, and 9.36 for subjects A-D, re-

for the influence of auditory distortion products of a single spectively. Thesee values correspond tp<0.002 for subject A and
band of noise on its masking potency toward frequencies p<0.0001 for subjects B-D. These results bear out the conclusions re-

below its Spectrum. The experlmental methods of the presentgardlng the Signiﬁcance of relative phase of S|gnal and noise Samples
study can be used to examine this influence in more detail, omuiated in Sec. 1 C.

by systematically changing the stimulus parameters. They

may supplement the insight into auditory nonlinearitiesBoer: E. de(1976. "Spectral transformations by an infinite clipper,” J.

. . . Acoust. Soc. Am60, 960—963.
gamed in the StUdy of combination tones. Buus, S.(1985. “Release from masking caused by envelope fluctuations,”

J. Acoust. Soc. Am78, 1958-1965.
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