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Sound transmission to and within the human ear canal

Dorte Hammershdi and Henrik Mdller
Acoustics Laboratory, Aalborg University, DK-9220 Aalbofg @enmark

(Received 4 January 1995; accepted for publication 30 January 1996

Sound transmission to the eardrum from various points in the external ear was measured by means
of probe microphone technique. Twelve human subjects participated, and three directions of sound
incidence were included. For the major part of the audio frequency range the transmission to the
eardrum proved independent of direction from points at the centerline of the ear canal, including the
entrance (open or blocked The results further suggested that the region with independent
transmission extends some millimeters outside the entrance plane. The transmission from the free
field to the eardrum was divided into a directional-dependent part and two directional-independent
parts: (1) the transmission from the free field to the blocked entrarfi2ea pressure division
between the radiation impedance and the ear-canal input impedand8) émeltransmission along

the ear canal. All parts of the transmission were seen to be highly individual. The first part was
shown to be uncorrelated with any of the other parts, whereas mutual dependence ()@arts

(3) resulted in a smaller variation in the combined transmission than for the parts in separate. The
standard deviation between subjects for head-related transfer fun@H&EF9 measured at the
eardrum, the open entrance, and the blocked entrance was studied, and the lowest values were found
for the blocked-entrance HRTFs. It is concluded, that the blocked entrance is the most suitable point
for measurements of HRTFs and for binaural recordings, since sound at this point includes the
complete spatial information, and in addition to that the minimum amount of individual information.

© 1996 Acoustical Society of America.

PACS numbers: 43.64.H&RAS]

INTRODUCTION A. Theory

Knowledge about the sound transmission to the eardrum The human ear canal is about 8 mm in diameter and
g about 25 mm long. The canal bends slightly, and the cross-

is essential in various areas of acoustics. It is of interest in . ; . .
ectional area varies along the canal. The canal is terminated

the context of computation of the resulting eardrum souncﬁy the eardrum, which is angled with respect to the canal

pre.ssure, when _a humr?m is exposed t(,) a ce.rtam 30”“9' f',el\(/jvith the upper part inclined toward the canal entrance. The
for instance a diffuse field, or a free field with sound inci-

q ; i direction. It is likewi i h eardrum is not completely stiff or otherwise simply de-
ence from a certain direction. It is likewise of interest, wheng ... 4 \vith respect to its impedance.

sound is produced by means of transducers mounted close (0 g6 idea of the sound distribution and the transmission

the ear, such as Hi-Fi or audiometric headphones. The €afs e eardrum can be obtained, if the ear canal is approxi-
drum sound pressure is also of interest for the evaluation gf, ;:eq by a tube. For frequencies at which the wavelength is
hearing protectors. . _ much larger than any dimension of the canal, the same sound
Whatever the sound source is, an important part of they osqre exists at all points within it. The largest dimension
transmission to the eardrum is the propagation within the eak ihe length, which is equal to one wavelength at approxi-
canal. When a human is exposed to a sound field, then-mately 14 kHz. Thus an equal sound-pressure distribution is
from a certain point in the ear canal—the further soundgypected up to a fraction hereof, say a few kilohertz.
propagation toward the eardrum will be independent of the  For frequencies where the wavelength is much larger
direction of sound incidence. An important property of soundihan the diameter only, the sound pressure varies along the
at that point is that complete spatial information is presentcanal, but is constant across it. The diameter corresponds to
and consequently the point is suitable for binaural recordgne wavelength at approximately 43 kHz, so an equal cross-
ings. sectional sound pressure is expected up to fraction hereof,
It was the aim of the present investigation to determinesay about 10 kHz. For high frequencies nonplanar propaga-
the physical position of the point, from which the soundtion can exist, and the lower limit can be calculated to 25
propagates independently of direction, and furthermore tHz for the current diameteiKinsler et al,*® p. 222.
gain insight into the transfer functions involved in the sound  The sound transmission along the ear canal is indepen-
propagation. The investigation served as a background studyent of direction in either of the above-mentioned frequency
for various investigations on binaural technidié; and it ranges, since only one mode of propagation, the longitudinal
was first presented in Ref. 12. Yet the investigation is rel-mode, is present. If the sound in the human ear canal is
evant for many others, and it is now brought about for acomparable to that of a tube, then a frequency range and a
wider audience. physical portion of the ear canal extending from the eardrum
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exist, for which the sound propagation is independent of di-of sound incidence in each of the two cases 5 to 14 mm and
rection. 0 to 10 mm inside the ear canal.

