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Subjects judged the loudness of tones (Experiment 1) and of bursts of noise (Experiment 2) that
varied in intensity and duration as well as in mode of presentation {monaural vs. binaural). Both
monaural and binaural loudness, for both types of signals, obeyed the bilinear-interaction predic-
tion of the classic temporal integration model. The loudness of short tones grows as a power func-
tion of both intensity and duration with different exponents for the two factors (.2 and .3, respec-
tively). The loudness of wide-band noises grows as a power function of duration {with an expanent
of approximately .6) but not of sound pressure. For tones, binaural summation was constant but
fell short of full additivity. For noises, summation changed across level and duration. Temporal
summation followed the same course for monaural and binaural tonal stimuli but not for noise
stimuli. Notwithstanding these differences between tone and noise, we concluded that binaural
and temporal summaticn are independently operating integrative networks within the auditory
system. The usefulness of establishing the underlying metric structure for temporal summation

is emphasized.

The integration of acoustic stimulation over time and
the integration of stimulation over the iwo ears depict two
widely documented auditory processes that display
energy-dependent properties, at least for threshold. For
both types of summation, loudness depends on the 1otal
amount of energy in the stimulus and is independent of
how the energy is distributed over time or across the two
cars (e.g., Babkoff & Algom, 1976; Hughes, 1938). Mare-
over, both temporal and binaural summation vary with
the type (tone vs. noise} and level (threshold vs. supra-
threshold) of the stimulus (e.g., Algom, Adam, & Cohen-
Raz, 1988; Algom & Babkoff, 1984: Algem & Marks,
1984; Marks, 1980). Despite the obvious similarities in
operation characteristics, these two energy-integrating net-
works in audition have been studied independently, using
mutually exclusive types of stimulation. In the present
study, we report the results of a combined investigation
of the two phenomena. We asked to what extent, if any,
integration of acoustic energy over time interacts with the
integration of stimulation over the two ears. Do the rules
that govern binaural summation change when the sig-
nals undergo temporal integration? Conversely, does the
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course of temporal integration differ for monaurally and
binaurally presented stimuli? The present experiments
enabled us to answer these questions by directly compar-
ing temnporal and binaural integration for the same supra-
threshold stimuli,

Binaural Summation of Tones and Noises

Several experiments have examined binaural summa-
tion at threshold, For both tones and noises, the binaural
threshold is lower than the monaural threshold, and the
average difference is about 3 dB (e.g., Babkoff & Algom,
1976, Chocholle, 1962; Hellman & Zwislocki, 1963;
Hughes, 1938; Shaw, Newman, & Hirsh, 1947). Mea-
surements of suprathreshold binaural summation reveal sig-
nificantly greater binaural gains (when referred to sound-
pressure levels), indicating that it is loudnesses, rather
than energies, that add (e.g., Levelt, Riemersma, & Bunt,
1972; Marks, 1979b). For pure tones and narrow-band
noises, the results are consistent with a model of linear
summation. The estimates of loudness of a binaurally
presented signal approxirnate the sum of the loudness es-
timates of the left and right ear components. A binaural
sound is, on the average, twice as loud as a monaural
sound of the same sound-pressure level (SPL) (Algom &
Marks, 1984; Hellman & Zwislocki, 1963; Levelt et al.,
1972; Marks, 1978, 1979a, 1979b, 1980, 1987). To equal
the loudness of a binaural tone, a monaural tone has to
be 10 dB greater which, on the sone scale (j.e., loudness
increases as the .6 power of sound pressure), corresponds

to a doubling of loudness {S. S. Stevens, 1956). Although
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Scharf & Fishken (1970) also found that the ratio of
binaural to monaural loudness is constant, their results
suggest less than complete summation.

For wide-band noise stimuli, on the other hand, the
binaural-monaural ratio increases with increasing sound
pressure (Algom et al., 1988; Irwin, 1965; Marks, 1980,
1987; Reynolds & S. S. Stevens, 1960; Scharf, 1968;
Scharf & Fishken, 1970). Although Reynolds and Stevens
(1960) concluded that the loudness of both monaural and
binaural noise stimuli grows as a power function of sound
pressure (but that the exponents differ), Scharf and
Fishken (1970) and Marks (1980), as well as the majority
of other investigations (sece Scharf, 1978, for a review),
have reported psychophysical functions for noise that are
not power functions of sound pressure.

