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Binaural additivity of loudness
in children and adults
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Thirty-six different binaural noises were formed by crossing six right-ear intensities of a broadband
noise with the same six intensities in the left ear in a 6 X 6 factorial design. Children (6-7 years of age)
and adults were presented with 2of these 36binaural noises on a trial and asked to indicate which noise
was louder. In Experiment 1, the left- and right-ear noises were in phase and differed only in intensity.
In Experiment 2, the left-and right-ear noises were in opposite phase. For both the children and adults
in Experiments 1 and 2, the paired comparison judgments of binaural loudness were shown to satisfy
the testable axioms of conjoint measurement (transitivity and double cancellation), permitting the de
termination of interval scales of loudness for the left ear, right ear, and the sum of the two ears. Power
functions provided a good description of the relation between loudness and sound pressure for the left
and right ears of both children and adults. For both adults and children, an examination of the pattern
of differences in judgments between Experiments 1 and 2 indicated that, when the noises were in
phase, the contribution of the right ear to fused loudness was greater than when the noises were pre
sented in counterphase.
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where P is sound pressure and k and n are constants. This
power-function relationship is often referred to as Stev
ens's law (Stevens, 1956). To perform this task, however,
subjects must be able to understand the ratio properties
ofnumbers. But, as Teghtsoonian (1980) has noted, very
few children younger than 8 years are capable of using
numbers in this fashion. Thus, the use ofnumerical estima-

The Measurement Problem
In a typical loudness-scaling experiment, subjects are

asked either to assign numbers to sounds so that the num
bers are proportional to the loudnesses of the sounds or
to match number magnitude to loudness. For adult sub
jects, these numerical judgments, N, are typically found
to be a power function of sound intensity; that is,

Although there is an extensive literature on the relation
ship ofloudness to sound intensity (see Marks, 1979b, for
a review), almost all of these studies employ adult listen
ers. Thus, we have little information concerning develop
mental changes in the perception ofloudness. For the most
part, this is due to the difficulties in obtaining valid loud
ness judgments from children.

tion techniques is unlikely to give valid results in young
children.

Bond and Stevens (1969) and Teghtsoonian (1980) have
suggested that a better strategy for evaluating loudness in
children would be to have them perform a cross-modality
match. Bond and Stevens trained 5-year-old children to
adjust the brightness of a light to match the loudness of
a sound. Teghtsoonian had children in one condition ad
just the length ofa line to match the loudness ofa sound
and in another condition to adjust the loudness ofa sound
to match the length of a line (a balanced cross-modality
matching procedure). Although both Bond and Stevens
(1969) and Teghtsoonian (1980) were able to obtain con
sistent loudness matches in this fashion for children as
young as 4 years of age, the relationship ofsuch matches
to perceived loudness is uncertain. The outcome of a
match of loudness to line length will depend not only on
the relation between loudness and sound intensity, but also
on the relation between perceived line length and physical
length. Because both of these relationships are unknown
in children, we cannot use the outcome of a cross-modal
match to uncover the form ofthe loudness function. To see
that this is true, we need only note that both Stevens's
power law and Fechner's logarithmic law [L = a 10g(P)]
predict that cross-modality matches should be linearly
related on log-log coordinates. Thus, cross-modal matches,
by themselves, do not permit the determination ofa loud
ness function in children.

Collins and Gescheider (1989) attempted to measure
both loudness and line length using the absolute magni
tude estimation (AME) paradigm before having the adults

(I)N= kpn,
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and children (4-7 years ofage) in that experiment perform
a cross-modality match between line length and loudness.
In absolute magnitude estimation, the subject is encour
aged to use her or his own scale and to not compare
one stimulus to another when assigning a number. They
found reasonable power functions for the growth ofloud
ness in children provided that they corrected for certain
problems in children's AMEs. Twoproblems were noted.
First, some children did not use numbers smaller than 1.0.
At the other extreme, some children used large numbers
that they could not consistently order. In determining
least squares estimates of the exponent, Collins and
Gescheider used only the largest stimulus that was as
signed the number I in their least squares estimates of
the exponent and eliminated all numerical responses that
fell above the numerical limit beyond which children
could not consistently order numbers. They noted that
once children's judgments were corrected for these two
factors, they produced power functions with exponents
similar to that of adults.

Note, however, that in the Collins and Gescheider (1989)
study, young children experienced some difficulty in us
ing numbers appropriately. First of all, a comparison of
the adult and child magnitude estimation function (see
their Figure I) shows that children do not use numbers
below I. Second, an examination of their Table I shows
that the upper numerical limit beyond which they cannot
order numbers appropriately ranges from 20 to 100. Thus,
children, at best, have only a restricted numerical scale
that they can match to line lengths. We need, therefore, a
method of measuring loudness in children that can de
termine the precise form of the loudness function, but
whose requirements are well within the cognitive capabil
ities ofvery young children. Wewill show below that con
joint measurement techniques, applied to binaural loud
ness judgments, satisfy these criteria.

Binaural Loudness
When identical sounds, differing only in amplitude, are

presented to the left and right ears, the listener perceives
a single fused sound whose perceived location and loud
ness is a function of both the left- and right-ear intensi
ties. Let L(Pa,Pp ) represent the loudness of a binaurally
fused sound where the subscripts a, b, c, and so forth, spec
ify the sound pressures of the left-ear sounds and the sub
scripts p, q, r, and so forth, specify the intensities of the
right-ear sounds. A simple model for the loudness ofthis
fused sound is

L(Pa,Pr) = LL(Pa) + LR(Pr), (2)

where LL and LR are left- and right-ear loudnesses. In
words, Equation 2 says that the loudnessofthe fused sound
is the sum of the left- and right-ear loudnesses.

