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Humans. like most vertebrates. have two ears that are positioned at about equal height at the two sid
oi the head. Physically. the two ears and the head form an antenna system. mounted on a mobile base.
This antenna system receives elastomechenlcai (acoustic) waves oi the medium In which It is immersed.
usually air. The two waves received and transmitted by the two ears are the physiologically adequate
input toa specific sensory system. the auditory system.

The peripheral pans oi the auditory system transform each oi the two waves Into neural spike trains.
aiter having periormed a running spectral decomposition into multiple irequency channels, among other
preprocesslng. The muItI-channal neural spike trains irom each of the two ears are then combined in a
sophisticated way to generate a running 'binaur'aI-activlty pattern' somewhere In the auditory system.
This blnaural-activin pattern. most probably in combination with monauraI-activity pattems rendered
Individually by each ear‘s auditory channels. iorms the auditory input tothe cortex. which represents a
powerful biologic mum-purpose parallel computer with a huge memory and venous interiaces and in- and
output ports. As an output, the cortex delivers an Individual perceptual world and. eventually. neural
commands to trigger and control specliic motcrlc expressions.

It goes without saying that a number oi constraints must to hold icr this story to be true. For example, the
acoustic waves must be In the range of eudlbility with respect to frequency range and Intensity. the
auditory system must beoperative. and the cortex must be In a conclous mode. ready to accept and
Interpret auditory Intonation. Further. It makes sense to assume that multiple sources oi iaedbadt are
Involved In the processes of reception, processing and interpretation oi acoustic signals. Feedback
clearly occurs between the modules at the subcortical auditory system. and between this system and the
cortex. Obvious ieedback irom higher centers of the central nervous system to the motoric positioning
system oi the ears-and-head array can also be observed whenever position-finding movements of the
head are induced.

Although humans can hear with one ear only - so called monaural hearing - heating with two iunctlonlng
ears is clearly superior. This fact can best be appreciated by considering the biological role oi hearing
Specifically. it is the biological role oi hearing to gather lnfonnation about the environment. particularty
about the spatial positions and trajectories of sound sources and about their state of activity. Further. It
should be recalled in this context that Imerindlvidual communication is predominantly performed
acoustically. with brains deciphering meanings as encoded Into acoustic signals by other brains.

In regard oi this generic role oi hearing. the advantage at blnaural as compared to monaural hearing
stands out clearly in terms at performance. partlculary in the iollowing areas (Elauert 1983.)

(i) localization oi single or multiple sound sources and. consequently, formationat an auditory
perspective and/or an auditory room impresslon;
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(ii) separation of signals coming from multiple incoherent sound sources spread out spatially or. with
some restrictions, coherent ones; .
(tin enhancement of the signals from a chosen source with respect to further signals from incoherent
sources. as well as enhancement of the direct (unrellected) signals from sources in a reverberant
environment.

it is evident that the pertormance features of blnaural hearing form a challenge for engineers in terms of
technological application. In this context a so-called 'Blnaural Technology' has evolved during the past
three decades. which can operationally be defined as follows.

Blnaural Technology is a body of methods that invotve the acoustic input signals to both ears of the
listener for achieving practical purposes, e.g.. by recording, analyzing. synthesizing. processing.
presenting and evaluating such signals.

Binaural Technology has recently gained in economic momentum. both on its own and as an enabling
technology for more complex applications. A specialized Industry for Blnaural Technology is rapidly
developing. It is the purpose of this chapter to take a brief look at this exciting process and to reflect on
the bases on which this technology rests. i.e.. on its experimental and theoretical foundations. As has
been discussed above. there are basically three 'modules' engaged in the reception. perception and
interpretation of acoustical signals: the ears-and-head array. the subcortical auditory system. and the
conex. Binaural Technology makes use of knowledge of the functional principles ofeach. In the following
three sections. particular functions of these three modules are reviewed in the light of their specific
application in Binaural Technology.