The sound field outside the ear canal is complicated due  On this background it seems liable that the transmission
to diffractions around pinna, head and torso, and no simpléo the eardrum from the entrance of the ear canal is direc-
prediction of the sound field can be made. In general, it igional independent for the major part of the audio frequency
expected that the sound transmission to the eardrum fromange. This means that the entrance of the ear canal can be
any point outside the ear canal is dependent on the directiomsed as recording point for sound containing complete spa-
of the incoming sound wave. tial information. Nevertheless, most measurements and re-

More extensive model studies of the sound transmissiogordings have been made some millimeters inside the ear
in the external ear exige.g., Refs. 14—24 but neither has canal(e.g., Refs. 16, 17, 31—44r even close to the eardrum
aimed at evaluating a possible directional dependence.  (e.g., Refs. 45-54

There are of course many factors to take into account in
the choice of measurement point, but several authors seem to
B. Previous investigations guestion the ear canal entrance as a suitable point. This con-

Wiener and Ro$S measured the sound at the eardrum,Cem initiated the presept |r_1vest|gat|on. ,
at the entrance of the ear canal, and at the midpoint between It was further an objective to study the transfer functions

entrance and eardrum, for three directions of sound incidenc'E'VOlved_ n the_: sqund propagation glong_ the ear canal, and
in the horizontal planéazimuths 0°, 45°, and 90°Six to 12 several investigations have dealt with this. These are refer-

gnced and compared with the results of the present investi-

subjects were reported as participants in the study. It was .~ | . 1
) P P P y gation in the discussiofSecs. IV D and E

found that for the frequency range consideted to 8 kH2,
the sound transmission to the eardrum from the entrance of
the ear canal was independent of direction. C. Goal of investigation

6,27\, arifi : ; At
Shaw#®?’ verified this for a single replication of an ear. The investigation has two goals and is consequently di-

For eleven directions of sound incidence, he measured soungly into two experiments. Experiment 1 serves to deter-
at the eardrum, at three points at the ear-canal entrance plar?ﬁine the point within the ear, from which the sound—uwithin

and at 12 points outside the ear canal. He concluded that tkhecertain frequency range—propagates to the eardrum inde-

sr?und transmlsspndto thedeardrfug? fro?“ the Cenltjrkﬂomlt: endently of direction. This knowledge is used in experiment
the entrance was independent of direction up to Z. 705 where the transmission is split up into directional-

each of the two other ear-canal entrance points the transm'a'ependent and directional-independent parts. Each part is ex-

sion was independent of dwectpn up to a slightly lower fre'amined, and especially variations between subjects are con-
quency. Shaw gave the explanation that transverse modes df,. .o 4

exist at the entrance, but they are not transmitted to the ear-
drum. (References 26 and 27 are the original publications,
whereas Ref. 28 is a more accessible publication presentidg EXPERIMENT 1: METHOD

most of the same material. Measurements were carried out on the left ear of sub-
Mehrgardt® and Mehrgardt and Melléﬂ measured jects sitting in an anechoic chamber, with sound produced by
sound at the eardrum and at a number of points along the eg§ygspeakers placed in front, at the left side and behind the
canal, stopping at 2 mm inside the ear canal. Three subjecg?ubject_ Impulse responses were measured with maximum
par.ticipated, and ten 'directions of sound incidence in thffength sequencéMLS) technique, for the transmission from
horizontal plane were included. It was concluded that—up Gne voltage at the input of the power amplifier to the output
6 kHz—there was no directional dependence in the transmissf the measuring microphone, placed to measure the sound at
sion to the eardrum from the point 2 mm inside the ear canalyarious points in the ear. Pressure transfer functions were

Deviations seen for higher frequencies were reported to bgptained through Fourier transformation of the measured im-
due to a low sound pressure at the entrance to the ear canglyise responses, followed by appropriate divisions.
resulting in inaccuracy in the computed transfer functions.