Several studies (Algom & Marks, 1984; Levelt, Riem
ersma, & Bunt, 1972; Marks, 1978, 1979a, 1980) have
shown that the judgments ofsubjects are, for the most part,
consistent with this additive model (but see Gigerenzer
& Strube, 1983). These studies also show that both left-

and right-ear loudness is a power function of sound in
tensity; that is,

LL(P) = kLPnL and LR(P) = kRpn R , (3)

where kL,kR,nL' andnR are constants. Finally, most ofthese
studies find that nLand nR are roughly equal, suggesting
left and right symmetry for binaural additivity.

The Measurement Technique
Most of the studies of the relation between binaural

loudness and sound intensity have obtained numerical
judgments of the loudnesses of fused sounds from adult
subjects. But as we have already seen, the use ofnumer
ical estimation techniques with children is, at best, risky.
Luce and Tukey (1964), however, have provided a tech
nique, called conjoint measurement, by which loudness
scales can be derived from judgments of which of two
binaurally fused sounds is louder. Clearly, such compar
ative loudness judgments should be well within the ca
pabilities of even very young children (Jensen & Neff,
1993; Maxon & Hochberg, 1982). For this reason, we have
employed these conjoint measurement techniques to
study binaural loudness in children.

In each oftwo experiments, independent groups ofboth
children and adults were asked to compare two binau
rally fused sounds and indicate which of the two sounds
was louder (the first or the second). A set of36 binaurally
fused sounds was created by crossing 6 left-ear intensi
ties ofa broadband noise with the same 6 intensities pre
sented to the right ear. On a trial, the subject was presented
with two fused sounds from this set in a two-interval
forced-choice (2IFC) task and asked to indicate which
sound was louder. Thus, the subject might be asked to in
dicate, for example, whether (50,74) was louder than
(56,68) or vice versa, where the numbers in the paren
theses specify the left and right ear intensities in decibels
SPL. If the additive model (Equation 2) holds, then

(50,74):2': (56,68)

iff Ld50) + L R(74):2': LL(56) + L R(68). (4)

Note that for certain of the pairs, we know exactly what
the outcome of the judgment should be. For example, if
asked to compare (50,74) with (62,80), a subject who is
following instructions should judge the latter as louder
than the former, because the left and right intensities in
the second sound are both greater than they are in the first
sound. During a session, subjects were occasionally pre
sented with such pairs and visually reinforced for mak
ing the appropriate response. Performance on such pairs
was monitored to ensure that subjects were following
instructions.

Scale Construction and Validation
Luce and Tukey (1964) have shown that loudness com

parisons must satisfy certain constraints ifleft- and right
ear loudnesses are to be considered as additive. First of
all, the comparisons must be transitive; that is,
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(Pa,Pp ) ~ (Pb,?,. )

and (Pb,Pr) ~ (Pc,?')::::} (Pa'Pp ) ~ (Pc'?')· (5)

A second constraint, and one that is not so immediately
obvious, is referred to as double cancel1ation.Ifloudnesses
are additive, then

(Pa'Pp ) ~ (Pb,Pr)

and (Pb,?, ) ~ (Pe,Pp ) ::::} (Pa'?") ~ (Pe,Pr)· (6)

Wecan identify the reason for this condition if we substi
tute, in each of the pairs in Equation 6, their correspond
ing loudnesses as determined by Equation 2. For the in
equalities on the left of the implication sign, we have

LL(Pa) + LR(Pp ) ~ LL(Pb) + LR(Pr),

and

LdPh) + LR(P,) ~ LL(~') + LR(Pp ) ' (7)

Adding these two inequalities together yields

LL(Pa) + LR(Pp ) + LL(Pb) + LR(P,)

~ LL(Ph) + LR(Pr) + LL(Pe) + LR(Pp ) ' (8)

Eliminating common terms on both sides of the inequal
ity leaves

sound as centered in their heads. If, however, the left-ear
intensity is greater than the right-ear intensity, they will
perceive the sound as displaced toward the left ear, with
the extent ofthe displacement varying with the interaural
intensity difference. This means that in the conjoint loud
ness paradigm, the two sounds to be compared might dif
fer not only in loudness but also with respect to lateral
position. Levelt et al. (1972) have shown that adult sub
jects can make consistent loudness comparisons indepen
dent of differences in lateralization. However, the possi
bility that the judgments ofchildren might be influenced
by perceived lateral position remained. In an attempt to
control for such a factor, we had adults and children not
only compare the loudnesses of in-phase noises (Exper
iment I) but also the loudnesses of counterphase noises
(Experiment 2).

When left- and right-ear noises are in counterphase,
their interaural differences are not consistent with those
expected of a single source. Consequently, the resulting
noise tends to be perceived as more diffuse and less lateral
ized (see Durlach & Colburn, 1978, p. 375, for a discussion
of these issues). To investigate whether loudness summa
tion in children was influenced by the degree of fusion and
lateralization, children and adults were tested with both
in-phase and counterphase noise.

(9) METHOD

Thus, if loudness is additive, double cancel1ation must
hold. Krantz, Luce, Suppes, and Tversky (1971) have
shown that if, for al1 effective purposes, double cancel1a
tion is not violated, the system is additive. We can, there
fore, test whether the loudness comparisons are consistent
with an assumption ofan additive model (Equation 2). This
test, combined with the test pairs for which the direction
ofthe loudness comparison is known, a priori, can be used
to evaluate the extent to which the children are actual1y
judging loudness.