1. THE EARS-AND-HEAD ARRAY: PHYSICS OF BINAURAL HEARING

The ears-and-head array is an antenna system with complex and specific transmission characteristics.
Since it is a physical structure and sound propagation Is a linear process. the array can be considered to
be a linear system. By taking an Incoming sound wave as the Input and the sound pressure signals at the
two eardnims as the output. it is correct to describe the system asa set of two seif-ediusting filters
connected to the some input. Self-adjusting. in the sense used here. means that the filters automaticallv
provide transfer functions that are specilic with regard to the geometrical orientation at the wavefront
relative to the ears-and-head array.

Physically. this behavior is explained by resonances in the open cavity formed from pinna, ear canal and

eardrum. and by oitiraction and reflection by head and torso. These various phenomena are excited
differently when a sound wave impinges from different directions and/or with different curvatures of the
wavefront. The resulting transfer functions are generally different for the two filters. thus causing
'interaural' differences of the sound-pressura’slgnals at the two eardrums Since the linear distortions
superimposed upon the sound wave by the two “ear filters' are very specific with respect to the
geometric parameters of the sound wave. it is not far from the mark to say that the ears-and-head
system encodes information about the position of sound sources in space, relative to this antenna
system. into lamporai and spectral attributes of the signals at the eardrums and into their interaural
differences. All manipulations applied to the sound signals by the ears-and-head array are purely
physical and linear. It is obvious. therefore. that they can be simulated. As a matter of fact. there is one
important branch of Binaural Technology that attempts to do lust this.
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It makes sense at this point to begin the technological discussion with the earliest, and still a very

lmponant application. at Blnaural Technology. nameiy. authentic auditory reproduction. Authentic

auditory reproduction has been achieved when listeners hear exactly the same In a reproduction

situation what they would hear in an original sound field. the latter existing at a ditierent time and/or

location. As a working hypothesis. Binaural Technology begins with the assumption that listeners hear

the same in a reproduction situation as in an original sound field when the signals at the two ear-drums

are exactly the same during reproduction as In the original field. Technologicaliy. this goal is achieved by

means at so-cailed artificial heads which are replicas oi natural heads in terms at acoustics. is they
realize two salt-adjusting ear filters like natural heads.

Artificial heads. in combination with adequate playback equipment. are a basic Instrumentation tor a

number oi economically appealing applications. The playback equipment. needed for this application. is

usually based on headphones. Yet. under specific. restricted conditions. loudspeakers can also be used.

A first category of application in this context is subsumized under the following section.

Binaural Recording and Authentic Reproduction

These applications exploit the capability at Blnaural Technology to archive the sound field in a
perceptually authentic way. and to make it available lor listening at will. 6.9.. in entertainment. education.

instruction. scientific research. documemation. surveillance. and telemonitorlng. It should be noted here

that blnaural recordings can be compared in direct sequence (e.g.. by NB comparison). which is olten

impossible lor the original sound situations. Since the sound-pressure signals at the two ear-drums are

the physiologically adequate input to the auditory system. they areconsidered the basis tor auditory-

adequate measurement and evaluation. both In a physical and/or auditory way (Blauert & Genuit. 1593.)

Consequently. we have the further application category discussed below.

Binaural Measurement and Evaluation
In physical bineural measurement, physically based procedures are used. whereas In the auditory case.

human listener serve as measuring and evaluating instmments. Current applications of binaural

measurement and evaluation can be found In areas such asnoise control. aooustlc-environmem design.

sound-quality assessment (tor example. in speech-technology. architectural acoustics and product-sound

design.) and in specific measurements on telephone systems. headphones. personal hearing protectors.
and hearing aids (Blauert. Els. and Schroeler. 1980. Schroeter. 1986. Schroeter 8- Poesselt. 1986.) For
some applications. scaled-up or scaled-down artificial heads are in use. for instance. for the evaluation of
architectural scale models (Eis B- Biauert. 1985. 1986. Xiang Bi Blauert. 1991. 1993.)

Since artificial heads. basically. are lust a specific way of implementing a set 01 linear filters. one may

think of other ways oi realizing such filters. e.g.. electronically. For many applications this adds additional

degrees of freedom. as electronic filters can be controlled at will over a wide range. This idea leads to yet
another category of application. as lollolws.