Temporal Summation of Tones and Noises

At threshold, the ear integrates the acoustic energy of
a sinusoidal signal linearly up to a critical duration of about
250 msec; that is, in this range, a tenfold increase in du-
ration results in a decrease in the signal intensity neces-
sary for threshold by 10 dB (Algom & Babkoff, 1978;
Algom, Babkoff, & Ben-Uriah, 1980; Garner & Miller,
1947, Watson & Gengel, 1969). For broad-band noise
stimuli, however, only partial integration has been found,
with a representative value of a 7-dB change in threshold
for a tenfold change in duration (Babkoff & Algom, 1976;
Garner, 1947; Miller, 1948; Penner, 1978). For supra-
threshold levels of stimulation, not only are the data
sparse, but there appear to be some puzzling discrepan-
cies. Some studies have shown that intensity has to be
decreased by 10 to 20 dB for each tenfold increase in du-
ration {Algom & Marks, 1984; Small, Brandt, & Cox,
1962; 1. C. Stevens & Hall, 1966; see also J. C. Stevens,
1976), whereas one study reported much steeper slopes
{McFadden, 1975). Critical durations seem even more
variable, encompassing, at times, ranges of over 1:3 or
1:4 (Algom & Marks, 1984, see also the summary of
results by Scharf, 1978). In fact, the very existence
of a critical duration for suprathreshold loudness has
been questioned (J. C. Stevens & Hall, 1966; see also
McFadden, 1975).

In any case, threshold and suprathreshold data alike may
be described in terms of Garner’s (1947) well-known
general equation, [ X ¢* = C, where I denotes stimulus
power, ¢ is duration, and the exponent ¢ is the slope of
the line (reciprocity function) relating log’ to logs, C
represents a constant criterion loudness response such as
threshold, Simple tradeoff between intensity and time
(a = 1) exists for threshold tonal stimuli only. Threshold
noise stimuli yield partial summation (¢ < 1), whereas
suprathreshold integration usually gives supersummation
{a > 1). Again, despite such summary values, no univer-
sal agreement has yet been found on the exact size of the
- critical duration, especially for suprathreshold stimuli, or
on the exact nature and slope of the trading function (see
Algom & Babkoff, 1984, and Scharf, 1978, for recent
reviews).

Binaural and Temporal Summation Combined

As noted, no experiment has been reported that directly
compares monaural and binaural temporal integration in
the suprathreshold range. Their combined resolution,
though probably more complicated than at threshold (see
Babkoff & Algom, 1976), should give a more compre-
hensive account of their underlying auditory processes.

EXPERIMENT 1
TEMPORAL INTEGRATION AND
BINAURAL SUMMATION OF PURE TONES

Method

Subjects. Ten subjects (7 females) with a mean age of 23 years
(range: 20 to 29 years) participated in the experiment. They reported
having no major hearing prablems. All subjects were screened for
normal hearing at frequencies of 1000, 2000, and 4000 Hz, and
were required to have monaural thresholds that did not differ by
meore than 2 dB at 2000 Hz across the two ears (method of limits).
Four of the subjects had previous experience with the method of
magnitude cstimation, although not necessarily in judging loudness.
Otherwise, all subjects were naive with regard to the experiment.

Apparatus. The 2000-Hz signal from a Heathkit 16-72 genera-
tor was gated and timed, and was then split into channels for the
left and right ears. All stimuli were trapezoid-shaped, with I-msec
rise/fall times. The signal in each channel could be atienuated in-
dependently before being fed to a matched set of headphones
(AKG-250A). Frequency and duration were monitored by a Mon-
santo 120A counter-timer. Signal intensity was calibrated in an
artificial ear by a Brilel and Kjaer precision sound-level meter
(Model 2204).

