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Auditory Localization Demonstrations

R. O. Duda
Department of Electrical Engineering, San Jose State University, San Jose, CA 95192

Summary
This collection of digitized sound examples was assembled for Acta Acustica to illustrate some interesting and
important spatial hearing phenomena. The examples are grouped as follows:

1. 142 Calibration signals (sinusoids)
2. 3 Monotic, Diotic and Dichotic Signals (percussion)
3. DT Binaural Recordings and Externalization (clarinet)
4. 5H9 Monaural versus Stereo versus Binaural (jet plane)
S. 10 Binaural Speech Separation (speech)
6. Reverberant and Anechoic Environments (speech)
7. Localization in Reverberant Environments  (tones)
8. The Clifton Effect (clicks)
9. The Clifton Effect with Speech (speech)
10. The Clifton Effect with a Moving Echo (clicks)
11. The Clifton Effect with a Moving Echo (speech)
12. The Clifton Effect with Paired Echoes (clicks)
13. Binaural Adaptation (various)
14. Elevation Effects (bells)

A listing of the announcements on the recording, keyed to CD-indices, is given at the end of this document.

Except for the Franssen-effect examples in Section 7, the recordings are meant to be heard through headphones. In
listening to these examples, it is best to close one’s eyes and to try to avoid head motion, paying particular attention to
perceived spatial locations of the sounds. Reading the text for each section before listening may also be helpful, since
what one shoulid attend to is not always obvious. Finally, it should be noted that while some of the phenomena are well
known and easily replicable, others are not well understood and are not perceived in the same way by all listeners. This

illustrates why spatial hearing continues to be such an active and interesting area of psychoacoustic research.

PACS no. 43.66.Pn, 43.66.Qp, 43.66 Rq

1. Calibration Signals

A majority of the examples involve binaural hearing, and
binaural demonstrations do not work well if the two channels
are seriously unbalanced. Thus, the following two test signals
are included to allow listeners to adjust their equipment.

a. 1000-Hz Tone Example 1

This test tone is at maximum amplitude on both channels.
Use it to balance the channels for loudness, and to set the
overall sound level below the point where it is uncomfortable
or where distortion is audible.

_b. Frequency Sweep — Left, Right Example 2

Use this swept tone to identify the left and right channels,
and to check for freedom from resonant “buzzes” and for rea-
sonable left/right balance throughout the audible spectrum.
If the balance shifts significantly with frequency, note that
this can be due to your hearing as well as to your equipment.

2. Monetic, Diotic and Dichotic Signals

This example illustrates three basically different headphone
listening situations:
Monotic:  signal in one headphone only
Diotic:  same signal in each headphone
Dichotic:  different signals in each headphone
In addition, it also illustrates how sounds heard through
headphones can give a radically different impression than
sounds heard through loudspeakers.
The example consists of four different presentations of
percussion sounds’ presented in sequence:

1. Sound in left channel only Example 3
2. Sound in right channel only

3. Same sound in both channels

4. Stereo sound in both channels

Heard through properly phased and balanced loudspeak-
ers, these four excerpts sound rather similar, although the
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! Source: Ivan Lins and Victor Martins, “Lua Soberana,” arranged
and produced by Sergio Mendes, in Brasileiro (Elektra 61315-2).
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stereo version clearly has some instruments on the left, some
on the right, and the rest more or less in the center. This re-
flects the conventional way that stereo recordings are made by
mixing multitrack recordings, where the recording producer
assigns particular sound sources to desired spatial locations
by the percentage of their signals used on the left and the
right, usually without regard for phase or timing.

The same sounds heard through headphones produce quite
different perceptions. The two monotic presentations are
rather oppressive and unpleasant to listen to except at low
volume levels. This is probably because the auditory system
interprets such an unbalanced situation as corresponding to a
sound source that is very close to one ear, which is a threat-
ening situation.

The diotic presentation provides relief. The sound can be
tolerated and even enjoyed at a much higher volume level
(which can be injurious to one’s hearing). Many listeners lo-
cate the sounds within their head, often distinctly above the
interaural axis. However, subjective impressions of localiza-
tion are notoriously variable from person to person.