Binaural Simulation and Displays

There are many current applications in binaural simulation and displays. with the potential at an ever-in-
creasing number. The tollowlng list provides examples: blnaurnl mixing (Poesselt. Schroater. Opitz. and
Divenyi. 1986.) olnaural room simulation (Lehnert a Blauert. 1989. 1992.) advanced sound ettects (tor

example. for computer games). provision of auditory spatial-orientation cues (e.g.. In the cockpit or for

the blind). auditory display of complex data. and auditory representation in teleconierence, telepresence
and teleoperator systems.
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Fig.1: Rheum-Technology equipment of diflsran! complexity. (a) probe-microphone system on a real

head, (:1) anMdaI-hsad system, (c) artificial-head system with signal-processing and signal-analysis

capabilities, (w blnauial room-slmulal‘lon system with head-position tmcker for virtual-reality applications.
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Fig. 1. by showing BinauraI-Technology equipment in an order of increasing complexity. meant to

illustrate some of the ideas discussed above. The most basic equipment is obviously the one shown in

panel (a). The signals at the two ears of a sutilect are picked up by (probe) microphones In a sublect‘s
ear canal. then recorded. and later played back to the same sublact after appropriate equalization.

Equalization is necessary to correct linear distortions. induced by the microphones, the recorder. and the
headphones. so that the signals In the sublect's ear canals during theplayback correspond exactly to

those in the pick-up situation. Equipment of this kind Is adequate for personalized binaural recordings.

Since a subiect's own ears are used for the recording. maximumauthentlclty can be achieved.

Artificial heads (panel b) have practical advantages over real heads for most applications: for one thing.

they allow for auditory real~time monitoring of a dlflerent location. One has to realize. however. that

artificial heads are usually cast or designed from a typical or representative subject. Their directional

characteristics will thus, in general. deviate from those of an individual listener. This fact can lead to a
significant decrease in perceptual authenticity. For example. errors such as sound coloration or Ironi-

back contusion may appear. Individual adiustment is only partly possible. namely, by equalizing the
headphones specifically for each subject. To this end. the equalizer may be split into two oomponems, a

head equalizer (1) and a headphone equalizer (2). The interface between the two allows some freedom

of choice. Typically. it is defined In such a way that the artificial head features a flat Irequenq response
either tor irontal sound Incidence (free-field correction) or in a diffuse sound field (diffuse—field correction).
The headphones must be equalized accordingly. It is clear that Individual adlustment of the complete
system. beyond a specific direction of sound incidence. is impossible in principle. unless the directional

characteristics of the artificial head and the listener's head happen to be identical.

Panel (:2) depicts the set-up for applications were the signals to the two cars of the listener are to be
measured. evaluated and/or manipulated. Signal-processing devices are provided to work onthe
recorded signals. Although real-time prooesslng Is not newssary for many applications. real-time play

back Is mandatory. The modified and/or unmodified signals can be monitored either by a signal analyser
or by binaural listening.

The most complex equipment in this context is represented by panel (d). Here the input signals no longer

stem from a listener‘s ears or from an artificial head. but have been recorded or even generated without

the participation of ears or ear replicas. For Instance, anecholc recordings via conventional studio

microphones may be used. The linear distortions which human ears superimpose on the impinging

sound waves. depending on their direction at incidence and wave-iront curvature. are generated
electronically via a so-calied ear-filter bank (electronic head). To be able to assign the adequate head-
tranfer function to each incoming signal component. the system needs data of the geometry of the sound
field. In a typical application. e.g. architectural-acoustics planning. the system contains a sound-field
simulation based on data of the room geometry. the absorption features of the materials Implied. and the
positions of the sound sources and their directional characteristics. The output of the sound-field
modeling is led into the electronic heed. thus producing so—celled blnaural Impulse responses.
Subsequent convolution of these Impulse responses with anecholc signals generates binaurai signals as

a subject would observe in a corresponding real room. The complete method is often referred to as
binaurai room simulation.