Procedure. The subject sat in a sound-shielded booth (Medtechnic
Silent Cabin). Five different levels of sound pressure (30, 40, 50,
60, and 70 dB) were combined factorially with six different dura-
tions (16, 32, 64, 128, 256, and 512 msec) lo produce 30 different
stimuli, These stimuli were presented both monaurally to each sub-
ject's right ear and binanrally, producing 60 different stimuli in
all. The stimuli were presented one at a time to the subject for judg-
ment. Each subject received two replicates of the entire three-
dimensional [SPL (5) X duralion (6) X mode of presentation
(2) = 60 member] matrix in a session and served in two sessions
(separated from one another by at least | day), thus giving four
judgments per stimulus in all, The order of presentation of the stimuli
was irregular and was different for cach subject (orderly sequences
that occasionally arise in random selection were intentionally
avoided).,

The method was free magnitude estimation, The subjects were
instructed to assign to the {irst stimufus whatever number seemed
most appropriate to represent its loudness, and to assign numbers,
in proportion, to succeeding stimuli. If no sound was heard, the
subject was to assign the number zero. The subjects were told that
they could use whole numbers, decimals, and fractions as needed.
In addition, they were instructed to disregard the apparent location
or length of the stimuli and to judge only their loudness. The sub-
Jects made their judgments verbally, communicating with the ex-
perimenter via intercom.

Results and Discussion

Metric siructure: The integration of time and inten-
sity onto loudness. The magnitude estimates of loudness
given to each stimulus were averaged geometrically, and

these means are plotted in Figure 1 as a function of the.. . .-

SPL delivered to the right ear. The parameter is. dura-
tion; each contour represents tones exposed for a differ-
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ESTIMATED LOUDNESS
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Figure 1. Monaural temporal integration, The average magnitude
estimates of loudness plotted as a function of the sound-pressure level
(SPL) delivered to the right ear. The parameter is duration; each
contovr represents tones exposed for a different constant duration
(6, ~t; = 16, 32, 64, 128, 256, and 512 msec),

ent constant duration. Assuming that (1) a multiplicative
model is operating on the psychological representations
of time and intensity transforming them onto loudness,
and (2) an appropriate (linear) judgment function exists
for the magnitude-estimation response, the curves in
Figure | should diverge. The classic temporal integration
model (I X ¢ = C) implies that when duraticns are held
constant, as in Figure 1, differences in loudness increase
linearly with increasing SPL. The loudness estimates are
plotted on a linear scale to make evident the metric im-
plication of the classic multiplicative model! for temporal
integration: divergent interaction that is approximately
bilinear.

Perhaps the most striking feature of this family of func-
tions is their tendency to diverge from a common origin
at the lower left. There is a systematic change in the SPL
separating the functions from one another. The com-
plementary plot of binaural presentations appears in
Figure 2. Although there appear to be some small depar-
tures from monotonicity, these data, as well as the
monaural data, seem to obey the implications of the medel
under test fairly well.

It is possible to subject the bilinear pattern implied by
the multiplying rule to a more rigorous visual fest (be-
yond the mere divergence nicely illustrated in Figures 1
and 2). To that end, we first calculated the marginal means
for each level of the 2000-Hz tone; this was accomplished
by averaging the data across the six values of stimulus
duration. Then the magnitude estimates were plotted

against the marginal means in graphs analogous to those

of Figures 1 and 2. These are the test plots. If the mul-
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tiplicative mode! holds, then all of the functions in the
test plots should be straight lines {allowing for variabil-
ity around the average points) with slopes that grow sys-
tematically larger. Indeed, the slopes derived from the
data in Figures I and 2 formed, in each case, the expected
diverging fan of straight lines. Thus, the results support
an underlying multiplicative rule of integration of both
monaural and binaural stimulation.'

Binaural summation and loudness as a function of
pressure. Given a factorial design of the type used in these
experiments and results consislent with bilinearity in the
response domain, the marginal means provide valid esti-
mates of the scale values {(Anderson, 1974, 1981, 1982).
Figure 3 presents these calculated scale values for mon-
aural and binaural presentations as a function of SPL.
These functions were produced by averaging across the
different durations in the two data matrices.

