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Theimportance of binaural hearing
for noise validation!

Markus Bodden
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In a projed that has been funded by the German Ministery of Reseach and Technology
(BMFT) fundamental questions of noise validation have been addressed by an interdiscipli nary
research consortium. The aim of the project was to provide knowledge that will lead to a new,
binaural and aurall y-adequate measurement technique which can espedally be used for the
validation d the dfects of noise for levels below the legidlative limit of 85 dB(A) at workshop
places. The investigations have proven that the spatial distribution d sounds has an influence
on physiological resporses of humans exposed to ndse, and that psychocamustic parameters,
e.g.,loudress depend onthe diredion d sound incidence. In consequence an aurally-adequate
measurement technique has to consider binaural processng. A binaural model that could be
used for thistask is presented.

1. Published in: Contributions to Psychologicd Acoustics. Results of the 6th Oldenburg Symposium on
Psychaologicd Acoustics. August Schick (ed.), 1. Ed., Oldenburg: Bibliotheks- und Informationssystem
der Carl von Ossietzky Universitdt Oldenburg, 537-5%4.
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1 Introduction

The results presented in this paper are mainly based ona project which has been funded by
the Federal Ministery of Research and Techndogy (BMFT) under the A& T program (Work
and Technique). The titl e of the project was “ Development of a measurement technique for the
physiological valuation d the effects of noise taking into accourt psychoacoustic properties of
the human auditory system” 1 The reseach team consists of the industrial coordinator Head
acoustics (Dr. Genuit), the institute of Working Medicine of Dussldorf University (Prof. Jan-
sen), theinstitute of Physics of Oldenburg University (Prof. Mellert), and the institute of Acou-
stics of Bochum University (Prof. Blauert).

The project addressed several fundamental questions of noise validation. Physiological
investigations have been performed in order to prove whether there redly isaneed for a binau-
ral measurement technique for noise validation, oppaing physiologicd resporses of subjects
exposed to ndses that have been recorded using either a cnventional one-microphore equip-
ment or adummy head. Psychoacoustic experiments aimed at determining the dependency of
loudress perception on the direction d incidence of sound sources, thus forming a first
approach towards the definition d binaural loudress A computer model of binaura interac-
tion was used to analyse the spatia distribution d soundfields, atod which will be necessary
to implement a binaural noise measurement device The results of the respedive investigations
are described in more detail in the foll owing chapters.

2 Motivation

The measurement technique that is conventionally used for the validation d the dfects of
noise differs in some important aspects from the way humans perceive and evaluate sounck.
Thefollowing dfferences can be stated:

* dueto the shapes of eas, head and shouders the outer ears form directional filters. This
means that the transfer function that can be measured between a soundsource and the
eardrum depends on the pasition d the soundsource. The conventional technique uses a
unidirectional microphone and is thus not able to consider these effects.

* the human auditory system makes use of two inpu signals, suppied from the left and
right ear, which are combined in the auditory pathway. This binaural processing offers a
lot of advantages, e.g., spatial hearing and binaural selectivity. The conventional tech-
nique uses only one microphore.

* auditory sensations are characterised by psychoacoustic properties like loudness, sharp-
ness and roughness, and do nd only depend onthe sound pesaure level.

Regarding these differences it beaomes obvious that the conventional technique can na
generaly be used to vali date the effects of naise. If we consider for example a complex sound
situation, in which several noises are emitted from different positions, the conventional tedh-
nique will perform a simple summation d the sound pessure levels of al signals. In contrast
to that the human auditory system performs a selective analysis of the underlying situation,
separating the sources from each ather and assgning to them their own respedive perceptual

1. BMFT-Projekt des Projekttragers AuT Nr. 01HK029:” Entwicklung einer Mefdtechnik mit Beriicksich-
tigung der psychoakustischen Eigenschaften des Nadhrichtenempfangers ‘ menschliches Gehér’ zur phy-
siologischen Bewertung von Larmeinwirkung”.
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attributes. Thus the resulting validationis not performed onthe physical sum of the signal's, but
asa combination d the evaluation d each individual signal. Up to today it has not been proven
to what extend this sledive processinfluences the effects of noise on humans, that is, to what
extend a validation with conventional measurement techniques differs from the validation
humans perform. To doso, physiologica resporses have to be measured, extended and suppa-
ted by psychoacoustic experiments. Further research onthe topic of modeling kinaural interac-
tion is used as a dired preparation for the implementation d an advanced hinaural
measurement toal.