To give subjects the impression of being immersed in a sound field. it is important that perceptual room

constancy is provided. In other words. “man the sublects move their heads around, the perceived

auditory world should nevertheless maintain its spatial position. To this end. the simulation system needs
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to know the head position in order to be able to control the blnaural Impulse responses adequately. Head

position sensors have therefore to be provided. The impression 01 being immersed is at particular

relevanCe Ior applications in the context 01 virtual reality.

All of the applications discussed in this section are based on the provision of two sound-pressure signals

to the ear-drums of human beings, or on the use oi such signals tor measurement and application. They

are built on our knowledge'ot what the ears-and-head array does. i.e.. on our understanding oi the

physics of the binaural transmission chain In front of the eardrum. We shall now proceed to the next

section. which deals with the signal processing behind the eardrum and its possible technical

applications

2. THE SUBCORTICAL AUDITORY SYSTEM: PSYCHOPHYSICS
OF BINAURAL HEARING

As mentioned above. the subconlcai auditory system converts incoming sound waves Into neural spike

trains which are then processed In a very sophisticated way. Among the things that we know from

physiological experiments are the iollowing. The signals are decomposed Into spectral bands that are

maintained throughout the system. Autocorrelatlon oi the signals from each at the ears. as well as cross-

correlation of the signals from both ears. are pertormed. Specific Inhibition and excitation efleas are

extensively present.

Models oi the iunction oi the subconical auditory system take our knowledge oi Its physiology into

account. but are usually oriented primarily towards the modeling oi psychoacoustic iindings. Most

models have a signal-driven. bottom-up architecture. As an output. a (running) blnaurai-activity pattem Is

rendered that displays features corresponding to psychoacoustlc evidence and/or allows for the

explanation of binaural performance ieatures. Since psychoacoustlcs. at least in the classical sense.

attempts to design listening experiments in a 'quasi-objective' way. psychoacoustlc observations are. as

a rule. predominantly associated with processes In the subcortlcal auditory system.

There seems to be the lollowing consensus among model builders. A model at the subcortical auditory

system must at least incorporate three functional blocks to simulate binaural performance in the areas as

listed above (Fig.2).

(i) a simulation of the functions of the external ear. including head (skull). torso. pinnae. ear canal. and

eardrum; plus. eventually. the middle ear;

(ii) a simulation of the inner ears. is. the cochleae. including receptors and first neurons: plus a set of

binaural processors to ldemlty interaurally correlated contents 01‘ the signals from the two cochleae and

to measure interaurai arrival-time and level differences: along with. evemually. additional monaural

processors.
(HO 3 set oi algorithms tor iinai evaluation of the iniormetlon rendered by the preceding blocks with'

respect to the specitlc auditory task to be simulated.

The first block corresponds to the head-and-ears array as discussed In the preceding section. with the

exception oi the middle ear. As a matter at tact. detailed modeling oi the middle ear is deemed

unnecessary in current Blneural Technology. The middle ear Is approximated by a linear time-invariant

bandpass. thus neglecting ieatures such as the middle-ear reilex Nevertheless. more elaborate models

01 the middle ear were readily available from literature. it needed. (Hudde. 1983. 19838. 1994. Blauert.

Hudde. and Letens. 1987.)
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Fig.2: Architecture for an application oriented model at binaural hearing:BInauraI signals as delivered by
the ear-and-head array (or its electronic simulation) are fed into a model at the subcortical auditory
system, Implying slmulaflon of the Iunctian a! the cash/see and at bineural interaction as essential
modules. The inteflece DBMBBII the subcanlcal auditory model and the evaluation stages on top 0! it is
pravided by a running binauraI-activity pattern.
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The second block includes two essential modules. cochlea simulation and simulation of subconical
blnaural Interaction. They will now be discussed in this order. The cochlea modal simulates two primary
functions. namely. a running spectral analysis of the incoming signals. and a transformation of the
(continuous) mechanical vibrations of the basilar membrane into a (discrete) nerve-firing pattern:
physiological analog-to—digltal conversion. in doing so. it has to be considered that both spectral
seleaiv‘rty and ND conversion depend on the signal amplitude, i.e., behave nonlineariy. The simplest
approximation for the spectral selectivity to be simulated is by means of a bank of adiacent band-pass
fillers. each. for example. of critical bandwidth. This realization is ehen used when computing speed ls
more relevant than precision. More detailed modeling ls achieved by Including the spectreIIy-seiealve
excitation at each point of the basilar membrane. The amplitude dependence of excitation and selectivity
can optionally be included Into the model by simulating active processes. which are supposed to be pan
of the functioning of the inner ear.