The fits to the power functions (straight lines in the dou-
ble logarithmic coordinates) are excellent (r? = 985 for
the monaural function and .996 for the binaural function).
The slopes (exponents of the power functions) are .36 and
.42, respectively. That the loudness functions are closely
{though, perhaps, not fully) parallel can be made even
more apparent by excluding the lowest (30-dB) value from
the monaural data set. (Failure of complete termporal in-
tegration at the longest duration for monaural stimulation
probably affected judgments at this low SPL.; see also
Figure 3, below.) The truncated function is a bit steeper:
the slope is .39, supported by an even better fit (r* =
.989). Although these slopes are notably smaller than the
.6 of the sone scale, they are by no means unusual within
the framework of supraliminal temporal summation re-
search. Three comparable studies (Algom & Marks, 1984;
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Figure 3. Binaural summation of lowdness as a function of sound-
pressure level (SPL), Average loudness functions of binaural and
monaural stimutl derived from the marginal means of the data plotted
in Figures 1 and 2,

McFadden, 1975; 1. C. Stevens & Hall, 1966) yielded
average magnitude-estimation exponents of .46, .40, and
.54 (noise), respectively. The smaller exponents in the
present study may stem from greater difficulty in judg-
ing stimuli that vary in duration and loci as well as inten-
sity (Algom & Marks, 1984; I, C. Stevens & Hall, 1966;
8. §. Stevens & Greenbaum, 1966).

Binaural summation can be assessed from inspection
of the horizontal separation between the monaural and the
binaural loudness functions. Complete binaural summation
implies that a sound presented to two ears should be just
twice as loud as the same sound presented to one ear, Ac-
cording to the equation for sones, for example, joudness
doubles with a 10-dB increase in sound pressure. Given
the sone scale, it follows that a monaural stimulus must
be 10 dB greater than a binaural stimulus for them to ap-
pear equally loud, as demonstrated by Algom and Marks
(1984) and Marks (1978, 1979a, 1979b, 1980). Figure 3
gives a lower value for the binaural gain; at all but the
lowest levels of sound pressure, the difference separat-
ing the binaural and monaural functions is about 7 dB.

Most likely, the results of this experiment are commen-
surate with only partial summation of loudness across the
two ears.? Although Algom and Marks (1984) and Marks
(1978, 1979a, 1979b) demonstrated linear additivity and
a binaural gain of about 10 dB for tones, other studies
have similarly indicated less than complete summation of
around 7 dB (Caussé & Chavasse, 1942; Scharf, 1969;
Scharf & Fishken, 1970; see also Irvin, 1965). In fact,
Marks has also obtained less than complete summation
in a couple of experimental conditions (e.g., Marks,
1979b, p. 270; Marks, 1980, Experiment 5). That sum-
mation was systematically less than perfect is also clear

from inspection of Table 1, which summarizes the ratios
of equal SPL binaural and monaural loudnesses. On the
average, the subjects judged a sound heard with two ears
as 1.5 times as loud as a sound of the same intensity heard
with one ear. Similar binaural-monaural ratios of 1.7;1,
1.65:1, and 1.5:1 were obtained by Scharf and Fishken
(1970), Jankovic and Cross (1977), and Marks (1980},
respectively. No systematic effect either of duration or
of pressure is evident in the calculated ratios. Rescaling
the present data to an exponent of .6 (i.c., *‘correcting’”’
the response scale to sones) increases the amount of
binaural loudness summation (the binaural ratio becomes
1.84:1) but does not suffice to make the data fully addi-
tive. However, (small) subadditivity is apparently a com-
mon result with tones.

Binaural summation and loudness as a function of
duration. Figure 4 shows how loudness grows as a func-
tion of duration for both monaural and binaural presen-
tations. These functions were produced by averaging
across the different SPLs in the data matrices.