3 Physiological Responses

Physiologicd resporses of male and healthy subjeds have been measured at Disseldorf
University in three series of experiments, involving 48, 8and 15 subjects, respedively
(SCHWARZE et d., 1991 NOTBOHM et al., 1993. The subjects were exposed to ndsesin a
soundproof chamber via headphores. Fingerpulse amplitude (FPA), skin conductance
resporse (SCR), heart frequency (HF) and eledro-myogram of m. frontalis (EMG) were recor-
ded continuovsly.

The first series of experiments addressed the question whether a difference in the physiolo-
gicd resporse of subjects exposed to ndse can be observed comparing the following two con-
ditions:

1. signals are recorded with ore unidirectional microphore and are presented dotically via

headphores. This corres-ponds to the conventional measurement technique.

2. signals are recorded with adummy head and are presented dchaticdly via headphores.

Therefore, the results can prove whether the physiological resporses depend on bnaural
processng, and whether this binaural processing hes to be considered for the validation o
noise.

Three different noises have been recorded at workshop paces of wood and metal-proces-
singindustries (circular saw, hadksaw and engine construction), supdemented by pink nase &
a ontrol stimulus. All signals have been adjusted to the same level of 83 dBB(A). Thislevel has
been chosen because german legislative has fixed a maximum level of 85 dB(A) at workshop
places.

Fig. 1 shows an example for the results, the skin conductance resporse to hacksaw noise
(averaged values for intervals of 5 s), Fig. 2 shows the fingerpulse anplitude. The resporses to
the dummy head recordings are significantly higher than to the mnventional recordings. Thisis
consistent for all stimuli, but more prominent for the industrial noises. The results prove that
binaural processng days arole with regard to the physiological responses of humans expased
to nase.

The subsequent series of experiments were intended to identify the most prominent para-
meters that determine the difference between conventional and knaural measurement tech-
niques with regard to their influence on physiological resporses. It is obvious that the major
difference is the spatial distribution d sound which can be reproduced from dummy head
recordings, but not from conventional recordings. Therefore, the second experiment addressed
the question which influence the spatial distribution d sound sources has on physiological
resporses. To doso, the following situations have been compared:
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Fig. 1 Skin condwctance resporse (SCR) to hacksaw noise recorded either with ore unidi-
rectional microphore (solid line) or adummy head (broken line).

(& noiseexposure >
110F f \ \ 7]
E —— Mikrophonaufnahme E
100 [ Baseline 3
F —- = - Kunstkopfaufnahme E
90— -
g ¢ ]
< F ]
a F ]
w F ]
80— —
70 =
60 | | | \ \ 3

6 0 6 12 18 24 30

Zeit [s]

Fig. 2 Fingerpulse amplitude (FPA) for hacksaw noise recorded either with ore unidirec-
tional microphore (solid line) or adummy head (broken line).

1. uni-directional situation: two sources are placed at the same position (azimuth 60°),

2. multi-diredional situation: the sources are placed at different positions (azimuths -40°
and 70°9).

The stimuli have been placed at the respective positions using a binaural mixing console.
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This device convolves a one-channel input signal with the head-transfer functions of the left
and right ear correspondng to the desired diredion d incidence It thus smulates a dummy
head recording. The situations have been adjusted to a @mmon level of 84 dB(A).

The results of the experiments with two industrial noises (a hacksaw and a @uging
maaine) show that the physiological resporses are significantly stronger for the multi-direc-
tional than for the uni-directional presentation. The difference is very strong after the initial
readion (the first 30 s), when are-regulation mechanism can be observed for the uni-directio-
nal situation. This re-regulation mecdhanism is delayed for the multi-directional situation, the
baseline is not reached any more. The spatial distribution d sounds emsto have asignificant
influence on the strain that noises evoke.

In athird series of experiments two uncorrelated pink nases have been used as gimuli. The
industrial noises that have been used so far carry information that may lead to specific asocia
tions of subjects to the signals which may result in amplified physiologicd resporses. In addi-
tion to the uni- and multi-diredional situation described above a third situation was
investigated in which ore noise moved from the | eft to the right and the other from the right to
the left.

In this series a significant difference in the resporses to the different situations was only
observed for the fingerpulse amplitude. The results are depicted in Fig. 3. There is no dffe-
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Fig. 3 Fingerpulse amplitude for uncorrelated pink nases. Uni-directional (solid line),
multi-directional (broken line) and moving situations (dotted line).

rencein the initial resporse, but then the same behaviour regarding the re-regulation mecha-
nism as in experiment 2 occurs. the baseline is only reached for the uni-diredional situation,
there-regulationis delayed for the multi-diredional and moving situations. The resporseto the
moving Situation is more intensive than to the multi-directional situation.
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Additional measurements of fingerpulse anplitudes have been performed at Oldenburg
University. In experimental condtions that are similar to the series two and three described
above subjects have been exposed to industrial noises vialoudspeakers. The results agree with
those foundat Dussldorf University.