Deriving Loudness Scales
Provided that the system is additive, we can determine

scale values for the loudnesses of the left-ear sounds, the
loudnesses of the right-ear sounds, and the loudnesses of
the fused sounds, which are, for al1 practical purposes,
unique up to addition and multiplication by a constant.
Specifical1y,if SLand SR are the loudness-scale values de
rived from the paired comparison judgments for left and
right signals, respectively, then SL and SR are related to
the "true" loudness values, LL and L R, by the fol1owing
transformations

SL = aLL + f3L' SR = aLR+ f3R' (10)

where a, f3L' and f3R are constants. In other words we can
achieve interval scale measurement ofloudness in a bin
aural summation paradigm.

Binaural Additivity and Interaural Phase
When the left- and right-ear sounds are in phase and of

equal intensity, adult subjects wil1 tend to perceive the

Subjects
Twenty children were recruited from local schools, parent groups,

and letters sent to nearby families for Experiment I; 25 children were
similarly recruited for Experiment 2. The 40 adult participants (20
in each experiment) were staff and students associated with the De
partment of Psychology at the University of Toronto. The children
were between 6.08 and 7.33 years old (mean age = 6.91 years). The
adults were between 19 and 27 years of age (mean age = 22.25
years). No subjects had any known auditory pathology, and all were
free of colds on test days.

Apparatus
The signal was broadband noise. It was obtained by passing the

output of a General Radio (Model 1381) noise generator through a
Wavetek (System 716) filter. The spectrum level of the noise, after
filtering, was flat up to 5 kHz and declined at a rate of 115 dB/octave
thereafter. This signal was then split into two channels, each chan
nel consisting of an electronic switch (rise/decay time of 10 msec)
and a programmable attenuator. The electronic switches controlled
signal presentations, and the programmable attenuators controlled
signal intensities. Each channel drove one side ofa matched pair of
earphones (TDH-49). In Experiment I, the interaural phase was 0";
in Experiment 2, an interaural phase shift of 1800 was obtained by
reversing the polarity of the input to one of the earphones.

Procedure
Trial structure. A trial consisted of the sequential presentation

of two binaural sounds (duration = 744 msec) separated by an inter
stimulus interval of 744 msec. Each trial began 50 msec after an
initiating buttonpress was made by an experimenter, who was also
present in the booth, when she judged the child to be in an attentive
state. The child was then asked to press one of two buttons to indi
cate which of the two sounds was louder. After initial training. the
children almost never had to be prompted to respond after the pre
sentation ofthe two sounds. No reinforcement was given on test tri
als. On control trials, correct responses were reinforced by illumi-
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nating and activating one of four mechanical toys located in a box
to the left of the child.

The testing situation was identical for the adults, except that the
experimenter was not in the chamber during testing, subjects pressed
the button initiating the trial, and only the light and not the toy was
presented for correct responses on training and control trials. No adult
subject participated in more than two sessions on a single day.

The 36 fused sounds that constituted the stimulus set were cre
ated by crossing six intensity values (50, 56, 62, 68, 74, and 80 dB)
of the noise in the left ear with the same six values of the noise in
the right ear. With 36 fused sounds, there are (36 X 35)/2 = 630
possible paired comparisons ofdistinct sounds. However, in 405 of
these 630 comparisons, the left- and right-ear intensities in one pair
were greater than or equal to the left- and right-ear intensities in the
other pair. If monaural loudness is monotonic with intensity, then
the pair with the greater intensity in both ears should be judged as
louder; that is,

Pa ~ r, and Pp ~ Pq =} (~,Pp) ~ (Pb,Pq),

or

r, <5.PbandPp <5. Pq =} (~,Pp) <5. (Pb,Pq). (II)

Consequently, paired comparisons of this type were not presented
on test trials. Thus, on test trials, I ofthe remaining 225 comparisons
for which the direction ofthe loudness judgment could not be spec
ified a priori was presented.

On control trials, one of the following five pairs was randomly
selected: (50,50) versus (56,56); (56,56) versus (62,62); (62,62)
versus (68,68); (68,68) versus (74,74); and (74,74) versus (80,80).
Note that, for each of the pairs, there is a 6-dB separation in left
and right-ear intensities, and that the direction ofthe loudnessjudg
ment is predetermined and could be reinforced. Each child partici
pated in six test sessions on different days. During the first session,
only control pairs were presented. Each of the remaining five
test sessions consisted of45 test trials and 10 control trials. The 225
test pairs were distributed randomly over the five sessions. Trials I,
7,13,19,25,31,37,43,49, and 55 were control trials. On control
trials, each ofthe five control comparisons was randomly presented
twice during the session. The order of presentation of the stimuli
within a trial was randomly determined. Thus, each subject was
exposed once to one ofthe 225 test comparisons and asked to indi
cate which of the two fused sounds (the first or the second) was
louder.

RESULTS

Control Pairs
In control pairs, the right- and left-ear intensities ofone

of the pairs was always 6 dB greater than the right- and
left-ear intensities in the other pair. Therefore, ifthe chil
dren were actually judging loudness, we would expect
them to pick the sound whose left- and right-ear intensities
were greater. The average percentage correct on these con
trol trials in Experiment 1 was 91.6% for the children
and 98.4% for the adults. In Experiment 2, the averages
were 93.4% and 98.1% for the children and adults, re
spectively. Although children performed less well than
adults, the scores on the control pairs are sufficiently high
to support the contention that the children were actually
judging the loudnesses of the fused sounds.