The dichotic presentation is even more enjoyable. The
sounds “open out” and assume different spatial locations.
However, although there is a nice left/right spread of sound,
the sounds usually seem to be located either within or very
close to the head. It is often said that the stereo presentation
over headphones produces lateralization rather than localiza-
tion, and that the sounds are not externalized.?

3. Binaural Recordings and Externalization

This recording of a clarinet and drums 3 illustrates how the
apparently small differences in the signals captured by the left
and right ears provide localization information to the auditory
system. The binaural recording was made using a Neumann
KUB8Ii artificial head (Kunstkopf), with the clarinet on the
right and the drums slightly to the left of center.

There are three versions in sequence: Example 4

1. Left-ear signal on both channels
2. Right-ear signal on both channels
3. Binaural

In the first two cases — as usually happens with diotic
signals — the sound is not externalized. The clarinet is a bit
softer and duller sounding on the left channel than on the
right channel, but the differences do not seem to be great.
However, the binaural presentation is strikingly different.

2 There is a large literature on both the psychology and the tech-
nology of spatial hearing. The references cited at the end of this
‘paper merely provide a few entry points to this literature.

® Musical source: John Barnes, “Sileypud,” performed by New
Haranni Poison Mixers and John Barnes, in Stakkato Spezial
(AUDIO-CD 101020, AUDIO, Vereinigte Motor-Verlage GmbH &
Co. KG).

* Sound source: Track 29, “Flugzeugstart: Boeing 737,” in
Stakkato Spezial (AUDIO-CD 101020, AUDIO, Vereinigte
Motor-Verlage GmbH & Co. KG).

The clarinet is not only localized on the right (and perhaps
a bit elevated), but also appears to be some distance away,
and is clearly externalized. This ability to create an external-
ized sound image is one of the hallmarks of good binaural
recordings.

4. Monaural versus Stereo versus Binaural

In this example, two Bruel and Kjaer microphones were used
in a binaural recording of a jet plane* flying overhead from
right to left. Several variations of that recording are presented.

a. Monaural. (Example 5) The left and right channels were
simply mixed to produce a diotic presentation. As usual,
the sound is not externalized, although some listeners ex-
perience a sense of motion, probably due to familiarity of
the source and the obvious Doppler shift.

b. Stereo. (Example 6) The monaural recording was “cross-
faded” to produce a stereo recording. That is, the right-
channel signal was created by reducing the amplitude of
the monaural signal starting at the time when the change in
pitch due to Doppler shift was greatest. Similarly, the left-
channel signal was created by increasing the amplitude
of the monaural signal, with full amplitude reached at
the same time that the right channel starts to fade out.
This gives a fairly convincing illusion when heard over
loudspeakers. When heard over headphones, however, the
sound is not externalized, and the aircraft appears to fly
through one’s head from the right ear to the left ear.

c. Binaural — 44.1 kHz. (Example 7) Here the image of
the jet is convincingly externalized, and the final sounds
seem quite distant. Some listeners obtain a good sense of
the aircraft passing overhead, while others feel that it is
passing behind them. These differences in perception il-
lustrate the fact that vertical localization depends on pinna
effects, which vary significantly from person to person. A
standard artificial head may produce a very good (or at
least satisfactory) image for some listeners, and a weak
or very confused image for others. This subject-to-subject
variability — together with head-motion problems — is a
major reason why binaural recordings have not been more
widely accepted as commercial products.

d. Binaural — 22.05 kHz. (Example 8) To illustrate the im-
portance of bandwidth, the original binaural recording
was down-sampled by a factor of two to cutoff everything
above 11 kHz. Those listeners who localized the full-
bandwidth source overhead usually find that this sound
image seems to be lower.

