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Separate “What” and “Where” Decision Mechanisms
in Processing a Dichotic Tonal Sequence

Diana Deutsch and Philip L. Roll
University of California, San Diego

Right-handed subjects were presented with a dichotic tonal sequence, whose
basic pattern consisted of three 800-Hz tones followed by two 400-Hz tones
on one channel and simultaneously three 400-Hz tones followed by two
800-Hz tones on the other. All tones were 250 msec in duration and sepa-
rated by 250-msec pauses. On any given stimulus presentation, most sub-
jects reported the sequence of pitches delivered to one ear and ignored the

other,

to the right ear rather than to the left.
localized in the ear receiving the higher frequency, regardless of which ear
was followed for pitch and regardless of whether the higher or lower fre-

quency was in fact perceived,

When presented with a sensory stimulus,
we generate a synthesized percept; for in-
stance, of an object of particular size, shape,
color and location, or of a sound of particular
pitch, loudness, and duration, emanating
from a given point in space. It is generally
agreed that the initial stages of this per-
ceptual process involve the abstraction of
specific stimulus attributes by highly special-
ized mechanisms. Indeed, it has even been
possible in some cases to demonstrate a gross
anatomical separation between pathways
relaying information concerning different
stimulus attributes. For instance, Schneider
(1967) provided strong evidence for an
anatomical separation in the visual system
between the mechanisms involved in pattern
recognition and those involved in object
localization. In the case of hearing, Poljak
(1926) proposed that the early stages of the
auditory pathway involve a ventral route,
subserving localization and orientation func-
tions, and a dorsal route, subserving dis-
criminatory functions.  Support for this
scheme has been provided by recent neuro-
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They further tended significantly to report the sequence delivered

However, each tone appeared to be

physiological findings (Evans, 1974; Evans
& Nelson, 1973a, 1973b).

If we assume, then, that the initial stages
of perception involve the analysis of various
stimulus attributes by separate mechanisms,
the question arises as to how the outputs of
these mechanisms are combined to produce
an integrated percept. This question be-
comes particularly intriguing when we con-
sider the case where more than one stimulus
is presented at a time. We then have not
one value of each attribute to combine to-
gether, but several, and we have to know
which values to connect with which. The
intriguing possibility also emerges that the
mechanisms processing information concern-
ing different attributes might arrive at in-
compatible conclusions, so that stimuli are
perceived which have paradoxical properties.
The present study demonstrates just such a
situation. A sequence of complex tones is
presented, each consisting of a pair of pure
tones which differ both in pitch and in loca-
tion. Each simultaneous tone pair gives rise
to the fused percept of a single tone, How-
ever, the mechanism of fusion for the pitch
information differs from that for the localiza-
tion information, with the result that a per-
ceptual illusion is produced, which is most
paradoxical to the listener,

In a previous study, Deutsch (1974a,
19741h) presented listeners with a dichotic se-
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quence of tones which alternated in pitch be-
tween 400 Hz and 800 Hz. Each tone was
250 msec in duration, and there were no gaps
between adjacent tones. The identical se-
quence was presented simultaneously to both
ears; however, when the right ear received
the 800-Hz tone the left ear received the 400-
Hz tone and vice versa (Figure 1a). Many
listeners perceived this sequence as a single
tone which alternated in pitch between 400
Hz and 800 Hz, and which simultaneously
alternated in location from one ear to the
other (Figure 1b). Further, the apparent
locations of the high and low tones remained
fixed when the earphones were placed in
reverse position, Right-handers tended to
hear the high tone on the right and the low
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Fieure 1. a. Representation of the dichotic stim-
ulus pattern employed in the experiment by Deutsch
(1974a, 1974b). (Filled boxes represent tones of
800 Hz, and unfilled boxes represent tones of 400
Hz This pattern was repetitively presented with-
out pause for 20 sec.) b, Representation of the il-
lusory percept which was most commonly obtained.

tone on the left; but left-handers displayed
no such tendency. Although the type of
percept obtained was found to correlate with
handedness, the basis for the illusion was
not examined.