Loudness Comparisons and Lateralization
On noncontrol comparisons, if the left-ear intensity of

the first sound was greater than the left-ear intensity ofthe

second sound, the right-ear intensity of the second sound
was always greater than the right-ear intensity of the first
sound. Conversely, if the right-ear intensity of the first
sound was greater than the right-ear intensity ofthe second
sound, the left-ear intensity of the second sound was al
ways greater than the left-ear intensity of the first sound.
Therefore the two sounds should always be lateralized to
opposite sides of the midline. If children were to experi
ence a greater degree of difficulty than adults in com
paring sounds differing in lateral position, then we might
expect their judgments to be more variable than those of
adults. To check for this, we examined all 70 paired com
parisons in which either the left- or right-ear intensity in
one of the fused noises was at least 12 dB greater than ei
ther the left- or right-ear intensity ofthe other fused noise
[e.g., (56,80) vs. (68,56) or (74,50) vs. (56,62)]. Under
these conditions, we would expect the sound whose left
or right-ear intensity was at least 12 dB greater than either
the left- or right-ear intensities of its comparison to be
judged as louder. For the in-phase noise condition, the
adults judged the sound whose left- or right-ear intensity
was at least 12 dB greater than the left- or right-ear inten
sities of the comparison sound to be louder on 96.6% of
the trials; the children judged them to be louder on 90.4%
of the trials. Although adults had a slightly higher per
centage than children, both groups were capable ofmak
ing consistent loudness judgments when the two sounds
to be compared were lateralized to different sides of the
head and the intensity difference between the two sounds
was sufficiently large in order for one to be confident as
to the expected direction of the comparison.

In Experiment 2, where the sounds were in counter
phase, 96.7% of the adults and 90.0% of the children
judged the sound with the greater (~12 dB) left- or right
ear intensity as louder. Thus, whether or not the sounds
were in phase (and, presumably, well lateralized) or in
counterphase (and, presumably, more diffuse and less
well lateralized) had no discernible effect on the per
centage of times the sound with the more intense left- or
right-ear intensity was judged as louder in all 70 of these
loudness comparisons for both children and adults.
Moreover, for these comparisons, the only difference be
tween children and adults was that the percentages were
slightly higher for adults than for children. Given that
percentages were also slightly higher for adults for the
control stimuli, it seems reasonable to conclude that al
though children might be slightly more variable than
adults, both groups are capable ofmaking consistent loud
ness judgments that are independent of the laterality of
the sounds being compared.

Transitivity and Double Cancellation
The data for each subject consisted of her or his judg

ment of which of the two fused sounds was louder for
each of the 225 comparisons. If(Pa,Pp ) was judged to be
louder than (Pb'~) by more than one-halfof the subjects,
we write (Pa,Pp ) > (Pb'Pq ) , For the adult subjects in Ex
periment 1, there were four pairs such that exactly one-
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half of the subjects judged one of the two fused sounds
to be louder than the other. In that case, we write (Pa'Pp ) =
(Pb,Pq ) . For the children in Experime~t I, there were six
pairs that were judged equal. In Expenment 2, there w~re

four pairs judged equal by the adults. In all of the pairs
judged equal by children and adults in both experiments,
there was no more than a 6-dB difference between the
higher intensity components of the tW? soun.ds. ~here
were, ofcourse, no equal pairs for the children m this Ex
periment 2 because an odd number ofchildren were tested.
However,in all ofthe cases where the direction ofthe com
parison was within I vote ofa tie, there was also no more
than a 6-dB difference between the higher intensity com
ponents ofthe two sounds. Thus, for both adults an~ chil
dren, close decisions were limited to pairs with an mten
sity separation of no more than 6 dB between the more
intense ear component of the two sounds.

To check for transitivity in each experiment, we at
tempted to order the fused sounds such that whenever
subjects judged (Pa'Pp ) :? (Pb'Pq ) , the fused so~nd (Pa'Pp )

was assigned a higher rank than (Pb'Pq ) ; that IS,

If(Pa'Pp ) :? (Pb'Pq ) , then N(Pa'Pp ) > N(Pb,Pq ) , (12)

where N stands for the ordinal position of the pair. If there
are no violations of transitivity, an ordering of the fused
sounds can be found which does not violate Condition 12.
If, on the other hand, there are violations of transitivity,
there is no ordering of the fused sounds that will not lead
to a violation of Condition 12. For example, if (Pa'Pp ) >
(Pb'Pq ) and (Pb,Pq ) > (Pe,Pr) but (Pe'Pr) >.(Pa'Pp ) , t.he
three pairs in question cannot be ordered Without a VIO

lation of Condition 12. An ordering was sought that re
sulted in the minimal number of violations of Condi
tion 12. For the adults in Experiments 1and 2, the number
ofviolations oftransitivity were 0 and I, respectively. For
children, the number of violations was 1 in Experiment I
and 3 in Experiment 2. Given the relatively low number of
violations, we conclude that the transitivity requirement
was satisfied for both children and adults.