It is clear that loudness grew approximately as a power
function of the duration of the tone for both modes of
presentation. The straight-line segments have slopes of
.31 (binaural function, r? = ,980) and .23 {monaural
function, r? = ,930). It is also clear, however, that an
increase in duration above 256 msec brought about little,
if any, change in loudness for the monaural condition.
(No visible discontinuity—a critical duration—appears in
the binaural data.) Therefore, a better description of the
data can result from confining the power fit to only the
first five monaural data points—those falling at or below
the critical duration. This gives a slope of .27 with a
greatly improved fit (r = .977). Thus, over all except
the longest duration, the monaural and binaural functions
virtually parallel one another and have stopes in the vi-
cinity of .29 (their geometric average). This exponent
differs from the exponents for loudness as a function of
pressure obtained carlier. Although the absolute values
differ somewhat, J. C. Stevens and Hall (1966) reported
a similar relationship between cxponents. Their exponent
for loudnesss as a function of sound energy equalied about
80% of their exponent for loudness as a function of dura-
tion; the present data yicld exponents for intensity that
are approximately 70% of those for duration,

Qver their linear segments, the average horizontal sepa-
ration between the monaural and binaural functions in
Figure 4 is approximately .5 logaritbmic units, That is,

Table 1
Average Binaural-to-Monaural Loudness-Judgment Ratios
for Tones at Different Sound-Pressure Levels (SPLs) and Durations

SPL Duration {in msee)

(indB) 16 32 64 128 256 512 Mean
30 2.46 .02 200 101 142 2.07 .67
40 0,83 1.21 1.51 .28 1.43 1.8 1.34
50 0.89 1.47 1,02 1.81 132 1.58 1.34

60 1,39 123 1.2 L1 161 207 1.54
70 124 137 155 157 1.4 198 152

Mean 136 126 147 148 144 19 1,48
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Figure 4. Binaural summation of loudness as a function of dura-
tlon. Average loudness functions of binaural and monaural stimuli
derived frotn the marginal means of the data plotted in Figures 1
and 2.

on the average, a threefold increase in the duration of a
monaural tone was needed for it to appear equally as loud
as a binaural tone of the same intensity. This binaural gain
(the difference in log duration between equally loud
monaural and binaural stimuli) entails a corresponding
power-function exponent for loudness relative to duration.
Given the presently derived binaural-monaural loudness
ratio (of about 1.5:1), the implied exponent for loudness
is about .35. This value is fairly close to the directly de-
rived exponents for duration as well as to the comparable
loudness exponents for duration reported by J. C. Stevens
and Hall (1966). Thus, loudness seems to grow approxi-
mately as the cube root of duration.

Time-intensity tradeoff assessed from the binaural
gains in pressure and duration. The two indexes of
binaural gain, namely, the difference in decibels and the
difference in (fog) duration between equaily loud monaural
and binaural stimuli, provide for an estimation of the time-
intensity tradeoff. For equal-duration monaural and bin-
aural tones (i.e., collapsing the duration dimension in the
response matrix), the monaural tones had to be augmented
by 7 dB for them to appear equally loud. For equal SPL
monaural and binaural stimuli (i.¢., collapsing the sound-
pressure dimension in the data matrix), the monaural tone
had to be tripled in duration to sound equally loud. This
yields a time-intensity trading relationship characterized
by a slope of —7 dB per tripling of duration; that is, for
loudness to be judged equal, intensity has to be decreased
by 15 dB for each tenfold increase in duration,

Time-intensity tradeoff assessed from loudness func-
tions at each duration. Table 2 presents parameters of

the pawer fits applied to the loudness functions at the differ-
ent durations for monaural and binaural presentations.

This is no obvious trend in the derived exponents across
either mode (monaural vs. binaural) or duration. The aver-
age is about .40, consistent with the value derived on the
basis of the marginal means. Moreover, the fits to the
power functions are again excellent.

To obtain traditional time-intensity tradeoff functions,
the six loudness functions were horizontally intersected
at the same ordinate values for both modes of stimula-
tion. Thus generated, one such pair of monaural and
binaural trading functions for {the same) equal loudness
is shown in Figure 5,