The present study was undertaken to test
a hypothesized basis for the illusion. It was
proposed that this results from the opera-
tion of different integrating principles under-
lying the fused pitch percept and the local-
ization percept. To provide the perceived
pitch, one dominant ear exercises a steady
suppression on the other, so that only the
frequencies arriving at one ear are heard.
It was further proposed that in right-handers
there is a tendency for the right ear to
dominate over the left. However, to pro-
vide the perceived localization of each tone,
there is no steady dominance of one ear
over the other; instead, each tone appears
to be localized at the ear receiving the
higher frequency. Thus, given a listener
who is right-ear dominant, when the 800-Hz
tone is delivered to the right ear and the
400-Hz tone to the left, the listener per-
ceives a pitch corresponding to 800 Hz,
since this is the tone delivered to the right
ear, and the listener also localizes it in the
right ear, since this ear is receiving the
higher frequency. However, when the 800-
Hz tone is delivered to the left ear and the
400-Hz tone to the right, this listener per-
ceives a pitch corresponding to 400 Hz,
since this is the tone delivered to the right
ear, but localizes the tone in the left ear,
since the left ear is receiving the higher
frequency.

This model does not follow from previous
findings concerning pitch perception and
auditory localization ; however, it is not in-
compatible with them. Concerning the pitch
of complex tones, most experiments have
involved monaural presentation.  Plomp
(1964) and Plomp and Mimpen (1968)
studied the limits of the ear’s frequency
resolving power and concluded that listeners
were able to distinguish the first five to
seven harmonics of a complex tone.
Smoorenburg (1970) studied pitch percep-
tion of complex tones consisting of two
components. He found that subjects were
divisible into two categories: They either
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heard the pitches of the individual com-
ponents or they perceived the complex tone
as a whole with a pitch corresponding to
the fundamental frequency. In one study
involving dichotic presentation, Houtsma
and Goldstein (1972) presented subjects
with dichotic tonal sequences, in which each
dichotic pair consisted of two harmonics of
a tone, with a different harmonic presented
to each ear. Some subjects responded to
this sequence by hearing one partial in each
pair, others heard both partials, and yet oth-
ers retrieved the missing fundamental. A
comparison of the response to stimuli de-
livered to the right and left ears was not
reported. Our present model makes the ad-
ditional assumption that one ear may domi-
nate over the other in determining perceived
pitch. This could be mediated by an inhibi-
tory interaction between pathways carrying
pitch information from the two ears,
Concerning the localization percept of a
single tone produced by the dichotic presen-
tation of two tones, experimental interest
has focused on the case where the fre-
quencies presented to the two ears are
identical.  When these tones are also
identical in amplitude, phase, and arrival
time, the perceived tone is generally re-
ported as in the center of the head. When
the dichotic stimuli differ in amplitude, the
perceived tone is displaced towards the ear
receiving the higher amplitude signal. Fur-
ther, when they differ in arrival time, the
perceived tone is displaced towards the ear
receiving the earlier signal, and differences
in phase cause an analogous shift toward the
ear leading in phase (Mills, 1972). Theo-
retical models to explain the apparent loca-
tion of a single tone as a function of in-
teraural time and intensity differences have
also been addressed to the single-frequency
case (Jeffress, 1948, 1972; Mills, 1972).
For instance, Jeffress hypothesized an array
whose individual units were sensitive to
specific differences in arrival time between
the ears and which were also frequency
selective (i.e., they would respond to a given
value of interaural delay for only a given
frequency value at the two ears). And
indeed, neurophysiological evidence for such
units has heen obtained (Goldberg & Brown,

1969; Moushegian, Rupert, and Langford,
1967). However, in contrast to the single-
frequency case, very little is known about
the apparent location of a single perceived
tone resulting from the dichotic presentation
of two tones of identical amplitude but
different frequency. Our present model
assumes that, at least for frequency values of
400 Hz and 800 Hz, the fused percept is
lateralized at the ear receiving the higher
frequency.