To test for violations of double cancellation, all possi
ble cases in which the antecedent conditions (see Equa
tion 6) were met were examined. For the adults in Ex
periment 1, there were 210 cases in which the antecedent
condition held and 3 violations of double cancellation,
for a failure rate of 1.43%. For the adults in Experiment 2,
there were 196 cases in which the antecedent conditions
held and 3 violations ofdouble cancellation, for a failure
rate of 1.5%. For the children in Experiment 1, there were
185 cases in which the antecedent conditions held and a
2.16% failure rate. In Experiment 2, there were 199 tests
of double cancellations and a failure rate of 3.0% These
failure rates are comparable to those observed for both
individual and group data in paired comparison experi
ments on loudness additivity (Levelt et aI., 1972; Schnei
der, 1988). These results suggest that judgments of loud
ness satisfy to a reasonable degree both transitivity and
double cancellation. Therefore, we conclude that binau
ral loudness is additive for both children and adults for
in-phase and counterphase noise conditions.

Loudness Scale Values
The 225 comparisons of fused tones for both children

and adults were used as an input to a conjoint scaling pro
gram (Bissett & Schneider, 1991) designed to assign val
ues, S, to each of the stimuli such that whenever

(Pa'Pp ) :? (Pb,Pq) , then S(Pa) + S(Pp ) :? S(Pb) + S(Pq) . (13)

Of course, in errorful data, it is not possible to do this
perfectly; hence, the program minimizes G, where Gis
the ratio of the number of violations of Condition 13 to
the total number of determinant comparisons in the ex
periment (the number of comparisons minus the number
of tied comparisons). If G = 0, then an additive combi
nation of values, S, assigned to left- and right-ear loud
nesses perfectly predicts subjects' judgments of which
of the two fused sounds is judged louder. For the adults,
the values of G were .009 and .014 for Experiments 1 and
2, respectively. For children, the values were .014 and .031
for Experiments 1 and 2, respectively.

These values of G can be used to estimate the degree
to which the values, S, obtained from this program actu
ally represent interval scale measurement. To accom
plish this, the index ofcoordinate metric recovery (CM)
was estimated. CM is the squared Pearson correlation co
efficient between the true loudnesses of the left- and
right-ear intensities (which presumably determined the
direction of the 225 loudness comparisons using Equa
tion 2) and the values produced by the program. Hence,
CM varies between 0 and 1, and CM = 1 means that the
true loudnesses have been perfectly recovered. In no em
pirical investigation using these techniques are the true
values known, but Bissett and Schneider (1991) show how
CM can be estimated given the number of stimuli and the
value of G. Hence, if the estimated value of CM is suffi
ciently high, the values obtained from the conjoint pro
gram can properly be regarded as interval-scale measure
ment. CM was estimated to be .999 or above in all cases.
Given the high estimated value ofCM, the projection val
ues for both left- and right-ear intensities can be consid
ered as interval scales of loudness.

Figure 1plots the projection values as a function ofdeci
bels of sound pressure for the left and right ears of both
children and adults in Experiments 1 and 2. If loudness
is a power function ofsound pressure, the projection val
ues should be linearly related to sound pressure raised to
a power; that is,

SL = a' kL • pnL + f3L'

SR = a' k«: pnR + f3R' (14)

An iterative least squares procedure was used to find the
best fitting values of akL , akR, nL, nR, f3L' and f3R' The
curves in Figure 1 represent the best fitting power func
tions to the data. Figure I shows that power functions
provide a good description of the relation between loud
ness and sound pressure for the left and right ears ofboth
children and adults in Experiments I and 2. Note that for
the children in Experiment 1 (in-phase noise), the left
and right-ear loudness functions are indistinguishable. For
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Figure 1. Loudness projections (arbitrary units) as a function of decibels of

sound pressure for the left and right ears of adults and children for in-phase
and counterphase noise.

the adults in this experiment, however, the right-ear loud
ness function is slightly steeper and has a more extensive
range than the left-ear loudness function, suggesting that
the right ear makes a greater contribution to binaural loud
ness than the left ear. The exponents of the power func
tions fit to the childrens' data were .34 and .34 for the left
and right ears; for the adults, the exponents were .55 and
.57 for the left and right ears, respectively.

The pattern of results in Experiment 2 is different. Here
the left- and right-ear loudness functions for the adults
are essentially identical, while the left-ear loudness func
tion for children has both a larger range and a steeper
growth function than the right-ear loudness function. Thus,
when noises are presented in counterphase, the left ear of
children appears to contribute more to binaural loudness
than does the right ear. The exponents of the power func
tions fit to the left and right ears of the children were .35
and .25, respectively. For the adults, the left- and right
ear exponents were .38 and .38.

In-Phase Versus Counterphase Noise
A comparison of in-phase and counterphase condi

tions suggests that the contribution ofthe right ear to bin
aural loudness is greater for in-phase than for counter
phase presentations in both children and adults. In adults,
the left and right ears contribute about equally to overall
loudness in the counterphase conditions, with the contri
bution of the left ear being somewhat less than that of
the right ear in the in-phase condition. Thus, the right ear

is given greater weight in the in-phase than in the counter
phase condition. In children, the right ear contributes less
to binaural loudness in the counterphase condition than
does the left ear, while in the in-phase condition its contri
bution is equal to that of the left ear. Thus, for children,
too, the right ear is given greater weight when the noise
is in phase than when the noise is counterphase.