The authors did not include a point at the ear-canal entranc®- Subjects

plane, since for this plane significant dependence of the Twelve subjects in the age range of 20 to 31 years par-
transfer function on the direction of the external sound fieldicipated, 5 females and 7 males. None of the subjects had
was found for frequencies higher than 10 KHRata for this  reported ear abnormalities that might affect the middle ear

dependence were not published. function, and all had normal hearing.
Middlebrookset al3! measured with two microphones
positioned in the ear at the same time. One subject particié Free-field setu
pated, and 356 directions were included. They measured the P
transfer functions to a point 10 mm inside the ear canal from  The measurements were carried out in an anechoic
four points, of which three were outside the ear canal, anghamber with a free space between the wedges of 6.2 m
one was at the entrance. They also measured the transmissigangth by 5.0 m(width) by 5.8 m(heigh). Three ball loud-
to a point 14 mm inside the ear canal from a point 5 mmspeakers(diameter 15.5 cm, diaphragm diameter 7.5)cm
inside. It was found that for the frequency range concernedvere placed at a distancd # m from the subjects, one in
(up to 16 kHz the transmission was independent of directionfront, one behind and one at the left side of the subject. An
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FIG. 1. Free-field setup in the anechoic chamber. FIG. 2. Placement of the probe microphone and the flexible tube.

example of the free-field response of a loudspeaker is gives) 6 mm outside the ear caral
in the time and the frequency domains as Fig. 7 in Ref. 1. (g) at the caudal cavum conchae

The subject was placed in a hairdresser’s chair with §7) at the posterior cavum conchae
small support to prevent head movements. The chair wag) 3-4 c¢m outside the ear cafial
adjusted to a height comfortable for the subject, and the three ) ) )
loudspeakers were adjusted to the height of the subject’s leffleasurements at the points marked with an asterisk were
ear. Damping material was placed to cover the subject@nly made for 4 of the 12 subjects. _
knees, since pilot experiments had shown that subjects Placement of the probe tip was carried out by a medical
tended to move their knees slightly during a measuring Segoctor. The length of the_ ear canal had been measured ini-
sion. Such movements would cause differences in the trandi@lly by means of the flexible tube. Marks were made on the
fer functions measured, which were erroneous for the invesbe to assure correct placement within the ear. Then the
tigation. By means of a small racket the microphone housiné“blec" was seated in the chair in the anechoic chamber, and

was fixed along the neck of the subject. A photo of the freeh® microphone was mounted. _
field setup is shown in Fig. 1. At first the microphone housing and the racket holding

it, were fixated in a position close to the subjects neck, where
it would cause the least possible disturbance of the sound
field. The placement is shown in Fig. 2. Following that, the
A Bruel & Kjer 4182 probe microphone was used for tube tip was placed at the eardrum, and measurements for
all measurements. An approximately 7-cm flexible siliconeeach of the three directions were taken. Then the flexible
tube (inner diameter 0.76 mm, outer diameter 1.65was  tube was pulled out successively to the other measurement
attached to the microphone. The sensitivity of the micro-points without changing anything else in the setup.
phone was approximately 3 mV/Pa, gradually declining to  For the points inside the ear canal and for the point 6
—15 dB at 20 kHz. The response of the microphone was ifmm outside, the tube tip was placed on the centerline of the
general rather smooth without standing wave patterns aganal. This was not trivial to assure for the points within the
sometimes seen for probe microphones. The manufacturesar canal, and the accuracy of the radial position was esti-
had obtained this by continuing the measuring tube 1.5 nmated to 1-2 mm, and 2—3 mm for the eardrum position.
within the microphone housing, so that the tube acted like afFor points outside the ear canal a soft knot was sometimes
endless transmission line. made on the tube, or a small piece of medical tape was used
The acoustical impedance of the probe was approxito arrange the tube tip at the correct position. A new piece of
mately 16 Ns m >, which at 500 Hz corresponds to the im- tube was used for each subject.
pedance of a 0.05-ctwolume. At higher frequencies the
corresponding volume decreases, and the loading of the ear )
canal by the tube was therefore considered negligible in thE- Meéasuring setup

C. Microphone

frequency range of interest. All measurements were made with the general-purpose
The frequency response of the probe microphone can b@easuring system known as MLSSfaximum length se-
seen as Fig. 4 in Ref. 1. quence system analyzer, by DRA Laboratories thorough
review of the MLS measuring technique is given by Rife and
D. Measurement points Vanderkooy>®