METHOD
Procedure

Each subject was individually tested. He was
informed that a repetitive tonal sequence would be
presented, following which he was to report ver-
bally what he had heard. He was then played the
dichotic tonal sequence and gave a verbal report.
The position of the earphones was then reversed
and the procedure was repeated. The order of ear-
phone placement was strictly counterbalanced across
subjects.

Stimulus Parameters

The basic pattern in the dichotic tonal sequence
is shown in Figure 2. It can be seen that this
consisted of a sequence of 250-msec tones which
were separated by 250-msec pauses. Each tone was
either 400 Hz or 800 Hz; when one ear received
400 Hz the other ear received 800 Hz and vice
versa. The phase relationship between the tones
at the two ears varied randomly. The pattern on
Channel A consisted of three presentations of the
800-Hz tone followed by two presentations of the
400-Hz tone, The pattern simultaneously pre-
sented on Channel B consisted of three presenta-
tions of the 400-Hz tone followed by two presenta-
tions of the 800-Hz tone, The entire sequence
consisted of the repetitive presentation of this basic
pattern 10 times without pause,

Channel A D l:]
Channel B [:l [:] D
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Firoure 2. Representation of the basic dichotic
stimulus pattern employed in the present experi-
ment. (Filled boxes represent tones of 800 Hz, and
unfilled boxes represent tones of 400 Hz. This
pattern was repetitively presented 10 times without
payse.)
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Apparatus

Tones were generated as sine waves by two
Wavetek oscillators, Model No, 155 (total har-
monic distortion less than 1% between 1 Hz and
99.9 kHz), controlled by a PDP 8 computer, and
were recorded at equal amplitude on tape. The
tape was played to subjects through high-quality
earphones at a comfortable listening level (75 db.
SPL).

Subjects

Forty-four right-handed undergraduates at the
University of California, San Diego served as sub-
jects in the experiment and were paid for their
services. All had normal hearing in both ears.

REsuLTS

All subjects except three reported se-
quences consisting of one tone at a time.
The percepts of these three subjects are
described at the end of this section. For
the remaining subjects, the reported localiza-
tion and pitch patterns were analyzed sepa-
rately for each earphone position, that is,
with Channel A to the left ear and Channel
B to the right, and with Channel B to the
left ear and Channel A to the right.

Localization Patterns

For all subjects, each tone appeared to be
localized in the ear which received the higher
frequency (i.e., the 800-Hz tone). Thus
with Channel A to the left ear and Channel
B to the right, all subjects reported a repeti-
tive pattern consisting of three tones in the
left ear followed by two tones in the right.
With Channel B to the left ear and Channel
A to the right, all subjects reported a repeti-
tive pattern consisting of two tones in the
left ear followed by three tones in the right.

Pitch Patterns

Thirty-five subjects reported sequences
consisting of high and low tones. On
any given stimulus presentation, each of
these subjects reported a repetitive sequence
consisting of either three high tones fol-
lowed by two low tones or two high tones
followed by three low tones. Thus on each
occasion the sequences of pitches delivered
to one ear was followed and the other sup-
pressed. Table 1 shows the number of sub-

TABLE 1

NUMBERS OF SUBJECTS FOLLOWING THE SEQUENCE
OF PITCHES PRESENTED ON EACH CHANNEL AS
A Funcrion oF EARPHONE PosiTioNn

Earphone position

Channel A Channel B

to left— to left—
Channel B Channel A
Channel followed to right to right
Channel A 9 24
Channel B 26 11

jects who reported the pitch pattern fed to
the right ear and the number reporting the
pattern to the left, with earphones positioned
each way. It can be seen that the right ear
rather than the left was followed in the ma-
jority of instances. This tendency was sta-
tistically significant for both earphone posi-
tions. (With Channel A to the left ear and
Channel B to the right, p < .01, one-tailed,
on a binomial test; with Channel B to the
left ear and Channel A to the right, p <.025,
one-tailed, on a binomial test.) There was
no effect of order of presentation and no
effect of channel (p > .05, on binomial tests,
in both instances).