To test whether or not this observed pattern was sta
tistically significant, the following analysis was per
formed. Recall that the paired comparisons tested in this
experiment were all of the form that ifthe right-ear inten
sity in pair 1 was greater than the right-ear intensity in
pair 2, then the left-ear intensity in pair 2 was greater than
the left-ear intensity in pair 1.Now consider the adult sub
jects in Experiments 1 and 2. Any differences in the loud
ness functions between Experiments 1 and 2 reflect the fact
that the judgments ofsome ofthe 225 comparisons made
by the subjects in Experiment 1 were different from those
made by the subjects in Experiment 2. In fact, of the 225
comparisons, the subjects in Experiments 1 and 2 agreed
on 208 of them. On 17 comparisons, however, when the
subjects in Experiment 1 judged pair 1 as louder than
pair 2, the subjects in Experiment 2 judged that pair 2 was
louder than pair 1. If these 17 disagreements reflected only
random error, we would expect that on the 17 pairs in
which the subjects disagreed, the subjects in Experiment 1
would choose the pair whose right-ear intensity was
greater about halfthe time. However, for these 17compari
sons, the Experiment 1 subjects always chose the sound
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whose right-ear intensity was greater. By a binomial test,
this is a highly significant difference (p < .000025, two
tailed). A similar pattern held for the children. Of the 25
comparisons on which the children in the two groups dis
agreed, the Experiment 1 children chose the pair with the
more intense right-ear sound exactly 24 out of 25 times
(p < .000005, two-tailed).

Recall that these are between-group comparisons. To
obtain a within-group comparison, we attempted to re
call as many of the Experiment 1 adults that we could so
that we could test them with counterphase noises. Nine
teen ofthe original 20 subjects agreed to repeat the experi
ment with counterphase noises. These 19 subjects dis
agreed about which of two pairs was louder in 32 of the
comparisons. In 31 of these cases, when the noises were
in phase, they chose the pair with the more intense right
ear sound (p < .000001, two-tailed). Clearly, the right ear
is weighted more heavily when noises are in phase than
when they are in counterphase.

It should also be noted that, on average, the loudness
functions were somewhat steeper for in-phase than for
counterphase noise in both children and adults. In adults,
the average of the left- and right-ear exponents for in
phase noise was .56; the average of the left- and right-ear
exponents for counterphase noise was .38. For children,
the average ofthe left- and right-ear exponents for in-phase
noise was .34; for counterphase noise, the average was
.30. Although the pattern of values for the exponents in
dicate that power-function exponents are larger for in
phase than for counterphase noise for both adults and
children (and, in general, larger for adults than for chil
dren in all conditions), it is difficult to tell, for two rea
sons, whether or not these differences are significant. First,
because we employed only a 30-dB range, the change in
form of the loudness function when the exponent changes,
say, from .55 to .38, is not large. This can be seen by com
paring the fitted functions to the left ear of the adults in
the in-phase and counterphase conditions in Figure 1,
where the corresponding exponents were .55 and .38, re
spectively.Second, because there is no error theory for the
loudness projection values, we cannot test whether this
exponent difference is significant. Therefore, we cannot
evaluate whether or not these exponent differences are sta
tistically significant.

DISCUSSION

Additivity and Scale Validity
The low rates offailure for transitivity and double can

cellation in the adult data support an additive model for
binaural loudness ofbroadband noise. In this respect, the
present study is consistent with the findings of Algom
and Marks (1984), Levelt et al. (1972), and Marks (1978,
1979a, 1980), which support an additive model for the
binaural summation of pure tones. Marks (1980), how
ever, has reported some experimental results that suggest
that binaural additivity does not hold for broadband noise.

In his experiment, subjects gave magnitude estimates of
the binaural loudness ofa broadband noise. As in the pres
ent experiment, different fused noises were produced by
crossing a set ofleft- and right-ear intensities in a facto
rial design. An analysis ofvariance ofthe matrix ofloud
ness estimates resulting from the crossing of left- and
right-ear intensities produced a significant interaction
term indicating a statistically significant deviation from
additivity. However, as Anderson (1970, 1974) and Car
terette and Anderson (1979) have pointed out, deviations
from additivity in such a matrix may simply be due to non
linear response biases in the magnitude estimates. Sup
pose, for instance, that loudness was additive (Equation 2)
but that magnitude estimates were nonlinearly related to
loudness. In that case, we would have ME =f[L(E;,,~)] =:

f[LLcPa) + LR(~)]' where ME is the magnitude estimate
of the loudness of a fused sound and f is a nonlinear but
monotonic function relating magnitude estimate to fused
loudness. Clearly, the transformed data, MEs, need not
be additive even though the underlying loudness repre
sentation is additive. Because numerous experiments in
volvingjudgments of sensory sums, sensory differences,
and sensory ratios have demonstrated the existence ofnon
linear response biases in numerical estimates (Algom &
Marks, 1984; Anderson, 1974; Curtis, Attneave, & Har
rington, 1968; Curtis & Rule, 1972; Fagot, Steward, &
Kleinknecht, 1975; Marks, 1978; Rule, Curtis, & Markley,
1970; Rule, Laye, & Curtis, 1974; Schneider, Parker,
Valenti, Farrell, & Kanow, 1978), testing for additivity
using direct estimates ofloudness may not be a valid test
for additivity of loudness. Loudness might indeed be ad
ditive while our measures are not.