A more precise simulation of the physiological ND conversion requires a stochastic receptor-neuron
model to convert movement of the basilar membrane into neural-spike series. Such models have indeed
been implemented for simulations of some delicate blnaural effects However. for practical applications, it
is rotten not feasible to process individual neural impulses. Instead. one can generate deterministic
signals that represent the time function of the firing probability of a bundle of nerve fibers. For further
simplification. a linear dependence of the firing probability on the receptor potential Is often assumed.
The receptor potential is sufficiently well described for many applications by the time function of the
movement of the basilar membrane. hall-wave rectified and fed through of first order low-pass with a 800
Hz cut-off frequency. This accounts for the fact that. among other things. in the frequency region above
about 1.5 kHz. binaural interaction works onthe envelopes rather than on the fine structure of the
incorrring signals

With regard to the binaural processors. the following description results from work performed in the
authors lab at Bochum (e.g.. Llndemann. 1986. 1986a. Gaik. 1993.) First. a modified. interaural ninning-
crosscorreiation function is computed. based on signals originating at corresponding points of the basilar
membranes of the two cochlea simulators . i.e.. points which represent the same critical frequency. The
relevance of cross-correlation to blnaural processing has been assumed more than once and is.

moreover. physiologically evident. A Bochum modification of cross-correlation consists in the
employment of a blnaural contralateral inhibition algorithm. Monaural pathways are iunher included in the
blnaural processors to allow for the explanation oi monaural-hearing effects.

Some details of the binaural processors are given in the following The first stage of the processor is
based on the well known coincidence-detector hypothesis. A way to illustrate this is by assuming two
complementary tapped delay lines - one coming from each ear - whose taps are connected to
coincidence calls which fire on receiving simultaneous exitation from both side's delay lines. it can be
shown that this stage renders a family of running interaural cross-correlation functions as output. Thus
we arrive at a three-dimensional pattern (Interaurai arrival—time difference. critical-band frequency. cross-
correlation amplitude) which varies with time and can be regarded as a running blnaural-activity pattern.
The generation of the running cross-correlation pattem Is followed by application of a mechanism of
contralateral inhibition based on the following idea. Once a wavefront has entered the blnaural system
through the two ears. it will consequently give rise to an activity peak in the blnaural pattern.
Consequently. inhibition will be applied to all other possible positions of activity ineach band where
excitation has taken place. In each band where signals are received, the first Incoming wavefront will
thus gainprecedence over possible activity being created by later sounds which are spectraily similar to
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the first Incoming wavefront, such as reflections. The actual amount oi inhibition is determined by specific
weights which wary as a function of position and time. such as to fit psychoacoustical data. inhibition
may. for example. continue for a couple of milliseconds and then gradually die away until it is triggered
again. Using this concept as well as specific algorithm of contralateral inhibition. In combination with the
inclusion of monaural pathways into the processor. the processing of Interaural level differences by the
binaural system Is property modeled at the same time. For certain combinations of Interaural arrival-time
and Interaural level differences. e.g. 'unnatural' ones, the model will produce multiple peaks in the
inhibited binaural activity pattern. thus predicting multiple auditory events - very much in accordance with
the psychoacoustlcai data (Galk 8. Wolf. 1988.)