e. Binaural — 11.025 kHz. (Example 9) A second down-
sampling was used to remove all high-frequency content
above 5.5 kHz. Although externalization is still good, el-
evation effects are essentially lost. This indicates that of
the three spherical coordinates — azimuth, elevation and
range — it is elevation that requires the greatest band-
width.
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The cues for range are not as well understood as the cues
for azimuth and elevation. The absolute intensity and spec-
tral changes due to molecular absorption are major cues when
the source is familiar, as is the case in this example. Neither
of these cues is significantly weakened by loss of high- fre-
quency information. However, these cues are also present
in the monaural recording, which is not externalized. This
illustrates the difference between estimating the range to a
sound source and perceiving the location of a sound image.
Interaural intensity differences are important for very close
sources, and the ratio of direct to reverberant sound is im-
portant for distant sources. Head motion also plays a role,
and provides a partial explanation for front/back reversals
and the fact that people listening to binaural recordings fre-
quently mention that the distance to sources located directly
ahead seems compressed relative to the distance to sources
at the side.

5. Binaural Hearing and the Cocktail-Party Problem

In his 1957 book entitled On Human Communication,
Colin Cherry made the following observation: “One of our
most important faculties is our ability to listen to, and fol-
low, one speaker in the presence of others. This is such a
common experience that we may take it for granted; we may
call it ‘the cocktail party problem.” No machine has been
constructed to do just this, to filter out one conversation from
a number jumbled together ...”. Despite some significant re-
cent progress, we still do not have a machine that can solve
Cherry’s problem.

In fact, people with hearing loss (particularly with loss of
hearing in one ear) find it extremely difficult to comprehend
speech in the simultaneous presence of other, similar interfer-
ing sounds. Research on auditory scene analysis has shown
that spatial localization is only one of the many character-
istics of different sound sources that we exploit in solving
the cocktail party problem. However, it is definitely easier to
separate sources heard binaurally than sources heard monau-
rally.

Two sequences are given to illustrate this effect. In the first,
two different people are “conversing” In the second, two
recordings of the same person were mixed. While there are
ample cues for separation even in the monaural recordings,
the binaural presentations make separation more effortless.

1. Different talkers

a) Monaural presentation
Talker 1
Talker 2
Mixture

b) Binaural presentation
Talker 1
Talker 2
Mixture

Example 10

Example 11

2. Same talker

a) Monaural presentation
Sentence 1
Sentence 2
Mixture

b) Binaural presentation
Sentence 1
Sentence 2
Mixture

Example 12

Example 13

6. Reverberant and Anechoic Environments

Even when there is only one sound source active, the auditory
system must cope with the multipath problems — echoes and
reverberation that are almost always present but are rarely
consciously noticed.

A reflection from only one surface (such as the ground) is
sufficient to play havoc with the waveforms arriving at the
ear. In the time domain, these reflections show up more or
less as smaller, delayed replicas that are added to the original
sound. In the frequency domain, they introduce “comb-filter”
effects into frequency responses; at some frequencies, the
secondary waves are reinforcing and produce response peaks,
while at others they are interfering and produce response
dips. This can introduce a “pitchy” quality called repetition
pitch in otherwise pitch-free sounds. Given the degree to
which reflections from environmental surfaces can distort
both waveforms and frequency responses, it is surprising
that we can hear anything intelligible in enclosed spaces.

To reduce the effects of room reflections on acoustic and
auditory measurements, researchers in the 1930’s built ane-
choic chambers — rooms whose sides, floor and ceiling are
lined with deep wedges of sound absorbing materials. Ex-
ample 14 is a binaural recording made with a KEMAR®
artificial head located in an anechoic chamber. When the
person speaking moves from the outside of the chamber to
the inside, the differences in the “liveness” and “quality” of
the sound are quite apparent. However, the many reflections
that exist in the reverberant environment become apparent
only when the room is large enough to hear actual echoes.

7. Localization in Reverberant Environments

7.1. The Franssen Effect

When wide-band sounds are heard in enclosed, reverberant
spaces, reflections (echoes) usually do not prevent the listener
from locating the source. In general, sounds are localized on
the basis of the waves that arrive first, which take precedence
over the subsequent reflections. This is variously referred to
as the precedence effect, the Haas effect, or the law of the first
wavefront. The Franssen effect is a well known, dramatic il-
lustration of the power of the precedence effect. However, the

® KEMAR — which stands for Knowles Electronics Manikin
for Acoustic Research — is a standard and anatomically faithful
artificial head used in hearing-aid development.
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— and the location of the source is as easy to determine with
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Figure 1. Shape of the basic signals used in the Franssen-effect
experiments.
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Figure 2. Clipped signals used in the Franssen-effect experiments.

test signals are intended for loudspeakers, and when the sig-
nals are heard through headphones, the perception is entirely
different.

