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Transaural stereo, generic for binaural stereo processed for cancellation of loudspeaker-
to-ear crosstalk, results from the use of minimum-phase filters in shuffler configuration.
Simplifying the filters further at short wavelengths makes the listener position noncritical.
Full spatial qualities appear in a conventional stereo playback that avoids early reflections.
Inverse shufflers provide precise transaural pan functions for multitrack work.

0 INTRODUCTION

Transaural stereo (generic term) is a stereo-system
plan that, like binaural stereo, takes the end point of
the recording~reproducing chain to be the actual sounds
at the ears. It contrasts with the taking of loudspeaker
sounds as the end point, which is necessarily the plan
of conventional stereo. It differs from binaural in that
the sounds for each ear, rather than being supplied by
direct signal chains ending at earphones, result indi-
rectly, instead, from the preparation of structured
composite signals to be supplied to the loudspeakers.

0.1 Crosstalk Cancellation

The composite-signal structure is sibsequently in-
verted (decomposition) in the intervening loudspeaker-
to-ear transmission to produce the intended sounds at
the ears. On the way to the ears, in addition to the
direct transmission, left to left and right to right, there
occur the cross transmissions of left to right and right
to left. The latter are traditionally called crosstalk (from
telephony), and the composition—decomposition
scheme cited is a nonadaptive precancellation of cross-
talk. It consists of the “planting” of a crosstalk process,
in advance, that is devised to be the inverse of the
acoustic crosstalk expected to occur subsequently. When
properly done, the net result is the elimination of all
evidence of crosstalk.

0.2 Recording Binaural Signals

Signals representing ear sounds may be recorded
(binaural recording), in advance of crosstalk cancel-
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lation, by two pickup methods. One uses microphones
fitted in the ears of an artificial head. The other uses
free-space microphones whose signals have been pro-
cessed to simulate transmissions around an acoustic
obstacle (human head) to specific points on the obstacle
(ears).

The second of these pickup methods, including it
source-to-ear processing, is known as binaural syn-
thesis, and it may include the processing of as many
different microphone signals as may be suitable for a
given project. It may also include reverberant-field
synthesis as needed. The correspondence with multi-
track stereo synthesis is notable: pan functions replaced
by binaural simulation for specific imaging directions
and reverberation units replaced by simulation of spatial
(binaural space) reverberation, such as being developed
by Kendall et al. [1]. After the completion of all binaural
processing, crosstalk canceling is the means of pro-
ducing the master transaural recording.

For concert-hall recording, an artificial head would
be used, and it and the orchestra would be deployed
for optimal pickup. Under ideal conditions this may
suffice. However, further microphone deployments may
be considered to represent early-reflection and late-
reflection hall-sound pickup. The signals from these
latter would be delayed and subjected to binaural syn-
thesis needed to produce the decorrelated ear sounds
deemed suitable for hall-sound representation. The final
step in the production is conversion to transaural.

0.3 Transaural Options

Some recording engineers may wish to use only a
part of the transaural technology. In multitrack work,
for example, it might be decided that only a few of the
tracks require the precise imaging of binaural synthesis,
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or that only a portion of the performing ensemble re-
quires the spatial delineation available through artificial-
head pickup. Such artistic decisions remain, of course,
with the producing authority, and it is the responsibility
of the engineer to provide incisive imaging, to the extent
possible, where desired. Transaural technology may
be viewed as providing improved options for that pur-
pose, not necessarily a whole new recording style.

A better choice for incisive imaging, however, cannot
be made. In a previous paper, Cooper, using calculations
from Bauck’s thesis [2], showed [3, Fig. 8] the required
loudspeaker-signal specifications for two examples of
imaging. None of the conventional stereo methods
produces signals that in any way resemble these spec-
ifications, except at low frequencies. Conventional
stereo has not sought to devise loudspeaker signals to
meet imaging-signal specifications at the ears, as was
required in these calculations, except in the low-fre-
quency work of Blumlein [4]. Specifically, none of the
existing pan-pot formulas meet these specifications,
nor do any of the stereo microphone arrays, whether
coincident or spaced, whether using directional elements
or not.