To deal with the problem of natural interaural level differences being much higher at high frequencies
than at low ones. the binaural processors must be adapted to the extemal-ear transfer functions used in
the model, To this end. additional Inhibitory weighting is implemented on the delay lines of the
coincidence networks in such a way that the binaural processors are always excited within their 'natural'
range at operation. This additional weighting is distributed along the delay lines. The complete set of
binaural processors can. thus. be conceptualized as an artificial neural network. more specifically. as a
particular kind of time-delay neural network The adaptation of this network to the particular set of
external—ear transfer functions used Is accomplished by means of a supervised learning procedure,

The output of the binaurai processor, a running binaureI-activity pattern, is assumed to be interlacing to
higher nervous centers for evaluation. The evaluation procedures must be defined with respect to the
actual. specific task required. Within the scope of our current modeling. the evaluation process is thought
of in terms of pattern recognition. This concept can be applied when the desired output of the model
system is a set of sound-field parameters. such as the number and the positions of the sound source. the
amount of auditory spaciousness. reverberance. coloration etc. Also. it the desired output of the model
system is processed signals. such as a monophonic signal which has been improved with respect to its
SIN ratio. the final evaluative stage may produce a set of parameters for controlling further signal
processing.

Pattern-recognition procedures have so far been protected for various tasks In the field'of sound
localization and spatial hearing. such as laterallzetion, multiple image phenomena. summing localization,
auditory spaciousness. blnaurai signal enhancement. and parts of the precedence effect (see Blauert
and Col. 1992. for cognitive components of the presedence effect.) Further. effects such as binaurai
pitch. dereverberalicn and/or deceleration are within the scope of the model.

We shall now consider the question of whether the physiological and psychoacoustic knowledge of the
subcortical auditory system, as manifested in models of the kind ascribed above. can be applied for
Binaural Technology. Since we think of the subcortical auditory qstem as a specific front-end to the
cortex that extracts and enhances certain attributes from the acoustic 'waves for further evaluation.
signal-processing algorithms as observed In the subcontcal auditory system may certainly be applied in
technical systems to simulate perrormance features of binaural hearing. Progress In signal-processor
technology makes it feesable to implement some of them on microprocessor hardware for real-time
operation. Consequently. a number of Interesting technical applications have come into reach of today's
technology. A first category Is concerned with spatial hearing. as decrtbed below.

Spatial Hearing
Auditory—like algorithms may decode information from the input signals to the ear that allows assessment
of the spatial position of sound sources. They may further be used for predictions of how humans form
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the positions and spatial extents at their auditory events. how they establish an auditory perspective. and
how they suppress echoes and reverberance. Typical applications are: source-position finders. tools for
the evaluation'oi architectural acoustics and sound systems (such as spaciousnees meters. echo
detectors. and precedence indicators.) tools for the evaluation oi auditory virtual environments and for
psychoacoustic research. There are further perceptual features oi auditory events. besides position and
spatial extent. which are based on binaural rather than monaural intormaticn. Following a usage in the
field at product-sound design. they may be called binaural psychoacoustic descriptors. as discussed in
the next section.

Binaural Psychoacoustic Descriptors
Binaural psychoacoustic descriptors include binaural loudness. binaural pitch. binaural timbre and
binaural sensory-consonance. Algorithms taken from binaural auditory models may be used to generate
estimates of these descriptors There is an increasing demand tor such tools. e.g.. in the area of sound—
quality evaluation. The most tempting field of application for binaural auditory models. however. concerns
the ability of binaural hearing to process signals from different sources selectively. and to enhance one of
them with regard to the others. A key word for this area of application could be binaural signal I
enhancement. ‘

Binaural Signal Enhancement .

A well-known term In the context of binaural signal enhancement is the so-caliad 'cocktaii-party effect:
denoting that. with the aid of binaural hearing. humans can concentrate on one talker in the presence oi
competing ones. It has further been established that with binauralhearing a desired signal and noise can
be separated more effectively than with monaurel hearing. Bineural auditory models may help to simulate
these capabilities by providing front-ends that allow for better separation at a mix of sound sources. In a
specific Bcchum version oi a so-called 'cocktaII-party' processor. Le. a processor to enhance speech in
a 'cocktaiI-party' situation. the binaural processor of the auditory model is used to control a Wiener filter
(Bodden & Blauert. 1992. Bodden. 1993).) This Is accomplished by first Identifying the position ot a
desired talker in space. and then estimating its SIN ratio with respect to competing talkers and other
noise signals. The system pericrms its computation within critical-bands. In the case of two competing
talkers. the desired signal can be recovered to reasonable intelligibility. even when its level is 15 dB
lower than that of the competing one. Application possibilities for this kind of systems are numerous.

such as tools for editing binaural recordings. front ends for signal-processing hearing aids. speech-
recognizers and hands-tree telephones. In general. binaural signal enhancement may be used to build
better "microphones' tor acoustically adverse conditions. As stated above. the cues provided by models
of the subcortical auditory system. and contained in binaural-activity patterns. must consequently be
evaluated in adequate ways. The next section deals with this problem.