A more serious problem for the binaural additivity of
noise arises when loudness matches are obtained be
tween monaural noises and binaural noises (Irwin, 1965;
Marks, 1980; Scharf, 1968; Scharf& Fishken, 1970). Let
Lm(P) be the function that relates monaural loudness to
sound pressure. Assuming identical loudness functions
in both ears and binaural additivity, binaural loudness
should be twice the monaural loudness, that is, Lb(P) =:

2L m(P ) . Consider a loudness matching experiment in
which the sound pressure ofa monaural noise, Px' is found
such that its loudness matches the loudness produced by a
binaural noise, Ps' This match should occur when Lm(PJ =:

LbcPs ) =: 2LmcPs)' Ifwe solve these equations for Px' we
have P; = L.;:;'[2LmcPJ], where L.;:;' is the inverse of the
monaural loudness function. The decibel difference, then,
between P; and Ps is 2010g{L.;:;'[2Lm(Ps)]/Ps } ' Now, in
the special case where Lm(P) is a power function of sound
pressure, it is easy to show that the decibel difference
should be 20 log(2)/n, where n is the exponent ofthe power
function. For I-kHz pure tones, the exponent of the loud
ness function obtained from magnitude-estimation ex
periments is around 0.6 (Marks, 1979a). Therefore, for
pure tones, we would expect an approximately 10-dB
difference between the binaural tone and the monaural
tone that matched it in loudness. Note, however, that this
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expectation is based on three assumptions: ear symme
try, binaural additivity, and a monaural power function
for loudness.

A number of studies have indicated that over a reason
able range of intensities (40-90 dB), there is an approx
imately 10-dB difference between a binaural tone and its
matched monaural tone (Marks, 1978,1980). For broad
band noises, however, the separation between binaural and
matched monaural noise increases from about 3 dB at
30 dB SPL to as much as 14 dB at 90 dB SPL (Marks,
1980; Scharf, 1968; Scharf& Fishken, 1970). Clearly, for
noises, one or more of the three assumptions upon which
the prediction ofa constant decibel difference is based is
violated. With reference to our study, it is reasonably clear
that the ears are not always symmetrical. Therefore, it is
not required that the monaural-binaural difference be in
dependent of intensity.

It is also true that loudness ofa broadband noise devi
ates from a power function (Scharf & Fishken, 1970;
Zwicker & Scharf, 1965). Although Figure 1 shows that
a power function apparently describes the growth ofloud
ness quite well, it is important to note that the present tech
nique cannot distinguish between a loudness function of
the form L(P) = kl?"and one in which L(P) = kpn + b, be
cause the projection values are only linearly related to
loudness. If b is not zero, then a plot oflog loudness ver
sus log intensity will not be linear. Indeed, several stud
ies have indicated that the loudness ofa broadband noise
is nonlinearly related to intensity in log-log coordinates,

a finding in accord with many other psychophysical stud
ies as well as physiological data (e.g., Scharf& Fishken,
1970; Zwicker & Scharf, 1965). Figure 2 presents some
data that are typical ofthe type ofrelation often observed
in a magnitude-estimation experiment (from Marks, 1980,
Experiments 1 and 2). The smooth curve fit to the data
points is a function of the form L(P) = kI'" + b, where
n = .35, k = .44, and b is -1.11. Clearly, a power func
tion with an additive constant describes the data quite
well. If we now use this function for loudness to predict
the monaural match to a binaural noise, we no longer pre
dict a constant difference as a function of intensity but a
decibel difference that increases from about 5 dB at 30 dB
to 16 dB at 90 dB. This difference between monaural and
matched binaural intensities is indeed very close to that
found by Marks in his experiment. Therefore, the present
experiment, which supports binaural additivity for noises,
is consistent with the data from loudness matching either
if we assume that monaural loudness ofnoises is not a sim
ple power function of loudness but one that is approxi
mated by the function kpn + b or if we assume that the
two ears do not contribute equally to binaural loudness.

Indeed, a reexamination of the data of Levelt et al.
(1972) indicates that, for both of their subjects, right-ear
loudness contributed more to binaural loudness than left
ear loudness for in-phase tones. Marks (1978, 1980) did
not present scale values for left and right ears separately,
so it was not possible to determine whether one ear con
tributed more to loudness than the other ear. Thus, the only
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Figure 2. Magnitude estimates of the loudness of a monaural noise obtained
in two experiments. Data are from Marks (1980) and were taken from his Fig
ure 3. The smooth curve fit to the function is of the form ME = kpn + b.
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previous instance in which right- and left-ear contribu
tions to binaural loudness were measured in a conjoint
paradigm (Levelt et al., 1972) also indicated that when
the sounds were in phase, the right ear tended to contrib
ute more to binaural loudness than did the left ear.

Developmental Changes
The rate of failure for transitivity and double cancel

lation for children is nearly as low as that for adults and
provides strong support for an additive model for binau
ral loudness in children. Given that the paired compari
son results for children also satisfy the conditions for an
additive model, we can consider the projection values ob
tained from these data as representing interval scale mea
surement of loudness. Note that in constructing these
interval scales of loudness for children we required a
simple judgment on their part (which of two sounds was
louder). That children were able to comply with these in
structions is indicated by the fact that they averaged 92.6%
on control trials (trials that presented pairs of sounds for
which the direction of the loudness judgment was known
a priori). Morover, a comparison of pairs in which the
left- or right-ear intensity ofone member of the pair was
at least 12 dB greater than either the left- or right-ear in
tensity of the other member of the pair indicated that chil
dren could make consistent judgments of loudness even
when the sounds to be compared differed in laterality. In
such pairs, we would expect the member with the greater
left- or right-ear intensity to be judged the louder. The per
centage oftimes that children judged the member with the
greater left- or right-ear intensity as louder was nearly as
large for children (90.4% and 90.0% for in-phase and
counterphase noise, respectively) as for adults (96.6% and
96.7%, respectively). The success ofthis technique, then,
is due to the use ofa judgment that is well within the cog
nitive capacity of the children.