The basic signals used are 200-Hz sinusoids that last about
3 seconds. The left signal is windowed to have an exponential
onset and offset, with a 100-ms time constant. The right
signal is the complement of the left signal, and thus basically
consists of an onset transient, followed 3 seconds later by
an offset transient. (Example 15; see Figure 1) In listening
to these signals, the levels must be kept low enough so that
there is no clipping distortion, and the loudspeaker cabinets
should be free from buzzes or rattles.

When the signals are sent to loudspeakers, listeners will
first hear the onset transient from the left speaker, and will
usually localize the sound there from then on, despite the fact
that after about 400 ms essentially all of the energy is coming
from the right speaker. The illusion is frequently maintained
even when the listener moves close to each speaker in an
active attempt to locate the source.

However, when the same signals are played through head-
phones, the effect is entirely different, and the listener hears
the signals for what they really are.

7.2. The Effect of Clipping on the Franssen Effect.

The low-frequency sinusoid used in the Franssen effect is
basically a narrow-band signal, which is what makes it so
hard to localize. If it were not for the high-frequency energy
in the onset, it would be difficult to locate such a sound source
in areverberant room. In particular, once the transient buildup
has passed, sine waves set up very complicated standing wave
patterns in rooms, making them much harder to locate than
wide-band sounds.

It is easy to illustrate the effect of bandwidth by clipping
the signals used in the Franssen-effect experiment. (Example
16; see Figure 2.) Such clipped signals are rich in harmonics,

In the demonstration sound, only the right channel is
clipped. Notice the brief onset in the left speaker, followed
by the long, clarinet-like clipped tone in the right speaker,
terminated by the brief offset back in the left speaker. Much
the same perception is experienced through headphones.

7.3. Localization of Sinusoids by Time Difference

If the abrupt onset is exploited by the auditory system to
localize a sound, are onsets required for localization? The
answer is a bit complicated.

In this experiment, the 200-Hz left and right signals are
essentially constant, but are windowed to provide a very
gradual onset and offset. In addition, the signal in the right
channel is slowly advanced and then slowly delayed with
respect to the left channel. The sequence (Example 17) is as
follows:

Oto 2sec Both channels identical

2to 3sec Gradual introduction of phase shift

3to S5sec Right channel delayed by 0.65 ms

5to 7sec Gradual reversal of phase shift

7to 9sec Left channel delayed by 0.65 ms

9to 10sec Gradual reversal of phase shift
10to 12 sec  Both channels identical

The phase shifts are introduced so slowly that either chan-
nel heard alone sounds like a steady 200-Hz tone. However,
when heard through headphones, the lateralizations implied
by the above table are clearly heard: center, left, right, and
center. Since the ability of the auditory system to detect
such phase shifts in pure, low-frequency sine tones has been
known since the 1930’s, this result is hardly surprising.

Heard through loudspeakers in a reverberant room, how-
ever, the perception can be quite different. Exactly what this
test signal sounds like depends upon such factors as the size
and shape of the room, the absorption characteristics of the
reflecting surfaces, and the locations of the loudspeakers.
However, a common experience is that the location of the
source in this example can be surprisingly ambiguous.

In talking about researchers who did the early work on
sound localization, Mills remarked that “... Their efforts to
measure the roles of interaural differences in time and inten-
sity were hampered by the lack of equipment for producing
well-controlled sounds and by their custom of experimenting
in reverberant rooms. Better measurements of the localiza-
tion of actual sources waited upon the means to generate
pure tones and to present them in a space free from reflected
sounds.” However, natural sounds in everyday environments
are quite different from pure tones heard over headphones or
in anechoic chambers, and researchers are once again inves-
tigating complex sounds in more natural settings to gain a
better understanding of auditory localization.

Thus, the conclusion is that although the auditory system
certainly possesses the ability to localize narrow-band, low-





