For both conditions, as stimulus duration tncreased, the
intensity necessary to produce an equal-loudness judgment
decreased. This trading relationship does not, however,
obey a rule of simple reciprocity because the lincar region
of each function does not have a slope of — 1. The slopes,
based on the five shortest durations for the monaural mode
and all durations for the binaural mode, have a mean
of —1.75. On the average, then, intensity had to be
decreased by 17.5 dB for each tenfold increase in dura-
tion. This trading relationship is very much like the one
derived earlier and is quite (though not fully) consistent
with those obtained by Algom and Marks (1984), Small
et al, (1962), and J. C. Stevens and Hall {1966) in their
studies of suprathreshold integration. Note, though, that
the latter two studies used a wide-band noise as a stimu-
lus, in contrast to the 2000-Hz tone used here. Note,
too, that although a critical duration of approximately
256 msec characterizes the monaural data, no compara-
ble changes are detectable in the slope of the respective
binaural trading fanction,

Loudness functions and binaural gains assessed from
the time-intensity tradeoff. The monaural and binaural
trading functions in Figure 5 provide for yet another es-
timation of the binaural gains. Over their linear ranges,
the vertical separation between the monaural and the
binaural functions is about 6.7 dB, a value virtually iden-
tical to the 7-dB binaural gain derived an the basis of the
marginal means. Given the binaural-monaural ratio de-
rived earlier {in the vicinity of 1.5) this implies a loud-
ness function relative to SPL with an exponent of approx-

Fable 2
Parameters of the Psychophysical Power Function
for Loudness Relative to Sound-Pressure Level
at Six Different Durations for Monaural and Binaural Listening

Duration Maonaural Binaural
(in msec) a b r a b r?
16 -7 34 97 —.64 34 92
32 -.72 .36 R -.59 38 R
64 —.64 38 97 —.56 4 R
128 -5 .36 98 -.55 4 R4
256 -.52 4 99 — .45 42 R
512 ~.58 42 09 -3 42 99

Mean 38 39

Note—a = intercept, # = power-function exponent.
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Figure 5. Equal-loudness confours giving the combinations of du-
ration, pressure, and mode of listening (binaural vs, monaural) that
produced the same subjective loudness.

imately .51, The horizontal separation of the curves—the
difference in duration between equally loud monaural and
binaural stimuli—gives the binaural gain in time. The trad-
ing functions indicate roughly a 2.5-fold binaural gain.
Given the corresponding 6.7-dB gain in pressure, this
yields a time-intensity trading ratio of —6.7 dB/2.5 mscc
{or approximately — 18 dB/10 msec). Incidentally, the
2.5-fold binaural gain in duration also implies a scale for
toudness which grows as the .43 power of tone duration.
Clearly, then, these estimates for loudness as a function
of SPL and as a function of duration, as well as the as-
sessment of the time-intensity recipracity, closely cor-
respond to the respective values derived earlier on the ba-
sis of the metric properties of the data taken as a whole.
Moreaver, both sets of estimates, it should be recognized,
were obtained independently of subjects’ numerical
judgments.

What is the relationship between temporal and binaural
summation? The overall pattern of the response array re-
mains strikingly uniform regardless of the type of sum-
mation tested. The rules shown to govern the binaural
summation of long supercritical tones also apply to much
shorter tones regardless of temporal summation that the
latter undergo. Moreover, temporal summation of supra-
threshold tonal stimuli follows the same course regard-
less of whether the tones are presented to just one ear or
to both. This outcome, namely the total lack of mutual
influence or interaction between the two integration
processes, suggests that they are based on orthogonal, pos-
sibly identical, mechanism(s). The underlying network of
integration, to be thought of as a neural organization at
some high level in the auditory system, sums these types
of input in an additive manner.

EXPERIMENT 2
TEMPORAL INTEGRATION AND BINAURAL
SUMMATION OF BROAD-BAND NOISES

Method

Subjecits. Eight subjects (5 females) participated in this experi-
ment. Their ages ranged rom 19 to 32, with a mean of 22 years,
The criteria for selection were those used in Experiment 1. None
of these subjects had taken part in Experiment 1, but two had previ-
ous experience in judging loudness.