A 4095-point maximum length sequence at 50 kHz
h a duration of 81.9 mswas used. The stimulus was fed

Measurements were made close to the eardrum and Ti\}vit
into a power amplifier, from which the output signal could be

various other points in the ear. The measurements poin

were switched to either of the three loudspeakers in the anechoic
(1) 1-2 mm from the eardrum chamber. The loudspeaker voltage was 1.§4;¥esulting in

(2) 12 mm within the ear canal a free-field sound pressure of 75 dB-weighted at the

(8) 6 mm within the ear canal subject’s position, a level that was assumed not to activate
(4) at the entrance to the ear canal the middle ear tensors.
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The microphone signal was amplified by a Bru& (dB)
Kjar 2607 measuring amplifier, and converted by the 12-bit **| g"b‘_‘ G
A/D converter on the MLSSA board. Each impulse response ,, At
was calculated from the average of 16 recordirigse- f

averaging. 10 |
dh

caudal

F. Data processing 12 mm inside cavum conchas

—-q
<]

Results of the measurements were impulse responses for
the transmission from the input to the power amplifier to the 5, ]
output of the measuring amplifier. Data were postprocessed A h !
in MATLAB (The MathWorks Ing. 10 7/

\
A frequency-domain representation of the transmission _// x A
was obtained by a 256-points Fourier transfgnectangular 0 ill 2 bostorior

window) of the segment between 5.12 and 9.00 ms of the | °T7 "¢ cavum conchae

impulse responsésamples 256—450 and zero padded up to 0
sample 511 The segment included the entire response, and ,, M
excluded reflections from floor etc. [:

The sound transmission to the eardrum from a certain 1o av
point was found as the transfer function measured at the I //
eardrum divided by the transfer function measured at the °
point in concern.

T
N

entrance q 3-4 cm outside
-10 I

Il. EXPERIMENT 1: RESULTS AND DISCUSSION 2

At first, an example of the sound transmission to the °
eardrum from all measurement points is presented for a __,_/ \
single subject(Sec. Il A). The transmission from the en-
trance of the ear canal is presented for all 12 subjects in Sec.,
Il B. Section Il C presents the transmission from the point 6
mm outside the ear canal for the four subjects, for which the -20
measurements are available. Mean values for the transmis-
sion to the eardrum from the three p0|n($) 6 mm ,mSIde FIG. 3. Sound transmission to the eardrum from distal points in the external
the ear canal(2) at the entrance, an@®) 6 mm outside are ear for the left ear of subject FC. Measurements for the three directions are
given in Sec. Il D. overlaid in each frame.

Rather than looking at the exact transmissions, it is pos-
sible to compute some statistics in order to evaluate direckHz only, whereas for the point 3—4 cm outside the ear canal
tional dependence. This is presented in Sec. Il E. Similapgreement is seen only up to slightly below 2 kHz.
statistics have been reported by other investigators, and their These observations imply that the transmission to the
data are compared with ours in Sec. Il F. eardrum from any point between the eardrum and the point 6
mm outside the ear canal can be considered directional inde-
pendent. This observation for a single subject holds in gen-
The transmission to the eardrum from all measuremengra|. The transmission considered most interesting—that is

points for a single subject is shown in Fig. 3. from the entrance of the ear canal—is presented for all 12
For all measurement points it is clearly seen that thesypjects in the following section.

sound transmission is frequency dependent. At low frequen-
cies the transmission approaches 0 dB, an observation that és
in agreement with our expectation of a uniform sound field™"
in this frequency range. Above 2 kHz, peaks as high as 20 Figure 4 shows the sound transmission to the eardrum
dB appear at different frequencies for the various measurdfom the entrance of the ear canal for the 12 subjects.
ment points. The peaks are recognized to be due to standing- The most immediate observation is that the variation
wave patterns of a transmission line, with the peaks decreagrom subject to subject is rather high. Most structures are
ing in frequency with increasing distance to the eardrum. seen for all subjects, but in different appearances. The first
The main observation, though, is the alikeness of thegeak occurs at frequencies between 3.0 and 5.5 kHz, with
curves for the three directions for a given measuremensubjects ML and AH as the two extremes. The presence of
point. Except for narrow peaks and notches, concordance iimdividual differences has the consequence that for a certain
the entire audio range seems to exist for the points in the edrequency the transmission differs as much as 20 dB between
canal, at the entrance, and 6 mm outside. For the points isubjects. The characteristics of some of the structures of the
the concha, agreement between the curves is seen up totransfer function also vary, with some subjects having espe-