Some recording engineers, seeking a spacious effect,
use widely spaced microphones in a concert-hall setting.
It is known, of course, that the signals so obtained are
highly decorrelated, and it is also a known fact, in
concert-hall acoustics, that highly decorrelated ear
sounds are identified with spacious acoustic impres-
sions. Unfortunately, the interaural correlation will al-
ways be greater than the correlation at the loudspeakers,
because of crosstalk. The net result is that the spacious
effect is perceived as confined to an “acoustic stage,”
as in a different space from that of the listener. An
important aspect of the concert-hall experience is lost.

The use of widely spaced microphones with binaural
synthesis and suitable delay, however, will give the
recording engineer much greater control over the rep-
resentation of the sound of the hall. Thus many more
venues may be exploited to advantage. At the same
time, a full spatial envelopment of the listener can be
provided to the extent desired. Many recording engi-
neers will discover, also, that imaging and spaciousness
are not mutually exclusive, but, as has long been known
in concert-hall acoustics, belong together. Placing them
together is natural in transaural technology.

At first the recording engineer will want to try only
the simplest things from transaural technology. Indeed,
itis likely that only the simpler equipment will become
available at first. Existing techniques will necessarily
continue to be used, and the improvements of transaural
technology will, in some instances, be adapted to that.
For reviews of existing techniques, the writings of Ear-
gle may be consulted [5]. The evolution of such tech-
niques to suit a binaural style of recording is not amen-
able todetailed prediction, and will not be attempted here.

It is possible, however, to sketch a catalog of specific
kinds of transaural-related equipment, the development
of which may be foreseen. Some of these items are
discussed in a later section.
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0.4 Binaura! Monitoring

Prospects for binaural monitoring apparently have
advanced substantially in the recent decade. It had long
been the experience that earphones characteristically
produced “in-the-head” (interior) sounds and, with bi-
naural material, sounds that were much more vulnerable
to front—back bias than is the case with natural hearing.

The problem has been traced to a disturbance in the
conch resonance of the human pinna. The conch is the
principal cavity in the pinna, and its resonance involves
its acoustic near field even at some distance from the
ear. Disturbance of this near field causes an “at-the-
ear” judgment, as may be easily demonstrated by placing
a hand near the ear. Earphones are ordinarily placed
near enough to disturb this resonance (besides possibly
deforming the pinnas). Equalization to restore the res-
onance restores natural, exterior hearing. A compli-
cation is that a significant part of the resonance effect
varies with direction, so that a direction assignment
for equalization seems necessary.

A way to avoid a directional assignment has been
sought via the use of a diffuse-field reference [6]. An
alternate approach uses a frontal-incidence plane wave
(free field) as the reference. The argument for the latter
is that it avoids a front—back bias while not impairing
back localizations. In a later section we find evidence
to support a variation in this free-field approach.

These issues take on a sharper focus if related to the
style of equalization used for the artificial head. Ob-
viously, a free-field equalization for the head mandates
the corresponding free-field equalization for the ear-
phones to be used with that head. In this case, a large
part of the conch resonance is removed in the head
equalization (a use of natural ear molds in artificial
heads accounts for this resonance being modeled, al-
though modeling of canal resonance has long been
omitted) and then restored in the earphone equalization.
Presumably a similar rationale supports diffuse-field
equalization, both for the head [7] and for the earphones.
We are unable to report any complete experience with
diffuse-field equalization, but we can report remarkably
good experiences with free-field equalization.

The recording engineer should understand that the
equalizations discussed here and below are not matters
to be accommodated with the EQ facilities on a mixing
board. It is appropriate to regard these design equali-
zation requirements as to be met internally, to be in-
herent characteristics of the device or of an accessory
specific to the device. In the same way, the sometimes
strenuous equalizations undertaken in some highly
valued microphones are of concern to the design en-
gineer, not the recording engineer. It is sufficient if
the recording engineer deems the overall characteristic
as apt for his or her needs.