The results of the investigations give evidence that the spatia distribution d noises has an
influence on physiological respornses. Therefore, binaural processng hes to be considered for
the validation d the dfects of noise. To do so, further reseach is necessary to derive aiteria
for avalidation procedure.

4 Psychoacoustic I nvestigations

It is well known that binaural hearing leads to a significant reduction d masking levels
compared to monaural hearing. This can be quantified by means of the Binaural Masking L evel
Difference (BMLD). To measure the BMLD amasker isfixed at one positionin space, and the
masked signal moves aroundthe head of the listener while the masking level is measured as a
function d the azmuth. The BMLD is then calculated as the difference between the levels
measured in monaural li stening and knaural listening.

In afirst series of psychoacoustic experiments performed at Oldenburg University masking
and loudressperception d sinusoidal signalsin dfferent masking a comparison soundfields
(pink nase) have been investigated. The foll owing masking a comparison soundfields with
equal sound pesaure level at the position d the listener have been used in an anedhoic cham-
ber:

1. plane soundfield (one loudspeker active),

2. uni-coherent soundfield (6 loudspeakers surroundng the listener and emitting identical

signals),

3. diffuse soundfield (6 loudspeakers surroundng the listener and emitting urcorrel ated

signals).

The sinusoidal test signal has always been emitted by one of the 6 loudspeakers. First, the
masking level of the test signal has been measured in the three masking fields. Then, subjects
were asked to adjust equal loudress for the test tone and the comparison sound field. The
results show that the masking levels and sound presaure levels of equal loudressdepend onthe
type of masking a comparison soundfield, respectively. Differences between the soundfields
of upto 12 dBB can be observed.

Theresults show that masking andloudressperception depend onthe spatial distribution o
the sound field. Therefore, binaural loudress perception was investigated in more detail in a
second series of psychoacoustic experiments. The task of the subjeds was to adjust the follo-
wing signalsto equal loudress:

* thereference stimuli was a diffuse soundfield, generated by 6 loudspeakers which emit-

ted urcorrelated pink ndse and surrounced the subject (75.4and 85.3 @(A))

* thetest stimuli was pink ndse emitted from one of the 6 loudspeakers.

The stimuli were presented alternatingly for intervals of 2 s, separated by pauses of 500ms.
The sound pesaure level of the test stimulus at equal loudresswas measured as a function o
soundincidence. The results of experiments with 8 subjects are depicted in Fig. 4 on the left
side. The results sow that the sound pesaure level for equal loudressdiffers from the sound
pressure level of the diffuse reference soundfor upto 3 dB(A). The backward drection shows
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Fig. 4 Curves of equal loudnessin dB(A) for pink ndse as a function d soundincidence.
Reference: diffuse soundfield of 75.4 dBB(A) (solid line) or 85.3 BB(A) (dotted line).
Left: result of test in the real soundfield. Right: result of dummy head recording/
headphore representation.

the lowest sensitivity with regard to loudressperception, whereas the directions of +60° show
the highest sensitivity. The frontal diredionis similar to the diffuse reference

In avariation d this experiment the soundwas recorded with a dummy head and drectly
presented to subjects via headphores. Since the heal-transfer functions of the dummy head
may differ from thaose of the subjed, differencesin the results may be expected. The results are
shown ontheright side of Fig. 4. The general shape of the curve of equal loudressis smilar to
that depicted on the left, but some differences can be remarked. First, the sensitivity to the fron-
tal diredionis reduced, and the highest sensitivity now occurs for diredions +120° This diffe-
rence can be explained by the nonoptimal equalisation d sounds, since differences in the
HTFs may cause locdi sation inside of the head and front/badk reversals.

The psychoamustic investigations have proven that atod for the prediction d loudresshas
to involve selective processng with regard to the diredion d soundincidence. It can be assu-
med that this processng also has to be mnsidered for the prediction d other psychoacoustic
parameters, e.g., sharpness and roughress

5 Modeling Binaural Hearing

The results of the physiologicd and psychoacoustic investigations can be interpreted in
such a manner that a noise validation technique has to involve spatialy selective processng.
During the run d the project Bochum University investigated on the posshility to employ a
model of the binaural human auditory system that is able to reproduce mgor aspeds of sound
locdisation and kinaural selectivity. The structure of the model as depicted in Fig. 5 has been
proposed by Blauert (1983.
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Fig. 5 Structure of the binaural model

The model that was used as a basis for the projed has been developed by Lindemann
(1986 and Gaik (1990, 1993 It is based on an interaural crosscorrelation function that has
been extended by powerful processng mechanisms. It shows the foll owing features:

* the crosscorreationis performed in parallel on upto 24 kandfiltered signal's correspon-

ding to the bandwidths of critical bands as proposed by Zwicker and Feldtkeller (1967).