The loudness functions obtained for both left and right
ears in children for in-phase noise were virtually identi
cal. For the adults, the right-ear loudness function has a
slightly greater range and steeper exponent than the left
ear function. This suggests that, relative to children, adults
favor the right ear in computing the binaural loudness of
in-phase noises. To check whether this was indeed true,
we examined those comparisons among in-phase noises
where adults and children disagreed. Of the 11 compar
isons in which they disagreed, adults chose the pair with
the higher right-ear intensity exactly 8 times, which was
not significant according to a binomial test (p > .05, two
tailed). Thus, although there is an indication that adults
favor the right ear more than do children for in-phase
noise, this trend is not significant.

The loudness functions obtained for both left and right
ears in adults for counterphase noise were virtually iden
tical. For children, however, the left-ear loudness function
had a greater range and steeper exponent than the right
ear loudness function. Again, this suggests that adults,
relative to children, give slightly more weight to the right
ear than to the left ear in computing the binaural loudness
ofcounterphase noises. When we examined the 15 com-

parisons on which adults and children disagreed, we found
that adults chose the pair with the higher right-ear inten
sity in exactly 11 ofthose 15 times. By a binomial test, this
again was not significant (p > .1, two-tailed). If, how
ever, we group the disagreements from both the in-phase
and counterphase conditions, then the propensity for
adults to favor the right ear relative to the performance
of children is statistically significant (19 out of 26, p <
.05, two-tailed). Thus, there is some indication that as in
dividuals age they tend to favor the right ear slightly
more with respect to binaural loudness.

Ear Dominance and Phase
Both children and adults apparently favor the right ear

more in computing binaural loudness when the noises are
in phase than when they are in counterphase. However,
it is possible that the right-ear advantage for in-phase noise
is an artifact resulting from comparing the loudnesses of
sounds that are lateralized on different sides of the head.
As noted earlier, in all of the experimental comparisons,
the two in-phase sounds to be compared will be lateral
ized to different sides ofthe head. Suppose there is a bias
to judge a sound experienced on the right side of the
head as louder than an equivalent sound on the left side
of the head.' This would result in a tendency to judge the
sound having the higher right-ear intensity as louder for
in-phase conditions. However, when the sounds are in
counterphase, they will be experienced as more diffuse and
will be less precisely lateralized. Therefore, for counter
phase sounds, we will expect less precise lateralization and
a diminution of the hypothesized right-ear bias. To check
on whether or not listeners have a side bias, we conducted
the following control experiment.

The control experiment employed six left-ear and six
right-ear noises with the same spectral characteristics
and sound pressure levels as those used in Experiments
1 and 2. Twenty adult listeners were presented with com
parisons between one ofthe six left-ear noises and one of
the six right-ear noises in a two-interval forced choice
paradigm (one sound in each interval) and asked to indi
cate which of the two sounds was louder. Note that, be
cause the sounds were monaural and presented sequen
tially, these loudness comparisons are between one sound
lateralized to the right and another lateralized to the left.
Each listener was presented with each of the 36 possible
pairs of the left- and right-ear noises (randomly ordered)
a total of six times in a single session. After completing
the first session, they were also tested in another session.
When the left-ear signal was more intense, subjects iden
tified the left-ear signal as louder 86.8% ofthe time. When
the right-ear signal was more intense, they identified the
right-ear signal as louder 85.9% of the time. Thus, there
was no evidence ofan ear bias when the sounds were un
equal. For the six pairs ofthe sounds whose right- and left
ear intensities were identical, listeners judged the right
ear sound to be more intense than the left-ear sound on
51% of the trials in the first session and on 48% of the
trials in the second session. Ofthe 20 listeners, 9 favored
the right-ear sound more than 50% of the time, 10 fa-
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vored the left-ear sound more than 50% of the time, and
I judged the right-ear sound as louder than the left-ear
sound exactly 50% of the time. Thus, there was no indi
cation that sounds on the right side are judged as louder
than sounds on the left side.

It appears, then, that for broadband noise, reversing
the phase affects the relative contribution of the two ears
to binaural loudness. The latter result was totally unex
pected. It has long been known that the right ear (left hemi
sphere) is dominant for dichotic presentations of speech
(see Bryden, 1982, for a review), and there are even some
indications of left-ear dominance for some, but not all,
nonspeech sounds such as musical chords (Bryden, 1982,
pp. 39--66). However,we are not aware ofany accounts that
suggest that a change of phase can produce a change in
ear dominance.

In most previous accounts of ear dominance, it is as
sumed that the reason for the dominance was related to
the cortical area responsible for processing the stimuli in
question. Thus, ifthe stimuli were speech or speech-like,
it was assumed that the right ear dominated in dichotic
listening tasks because speech is processed by the left
hemisphere. It is unlikely that a similar explanation can
be applied to the present results. First, the stimuli do not
resemble speech material. Second, there is no reason to
believe that the hemisphere primarily responsible for the
processing of the sounds changes with a change in the in
teraural phase of the sound. For these reasons, it is un
likely that this phase effect is related to hemispheric spe
cialization. What is more likely is that the right-ear bias
for in-phase noises is related to the effect that interaural
phase has on the degree ofbinaural summation (Mulligan,
Goodman, Gleisner, & Faupel, 1985). The precise nature
of the relation, however, remains to be determined.
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