The advent of binaural monitoring will prove to be
a substantial convenience in comparison to loudspeaker
monitoring, especially for location work or other sit-
uations in which access to a proper listening room is
inconvenient. Transaural monitoring (with loudspeak-
ers) can, of course, be made available as needed.
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0.5 Beginnings of Transaural Recording

Transaural stereo had its first trials in 1962 by B. S.
Atal and M. R. Schroeder [8]-[12]. They used a pow-
erful (for its day) mainframe computer, an IBM 7090,
to perform digital finite-impulse response (FIR) filtering
for crosstalk *“planting” combined with equalization,
using functions derived from testing an artificial head.
They also saw binaural synthesis as a related process,
and they were striving for a spatial synthesis of rever-
beration. Their transaural trials, however, were designed
to reproduce the actual sounds of known concert halls
and were based on binaural recordings made in those
halls. In those days, earphone listening produced only
interior sounds, so that transaural conversion was
mandatory for their purposes. The Atal—Schroeder re-
sults were described [12] as “nothing less than amazing.”
The listener experienced authentic, exterior, spatial
envelopment as well as authoritative imaging to the
front and sides, in elevation, and even behind.

Unfortunately the reports of this work left lasting
impressions of a heroic technology producing fragile
results: the listening space had to be anechoic, and the
listener could not move by more than about *10° or
+ 3 in (75 mm) without spoiling the effect. Later work
by Damaske [13], with “90° crosstalk filters,” a code-
word designation, did little to dispel these disheartening
impressions. He found that reverberant listening spaces
degraded the effect, damaging side imaging and causing
front—back ambiguity. Other work over the past quarter
century, including the Q-Biphonic development [14],
has not significantly advanced the technology nor
changed overall impressions of dim prospects for trans-
aural recording.

0.6 Present Prospects

Brightened prospects are suggested by our work,
reported herewith. By casting the crosstalk-canceling
filters in shuffler form, we are able to greatly simplify
the technology: a handful of operational-amplifier chips,
or the equivalent on a digital signal-processing chip,
suffice. This economy (not having to use FIR filters)
is a consequence of our discovery that the shuffier con-
sists entirely of minimum-phase filters. The simplifi-
cation also reveals a structure that allows secure control
over the design of equalization as independent of the
crosstalk canceling. Thus we are able to simplify the
crosstalk function, more particularly at short wave-
lengths, to make the effect of cancellation quite tolerant
of listener movement.
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PROSPECTS FOR TRANSAURAL RECORDING

The significance of equalization has become clear
to us through our experiences with recordings made
with a Neumann KU-80 head, which is equalized to
provide a correct ear-canal entrance signal, and with
the Aachen head (Aachener Kopf, or AK) devised by
Gierlich and Genuit [15], which is equalized for a flat
free-field response for frontal incidence. Recordings
from the KU-80 are unfit for loudspeaker playback (the
KU-81 should do better), showing a poor stereo effect
with a very large “hole in the middle,” while the same
playback from the AK shows a stereo excellence un-
attainable by any other known stereo array.

With equalizations as given, crosstalk cancellation,
besides revealing the qualities noted by Atal and
Schroeder, actually “covers” the hole in the KU-80
presentation, while for the AK, it corrects image
placements, sharpens the images, extends the range of
image placement, removes front—back ambiguity, ex-
tends the perception of depth, and completes the spatial
envelopment. Thus the equalization we would have
used (see explanation in Sec. 1.5), based on free-field
incidence at *30° and being nearly the same as in the
AK, was confirmed in its correctness.

As a result of our experience with actual trials of
differing equalizations in different rooms, we are in a
position to be more precise than Damaske could be,
about the significance of listening-space acoustics. It
is, in fact, a misunderstanding that an anechoic space
need be used. Atal and Schroeder ‘regarded listener-
space reverberation to be a contaminant in their studies
of concert-hall sound, and they wished to exclude it.
Specifically, we did identify one minor aspect of lis-
tener-space acoustics, one easily avoided, that accounts
for the effects noted by Damaske.

The integrity of the crosstalk paths from loudspeakers
to ears can be compromised by competing réflected
paths that differ in delay from the primary paths by
amounts of less than 1 (or perhaps 2) ms. Substantial
contributions from such paths can begin to impair side
imaging and allow some appearance of front-—back
ambiguity. Ordinary care taken in the setup to avoid
significant early-reflection paths obviates any delete-
rious effects. Longer delayed reflections merely appear
as “early” reflections in the concert-hall sense. These
are attributed by the listener to the performing space,
usually as minor augmentations in its reverberance.

Ensuring good equalization guarantees that if a user
is so careless with the setup as to allow early reflections,
the playback of a transaural recording will exhibit a
gradual degradation from a quality that is “nothing less
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