200 % (Hz) 20k 200 2k (Hz) 20k

A. Transmission from all points, one subject

Transmission from entrance, 12 subjects
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(dB)

20T T
Entrance
o //’\ . | i
ob= s \ L d \ e \"
Subject ML Subject SF \2 Subject UK
10 W I
20 N hL |
N \ £ .
/il / Y
0 | | h 7 i
Subject AH Subject SD Subject JB
-10
20 {
10 A / A I
N J /N
0 _./ \ __/ i/ N
'
Subject HI Subject RM \ Subject IS 0
10 w
20 '
" N il i
A/ J AN
0 _____/ 4 L] &NL\ Lt
Subject FC Subject SN Subject LH
-10 . |
-20
200 2k (Hz) 20k 200 2k (Hz) 20k 200 2k  (Hz) 20k

FIG. 4. Sound transmission to the eardrum from the entrance of the ear canal for the left ear of 12 subjects. Measurements for the three directions are overlaid
in each frame.

cially deep notchese.g., subject SD and some having ad- information on this topic,head-related transfer functions
ditional fluctuations between 2 and 5 kitzspecially subject see for instance Mter et al?
HI).

Another observation is that the data do not tend to sup-
port the simple model of the ear canal. If the ear canal could
be modeled by a tube with a hard termination, the first an
the second peak in the amplitude response would occur a
frequencies in a ratio 3:1, which they dorié.g., a ratio of For most purposes it is sufficient to know that sound
13.5 kHz:5.3 kHz for subject AH, a ratio of 10 kHz:4 kHz including full directional information can be recorded at the
for subject FC, a ratio of 11 kHz:4.3 kHz for subject RM  entrance to the ear canal, but according to Fig. 3 also the

Except for peaks and notches so narrow that they arpoint 6 mm outside seems applicable. The sound transmis-
assumed nonessential in this context, the similarity betweesion to the eardrum from this point is shown in Fig. 5 for the
the three directiongin Fig. 4) is again obvious. Deviations four subjects, for whom measurements were made.
of a few decibels between 3.5 and 4.5 kHz are seen for Just as for the transmission from the entrance, the trans-
subject SD, and for slightly higher frequencies for subjectamission from this point varies between subjects, but for a
IS and LH. These differences are nonsystematic, and they aggven subject the transmission is quite alike for the three
altogether much smaller than the differences between direddirections. It would therefore be reasonable to believe that, in
tions for the total transmission from the free field. Examplesgeneral, the transmission to the eardrum is independent of
of the latter transmissions are shown in Sec. IV A. For mordlirection already from the point 6 mm outside the ear canal.

. Transmission from 6 mm outside, four subjects
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(dB) individuals (Secs. Il A to B as well as for averages across
L subjectgSec. Il D. A similar approach was made by Wiener
6 mm outside and Ros€® and by Shawf (for an ear replica They only
observed negligible differences between directions, and they
. n ) ‘ made the same conclusions as we have done.

2

(=3

10

. \ The qualitative inspection of the transmissions in the
Subject ML 4 previous sections can be supplemented by a quantitative

-10

analysis. For this purpose thdirectional spreadis intro-
duced as the standard deviation between directions of the
transmission to the eardrum from a distal point in the ear. A
low directional spread thus represents directional indepen-
dence, while a high directional spread reflects a directional
< X dependence. The calculation is done in decibels frequency by
\ frequency for each subject, and subsequently averaged across
subjects. The directional spreads are shown for all measure-
ment points in Fig. 7.

It is immediately apparent that for the points in the ear
canal, at the entrance, and 6 mm outside, the directional
spreads are approximately equal, and much lower than for

\ the remaining points. For the former points the directional
/ \3/ d lose to O dB at low f i d they onl
M spreads are close to at low frequencies, and they only
exceed a couple of decibels for frequencies above 12-14
kHz. We therefore conclude that the transmission to the ear-
drum from either of these points is only insignificantly influ-
enced by direction for frequencies below 12-14 kHz. The
fact that the spreads for the points in the ear canal, at the
entrance, and 6 mm outside are alike, indicates that the di-
rectional information is no better included in points millime-
/ \v ters inside the ear canal than at the entrance.