It must be noted, however, that the sub-
jects were quite unaware that they were fol-
lowing the pitch information delivered to
one ear rather than the other. As described
above, each tone appeared to be localized in
the ear which received the higher frequency,
regardless of whether the higher or lower
frequency was in fact perceived. Thus when
a low tone was heard, it appeared to be
localized, not in the ear to which it was ac-
tually presented, but in the opposite ear.
This illusory percept appeared very para-
doxical to those subjects who followed the
pitch information fed to the same ear with
earphones positioned both ways. For in-
stance, when a subject who consistently fol-
lowed his right ear for pitch was presented
with Channel A to his left ear and Channel
B to his right, he heard a repetitive se-
quence whose basic pattern consisted of three
low tones in his left ear, followed by two
high tones in his right. When the earphone
positions were reversed, he now heard a
repetitive sequence consisting of fwo low
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tones in his left ear, followed by three high
tones in his right! The procedure of re-
versing earphone positions therefore ap-
peared to cause the channel to the left to
drop a low tone and the channel to the right
to add a high tone!

The remaining six subjects who reported
repetitive sequences of single tones observed
no pitch differences between these tones.
These subjects therefore did not channel the
pitch information by ear of input. However,
as stated above, all these subjects localized
each tone at the ear receiving the 800-Hz
signal. Thus with Channel A to the right
and Channel B to the left, they heard a re-
petitive sequence consisting of three tones in
the right ear followed by two tones in the
left ear. With Channel B to the right ear
and Channel A to the left, they heard a re-
petitive sequence consisting of three tones in
the left ear followed by two tones in the
right ear.

The three remaining subjects reported the
following percept. With Channel A to the
left ear and Channel B to the right, they
reported two high tones in the right ear ac-
companied by two low tones in the left, fol-
lowed simply by three low tones in the left
ear., With Channel B to the left ear and
Channel A to the right, they reported three
high tones in the right ear accompanied by
three low tones in the left, followed simply
by two low tones in the left ear. Thus,
when these subjects heard only one tone, its
pitch was from the right ear and located
where the high tone was presented; but
when the right ear was presented with the
high tone and the left ear with the low one,
both tones were heard simultaneously and
located appropriately.

Discussion

The results of this experiment are in ac-
cordance with the perceptual model proposed
in the Introduction. First, for most sub-
jects, the presentation of each dichotic tone
pair resulted in the fused percept of a single
tone, which appeared to be localized in the
ear receiving the higher frequency. Second,
for most subjects, the sequence of pitches
delivered to one ear was perceived and the

other suppressed, regardless of how the
tones appeared to be localized.

Since the simultaneous tones in each di-
chotic pair were in an octave relationship,
one question that arises concerns the effect
of harmonics on the illusion. Since the
present experiment involved sine-wave stim-
uli produced by very low distortion oscilla-
tors, any harmonics here must be considered
negligible. In further on-line experiments
we constructed sequences using either sine-
wave or square-wave stimuli, The illusion
was most clear with sine waves; however,
with square waves the percept was still ob-
tained of a single high (complex) tone on
the right alternating with a single low (com-
plex) tone on the left. Thus, although the
effect is clearest in the absence of harmonics,
it is not destroyed by harmonics.

A further question concerns the role of
stimulus intensity in the illusion. We have
varied the loudness of the sequence within
a range of 55 to 85 db. SPL and find that
the illusion is clearly present throughout this
range.

Another issue of interest concerns the de-
pendence of the illusion on the frequency
relationship between the alternating tones.
We have constructed sequences consisting
of alternating tones both within the octave
and beyond the octave. It appears that the
effect is optimal at a frequency ratio of an
octave or its vicinity. As the frequency
ratio between the alternating tones decreases
from the octave, the fusion effect is grad-
ually reduced, and percepts become increas-
ingly more complex. Percepts also become
more ambiguous with frequency ratios larger
than an octave. However, the illusion does
not depend on a strict octave relationship.
With the low tone fixed at 400 Hz, one can
vary the frequency of the high tone within
10-15 Hz in either direction without affect-
ing the percept of a single high tone on the
right alternating with a single low tone on
the left. It is therefore clear that the effect
does not depend on the simultaneous tones
being in strict harmonic relationship.