Apparatus and Procedure, The production of the stimuli was
identical to (hat used in the previous experimeni, except that a
General Radijo 1390-B random-noise generator provided the trape-
zoid shaped, 1-msec onset and | -msec offset, bursts of noise, The
makeup of these stimuli and the detzils of the methad and proce-
dure were like those used in Experiment !. The set of stimuli again
<omprised all 60 combinations of six durations (16~512 mseq), five
SPLs (30-70 dB), and two modes of presentation (monaural and
binaural) of white noise. The response of the headphones was es-
sentially flat between 300 and 5000 Hz: there were a few dips and
rises that in no case exceeded 2 dB. Each sutbject made four judg-
ments per stimulus in all, Again, the method was free-magnitude
estimation. The subject’s task was to assign numbers in proportion
to loudness.

Results and Discussion

Metric structure. Figures 6 and 7 present the factorial
plots for the monaural (right ear) and binaural presenta-
tions, respectively. Both families of functions are linearly
divergent, as they should be if they reflect bilinear inter-
action. They both pass the visual test of bilinearity ob-
tained by spacing the stimuli in the horizontal axis accord-
ing to the marginal means. Both families of functions
appeared as a fan of straight lines.* To a first approxima-
tion, then, these results imply that the subjects did use a
simple multiplicative process when they estimated loudness,
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Figure 6. Monaural temporsl integration of noise. Same as
Figure 1, for wide-band noise bursts, :




LOUDNESS SUMMATION FOR TONE AND NOISE

1t

. )

)

Ly

5

D k{d g

%]

-~ * A

) / /

Ly ot

—_ -y

< . :

: / / /

E ' 'f.l

%) / /'fz

Y /142?54"'
e . .
KEi] 40 50 60 rt ]

DECIBELS SPL - BINAURAL

Figure 7. Binaural temporal integration of neise. Same as Figure 2,
for wide-band noise bursts.

Loudness of wide-band noise as a function of pres-
sure. Figure 8 gives the monaural and binaural loudness
functions with respect to SPL, based on the marginal
means of the respective response matrices. The data for
both conditions appear somewhat bow-shaped, a curva-
ture that has been noted several times before for noise
(Marks, 1980; Pollack, 1951; Scharf & Fishken, 1970).

A striking characteristic of the binaural and monaural
functions, as shown in Figure 8, is the systematic change
in the number of decibels separating them. The results
of Irvin (1965), Marks (1980), Reynolds and S. S. Stevens
{1960), Scharf (1968), Scharf and Fishken (1970}, and
recently, of Algom et al. (1988) showed a similar change
with level for noise stimuli. At low levels, the monaural
noise had to be about 4 dB greater than the binaural noise
to be judged as loud, but this difference increased to about
9 dB, in the present set of short noise bursts, at levels
around 70 dB. If we grant power functions to describe
the growth of loudness (the exponents are .68 and .60,
respectively, for the binaural and monaural data; »? = .96
and .98, respectively), then the ratio of binaural to
monaural loudness increases continuously with increas-
ing SPL. By way of contrast, the data on pure tones (Ex-
periment 1) show a decibel difference that remains
roughly constant at 7 dB for the entire 30-70 dB range.*

More important to the present purpose than the form
of these particular psychophysical functions is the demon-
stration that binaural summation of brief noise stimuli
obeys exactly the same rules that govern binaural sum-
mation of much longer noise stimuli. That these brief
stimuli presumably undergo a concurrent process of (
poral integration does not seem to alter the cours
binaural summation in any systematic fashion, Botk
long noises beyond the critical duration and for t
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noises below the critical duration, binaural summation is
partial at low SPLs, increasing toc greater summation at
high SPLs. Different rules of interaural integration, then,
apply to wide-band noises and to narrow-band signals,
regardless of duration.

Loudness of wide-band noise as a function of dura-
tion. Figure § presents the loudness functions for mon-
aural and binaural presentations with duration as the ar-
gument. The fits to the power functions are good (r* =
.989 for the monaural function and .993 for the binaural
function). There is only a slight difference in slope (&),
the binaural function being a bit steeper (b = .62 and .65
for the monaural and binaural conditions, respectively).

Figures 8 and 9 seem to imply that the growth of loud-
ness with either increasing pressure or increasing dura-
tion is greater for noises {present experiment) than for
pure tones (Experiment 1). It is not clear why the loud-
ness functions for duration, while following a power law,
should differ for tones and noises. A possible clue comes
from the examination of the time-intensity trading func-
tions for equal loudness derived in previous studies. Typi-
cally, tones yield shallower reciprocity functions than do
noises, with a slope closer to — 1.0 {Algom & Marks,
1984; see also Scharf, 1978), which implies a greater role
for duration in noise.