3. THE CORTEX: PSYCHOLOGY OF BINAURAL HEARING

Most models of the subconical auditory system asume a bottom-up. signal—driven process up to their

output. the running binaural-activity pattern. The cortex. consequently. takes this pattern as an input. The
evaluation of the binaural-activity pattern can be conceived as a top-down. hypothesis-driven process,
According to this line of thinking. conical centers setup hypotheses. e.g.. in terms or expected patterns.
and then try to confirm these hypotheses with appropriate means. 3.9.. with task-specific pattern-
recognition procedures. When setting up hypotheses. the cortex reflects on cognition. namely, on
knowledge and awareness of the current situation and the world in general. Further. it takes into account
Input from other senses. such as visual or tactile Information. After forming hypotheses. higher nervous
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stages may feed back to more peripheral modules to prompt and control optimum hypothesis testing.
They may. for example. induce movement of the ears-and-head array or influence the spectral
decomposition process in the subconlcal auditory system.

The following two examples help to illustrate the structure of problems that arise at this point from a
technological point of view. First. in a 'coclrtaiI-pany' situation a human listener can follow one talker and
then. immediately. switch his attention to another. A signal-processing hearing aid should be able to do
the same thing. deliberately controlled by its user. Second. a measuring instrument to evaluate the
acoustic quality of concen halls will cenainly takeinto account psychoacoustic descriptors like auditory
spaciousness. reverberance, auditory transparency. etc. However. the general impression oi space and
quality that a listener develops In a room. may be codetermined by visual cues. by the speclfic kind of
performance. by the listener‘s attitude. and by factors like fashion or taste. among other things.

There is no doubt that the involvement of the cortex in the evaluation process adds a considerable
amount or 'subjectlvity' to binaurel hearing. which poses serious problems to Binaural Technology.

Engineers, as most scientlsts. are trained to deal with the obiect as being independent of the observer
(assumption of 'obiectivity“) and prefer to neglect phenomena that cannot be measured or assessed In a
strictly ‘objective' way. They further tend to believe that any problem can be understood by splitting It up
into parts. and analyzing these parts separately. At the mnlcal level. however. we deal with percepts. i.e.
objects that do not exist as separate entetles. but as pan of a subject-oblect (perceiver-percept)
relationship. it should also be noted that listeners normally listen in a 'gestalt' mode. i.e.. they perceive
globally rather than segmentally. An analysis of the common engineering type may thus completely miss
relevant leatures.

Perceiver and percept interact and may both vary considerably during the process of perception. For ex-
ample. the auditory events may change when listeners locus on specific components such as the sound
of a particular lnstrumertt in an orchestra. Further. the attitude of perceivers towards their percepts many
vary in the course or an experimental series. thus leading to response modification.

A simple psychological model at the auditory perception and iudgment process. shown in Fig.3. will now
be used to elaborate on the variance of listeners‘ auditory events in a given acoustic setting and the
variance of their respective responses. The schematic symbolizes a sublect in a listening experiment.
Sound waves impinge upon the two ears. are preprocessed and guided to higher centers at the central
nervous system. where they give rise to the tomation of an auditory event In the subject‘s perceptual
space. The auditory event Is a percept of the listener being tested. |.e.. only he/she has dlrem access to
it. The rest at the world is only inlorrned about the occurence oi the said percept. it the subiect responds
in such a way as to allow conclusion to be made from the response to the percept (indirect access). In
formal experiments the sublect will usually be instructed torespond in a specified way. for example by
formal |udgement on specific attributes or the auditory event. if the response Is a quantitative desriptor oi
perceptual attributes. we may speak oi measurement. Consequently. in listening experiments. subjects
can serve as an instrument for the measurements of their own perception. i.e.. as both the obiect of
measurement and the “meter. The schematic in Fig.3 features a second Input into both the auditory-
perception and the judgement blocks where 'response-modarating factors“ are led in to introduce
variance to the perception and judgement processes.    