* it involves acontralateral inhibition mechanism.

* additional monaural processors consider pure monaural events.

* it can adapt to the interindividual characteristics of head-transfer functions in a supervi-

sed ‘learning -phase.

The resulting model is able to reproduce influences of interaural differencesin time (IDT)
and intensity (I11D) and, what is more important, of the combination d bath. For details on the
model please refer to the literature mentioned above.

The output of the model can be regarded asa simulation o neural excitations. Thaose neural
excitations offer the decisive advantage that an additional dimension becomes avail able for the
analysis - the spatial distribution. The task of the pattern recogntion algorithm depicted in Fig.
5isto analyse the neural excitationsin such amanner that the pasition d heaing events can be
predicted. Up to today, the predictionis restricted to the projedion d the positioninto the fron-
tal horizontal plane (azimuth). The pattern recogntion agorithm includes the following po-
cessing (for detail s sse Bodden, 1993:

 a orrelation-aamuth transformation converts the correlation axis of the model to an axis

that directly represents the azimuth. The transformation considers the interindividual dif-
ferences of HTFs and can adapt to them in a supervised learning plrese.

* arunning average with atime constant of 100msis used to smocth the patterns.

* information is combined acrosscritical bands. The bands are weighted due to their gene-

ral “reliability”.

* hearing events are formed using a selective dedsion mechanism.
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An example for the result of the recognition algorithm is shown in Fig. 6. The predicted
azimuth is dhown as a function d time. The input signals were two aternating soundsources
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Fig. 6 Predicted azimuth of two alternating soundsources (uncorrelated nases) movingin
oppaite diredions.

moving in oppgaite directions and crossng in front. The sources emitted urcorrelated nase
bursts of alength of 350ms, foll owed by a pause of 300ms, so that they overlapped for periods
of 50 ms. This example shows that even multi ple moving soundsources can be traced by the
algorithm.

The results of the modeling research shows that the binaural model can be used to perform
an analysis of the spatial distribution d the sound field. In a further extension d the model
Bodden (1992, 1993 showed that it can be used as a basis for a Cocktail -Party-Procesor, that
is, for asystem that is able to suppressinterfering signals coming from different directions of
incidence. Actual investigations of Bochum University aim at solving the problem of front-
back discrimination and elevation perception (see Hartung et al., 1993, modeling the Prece-
dence Effect (see Blauert, 1993, and explaining the role of neural adaptation mechanisms on
locdi zation (see Bodden and Meunier, 1993).

The experiments on loudress perception performed at Oldenburg University showed a dif-
ference between the answers of subjects that were ather directly seated in the soundfield or
exposed to the same signals that have been recorded with adummy head and dayed back via
headphores (Fig. 4). Those differences are due to interindividual differences of the HTFs. This
drawback of binaural techndogy can be avoided by the model sinceit can adapt to the HTFs
used for soundrecording, and therefore always performs the analysis for a corred set of HTFs.
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6 Conclusions

The investigations described in this paper have proven that binaural processng hes aninflu-
ence onthe physiological resporses of humans exposed to ndses even for levels that are below
thelimit of 85 dB(A). The spatial distribution d soundseemsto be a parameter that influences
physiological resporses as well as characteristicd perceptual attributes like loudress sharp-
nessand roughess

A methodfor the validation d the effects of noise has to consider this binaural processng,
and therefore has to employ amodel of binaural interaction. The aim of the future reseach will
beto

» extend the physiological investigationsin order to find general rules for the validation d

NOiSes,

 extend the psychoacoustic investigations in order to find a definition for binaural loud-

ness roughressand sharpness,

» simplify the binaural model so that it can be implemented in real-time on common hard-

ware platforms,

* develop a measurement device that considers all the above mentioned aspects, thus allo-

wing aurally-adequate measurements (seeGenuit, 1992,

* develop raw normsthat can be included in the standards and applied in legislation.

The new binaural noise validation technique is not intended to supersede the conventional
technique, it is intended to extend it especially for situations in which people complain abou
the dfects of noise in the range of levels under 85 dB(A).
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