A final question concerns the right-ear
advantage obtained for the pitch percept.
This pattern may be compared with patterns
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of ear advantage found in other dichotic
listening studies involving nonverbal ma-
terials, When certain complex nonverbal
stimuli are dichotically presented, several in-
vestigators reported that right-handers tend
to process the information delivered to the
left ear better than to the right. This has
been found in the case of short excerpts of
melodies generated by woodwind or stringed
instruments (Kimura, 1964) or by humming
(King & Kimura, 1972), sonar signals
(Chaney & Webster, 1966), and environ-
mental sounds (Curry, 1967; Knox & Ki-
mura, 1970). However, these studies all
employed complex stimuli, and it is unclear
which acoustic features were responsible for
the patterns of ear advantage obtained. Gor-
don (1970) failed to obtain a left-ear ad-
vantage in recognition of dichotically pre-
sented melodies when he generated the
stimuli on a recorder. However, he did ob-
tain a left-ear advantage in the recognition
of dichotically presented chords generated
by an electronic organ. In the chords test,
two simultaneous tone pairs were presented,
one to each ear, so the stimuli were rich in
timbral and simultaneous interval informa-
tion. This suggests that the left-ear advan-
tage found by Kimura in the melodies test
may have been due, not to the sequential
relationships between the notes of the melo-
dies, but to timbral or other attributes in
the recorded excerpts.

This possibility is strengthened by fur-
ther studies demonstrating a right-ear ad-
vantage in processing simple nonverbal
sequences. Halperin, Nachshon, and Car-
mon (1973) presented subjects with dichotic
sequences varying in frequency or duration.
They found that as the number of frequency
or duration transitions increased from zero
to two, ear superiority shifted from left to
right. Robinson and Solomon (1974) pre-
sented subjects with dichotic rhythmic
stimuli, produced by pure tones of invariant
pitch. They also obtained a right-ear ad-
vantage in recognition of these sequences.
Further, Papgun, Krashen, Terbeek, Rem-
ington, and Harshman (1974) explored the
effect of dichotic presentation of Morse code
signals. They found that experienced Morse

code operators showed a right-ear superior-
ity in perceiving these sequences. Naive
subjects also showed a right-ear superiority,
provided that the patterns were restricted
to seven or fewer elements. With patterns
of more than seven elements, ear superiority
shifted from right to left. Papgun et al.
hypothesized that when the subjects were
able to deal with the individual elements and
their sequential relationships, processing
then took place in the dominant hemisphere.
However, when the stimuli became too com-
plex, subjects were forced to adopt a holis-
tic strategy instead, shifting the processing
from the dominant hemisphere to the non-
dominant. In the present experiment, a
very simple pitch sequence was employed,
consisting of only two elements. The right-
ear advantage here obtained is therefore in
accordance with the recent findings quoted
above.

Recently, Efron and Yund (1974) and
Yund and Efron (1975) required subjects to
judge chords involving tones of 1,500 Hz
and 1,900 Hz, with a different frequency
presented to each ear. When these tones
were presented at equal amplitude, some
subjects reported hearing both components
of the dichotic chord. However, others re-
ported a fused sound that was localized in
the center of the head. The apparent pitch
of this sound was in many cases dominated
by the frequency delivered to one ear rather
than to the other. Changing the relative
amplitude of the tones resulted in an altera-
tion of the apparent location of the sound
toward the ear receiving the higher ampli-
tude signal, while the apparent pitch of the
sound could continue to be dominated by the
frequency delivered to a given ear. In con-
trast to results with the present paradigm,
which involves the continuous presentation
of tonal sequences in a lower frequency
range and in an octave relationship, the pat-
tern of ear preference in the Efron-Yund
paradigm was not found to correlate with
handedness. As a further point of contrast,
there is no lateralization effect when tones
of 1,500 Hz and 1,900 Hz are presented si-
multaneously at equal amplitude, one to each
ear. It would thus appear that the two sets
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of phenomena have different underlying
bases.
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