    

  

Following this line of thinking an lmportam task of auditory psychology can be to identify such response-
moderatirig factors and to clarlly their role in blnaural listening. Many of these factors represent
conventional knowledge or experience from related fields of perceptual acoustics. e.g.. noise- and
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speech-quality evaluation. It Is well known that the ludgements cl listeners on auditory events may
depend on the cognitive 'Image' which the listeners have with respect to the sound sources involved
(source-related factors). it may happen. for instance. that the auditory events evoked by sources that are
considered agresslve (9.9.. trucks). are judged louder than those trom other sources (e.g.. passenger
cars) - given the s'arne acoustical signals. The 'lmage' ot the source in the listeners‘ minds may be
based. among other things. on cues trom other senses (e.g.. visual) and/or on prior knowledge. Situative
factors are a further determinant In this context. l.e.. sublects ludge an auditory event bearing the
complete (multi-modai) situation in mind in which they occur. Another set of factors ls given by the
individual characteristics of each listener (personal factors). for example higher subiective attitude
towards a specific sound phenomenon. an attitude that may even change in the course 01 an experiment.
Response-moderating factors that draw uponcognition tend to be especially effective when the sounds
listened to transmit specitic information. l.e.. act as carriers 01 meaning. This is obvious in the case of
speech sounds. but also in other cases. The sound of a running automobile engine. for instance. may
signal to the driver that the engine is operating normally.

acoustic
event

(sound waves)

auditory
perception

(measurement)

 

response-moderating factors

Fig.3: Schematic of a subject In a listening experiment. Perception as well as [udgemenl are var/ant, as
modeled by the assumption of response-moderating factors.

The fact that response moderating factors do not only act on judgements but also on the process oi
perception itself. may seem to be less obvious at a first glance. but is. nevertheless. also conventional
wkdom. We all know that people in a complex sound situation have atendency to miss what they do not
pay attention to and/or do not expect to hear. There is psychoacousticai evidence that. e.g.. the spectral
selectivity of the cochlea ls Influenced by attention. At this point. the ability to switch at will between a
global and an analytic mode of listening. should also be noted. It is commonly accepted'amcngst
psychologists that psrcepts are the result of both the actual sensory input at a given time and of
expectation.
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it we want to built sophifiicated Binaural-Technology equipment tor complex tasks. there is no doubt that
psychological effects have to be taken into account. Let us consider. as an example, a blnaural—
surveillance system for acoustic monitoring at a factory tloor. Such a system must know the relevance
and meaning of many classes 01 signals and must pay selective attention to very specific ones. when an
abnormal situation has been detected. A system for the evaluation of acoustic qualities oi spaces for
musical performances must detect and consider a range of dltterent shades of blnsural signals.
depending on the kind and purpose oi the performances. It might even have to take into account the
taste of the local audience or that ol the most Influential local music reviewer. An intelligent binaural
hearing aid should know to a certain extent. which components of the incoming acoustic signals are
relevant to its user, e.g.. track a talker who has just uttered the users name.

As a consequence. we shall strain the future at Binaural Technology that psychological models will be
exploited and implemented technologically. though. may be not. for a while, in the form of massively
parallel biologic computing as in the cortex. There are already discussions about and earty examples oi
combinations oi expert systems and other knowledge-based systems with artificial heads. auditory
displays and auditory-system models. When we think of applications like complex human/machine
interiaces. multi-medla systems. interactive vinuel environments. and teleoperation systems. it becomes
obvious that conventional Binaurel Technology must be combined with. or integrated into. wstems that
are able to make decisions and control actions in an imelligent way‘ With this view in mind it is clear that
Binaural Technology is still in an early stage oi development. There are many relevant technological
challenges and business opportunities ahead.
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