If we take the monaural and binaural loudness functions
for duration to parallel one another, an additional scale
for loudness can be derived. The average horizontal sepa-
ration between the functions in Figure 9 is about .4 log
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Figure 9. Binaura! summation of the loudness of noises as a func-
tion of duration. Same as Figure 4, for functions derived from the
marginal means of the data plotted in Figures 6 and 7.
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Figure 10. The growth of the loudness of noise bursis as a function
of stimulus magnitude for six different durations. The data are those
presented in Figure 7, plotted in doubledogarithmic coordinates,

units. This binaural gain means that a 2.5-fold increase
in the duration of a monaural noise burst is needed for
it to sound equally as loud as a binaural burst of the same
SPL. Given an average binaural-monaural loudness ratio
of 1,88 (Table 3), this yields a loudness function which
is about the .69 power of duration.

Time-intensity tradeoff for noise. Power fits were at-
tempted to the judgments at each duration, separately for

the monaural and binaural data. Good only as a first ap-
proximation (note the curvature or bowing in the shape
of the curves in the example provided in Figure 10), the
fits seem, nevertheless, satisfactory for a convenient sum-
mary (Table 4).

At all durations, the exponent of the binaural function
is greater than the exponent of the corresponding monaural
function. The mean difference is .066, quite consistent
with the value [a difference of .08 (.68 —.60) between
binaural and monaural listening] derived earlier on the
basis of the marginal means.

The log-log plots of the loudness estimates at the six
durations were intersected at several arbitrary ordinate
levels for both menaural and binaural listening. Figure 11
plots one such set of corresponding pairs of pressure and
duration, at both monaural and binaural modes of presen-
tations, necessary to produce an equal-loudness judgment.

There is a fundamental difference between tones and
noises in the way they interact binaurally, and, conse-
quently, in their respective courses of temporal integra-
tion. The monaural and binaural trading functions for
tones were essentially parallel, reflecting a virtually iden-
tical course of temporal integration for both listening con-
ditions. This was not so with noises: The reciprocity func-
tions for moenaural and binaural listening are nonparallel,
converging at the lower right. The binaural function has
a slope of approximately —1.4, whereas the monaural
function has a significantly steeper slope of around —2.0.
Clearly, the integration of monaurally presented noise
stimuli follows a different time course than does the in-
tegration of binaurally presented stimuli. The vertical
separation between the monaural and binaural functions
decreases gradually from about 12 dB at the shortest du-

Table 3
Average Binaural-io-Monaural Loudness-Judgment Ratios
for Nuoises at Different Sound-Pressure Levels (SPLs) and Durations

Dration {in msec)

SPL

(in dB) 16 12 64 128 256 512 Mean
3a 1.37 1.68 1.8 0.83 1.27 1.45 1.4
40 0.81 2.07 1.75 1.43 2.02 2,52 1.76
50 0.7 1.7 2.8 1.39 1.45 2.3 1.89
60 1.99 1.28 2.17 2,70 2.53 2.52 2.19
70 1.96  2.10 2.53 2.55 2.26 1.71 2.18
Mean 1.56 1.76 2.21 1.78 1.9 1.75 1.88

Table 4

Parameters of the Psychophysical Power Function
for Loudness Relative to Sound-Pressure Level
at Six Different Durations for Monaural and Binaural Listening

Duration Monaural Binaural
{in msec) a b r? a b rt
16 ~1.89 0.68 0,92 —-1.78 0,72 0.95
32 —1.45 0.56 0.95 -1.3 0.6 0.98
6d -1.32 0.56 0.97 —-1.06 0,58 0.98
128 ~1.05 0.56 0.96 —1.4 0,76 0.56
256 -~1:12 0.66 .96 —0.92 0.68 0.9%
512 -0.7 0.56 0.99 —-0.6 0.64 0.98

Mean 0.60 0.66

Note—g = intercept, b = power-function exponent;