For the points in the concha the directional spreads ex-
ceed a couple of decibels for frequencies above 5—-6 kHz,
and for the point 3—4 cm outside the same happens above
approximately 2 kHz. We therefore conclude that significant
200 2% (Hz) 20k directional dependence is present in the transmission to the

eardrum from these points for frequencies above 5-6 kHz
and 2 kHz, respectively.
FIG. 5. Sound transmission to the eardrum from 6 mm outside the entrance All conclusions from the directional spread confirm the
of the ear canal for left ear of all four subjects. Measurements for the three . . . .
directions are overlaid in each frame. observations made from the visual inspection of the trans-
missions in Secs. Il A-D.

Figure 7 also shows the experimental spréastimated
from repetition measurements, see the Appendeor the

The sound transmissions to the eardrum from 6 mm inpoints in the ear canal, at the entrance, and 6 mm outside the
side, at the entrance, and 6 mm outside, averaged acrogfectional spreads and the experimental spreads are in the
subjects for each direction, are shown in Fig. 6. same order of magnitude, and it is therefore quite likely that

The mean values do in general display the same peak#e true directional spreads are even lower than shown.
and dips as those for the single subjects. Especially at higher The experimental spreads for the points in the ear canal,
frequencies, though, the amplitude and width are smearegk the entrance, and 6 mm outside are alike, whereas the
out, because of the inter-individual differences. Not unex-experimental spreads for the points in the concha and 3-4
pected, the mean curves for the three directions display greain outside are somewhat higher. This is quite natural, since
similarity because of the directional independence for thehe transmissions for the latter points depend on the external
individual transmissions as observed earlier. sound field, and these transmissions are therefore influenced

The transmission to the eardrum from the entrance conpy exact head orientation, placement of microphone housing
stitutes one of the parts that the transmission from the fregtc. Consequently, differences in the physical setup increase
field to the eardrum is divided into in experiment 2. the experimental error for these points, and not for the points
in the ear canal, at the entrance, and 6 mm outside. For the
point 3—4 cm outside the experimental error is further af-
fected by the rather poor definition of positigno special

The visual comparison between transmission curvegffort was made to obtain the same position in the repetition
showed great similarity for the three directions, valid for measuremenys

20

10

Subject AH

_
(=)
—

Subject HI
-10

20

—

Subject FC

-20

D. Mean values of transmission, three points

E. Directional spread, all points
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(dB)

20T T TTTIT] TTTTIT 1
6 mm inside Entrance 6 mm outside
10 / A
e AN /| \\
0 1 11y Ll "
mean mean mean”
10 "
-20
200 2%k (Hz 20k 200 2k (Hz) 20k 200 2%k  (Hz) 20k
10(dB)
8 standard error of mean standard error of mean standard error of mean*
6
4 Il
2 LA And A
. L~ L AN ,J\/ X
200 2%  (Hz) 20k 200 2k  (Hz) 20k 200 2k  (Hz 20k

FIG. 6. Mean values and standard deviations across subjects for the sound transmission to the eardrum from 6 mm inside the ear canal, and from the entrance
for 12 subjects, and from 6 mm outside for four subjeatsirked by asterisksData for the three directions are overlaid.

F. Directional spread, previous investigations troduction, part B, the authors themselves reported that the
results for higher frequencies were inaccurate. Therefore,
they were only able to conclude that the transmission was
independent of direction up to 6 kHz. Still, for the lower
frequencies the high magnitude of their ranges remain to be
Igxplained.

Directional spreads are available from Wiener and
Rosg® (computed by us and from Middlebrookset al3!
Mehrgardt and Melleff reported ranges of transfer func-
tions for the directions investigated, and SRawgave—in
frequency intervals—boundaries for the ranges. Details o
the number of subjects and directions were reported in the
Introduction, subsection Bhe ranges reported by Mehrgardt G. Summary

and Mellert are for a single subject, though In summary, we conclude that for the major part of the
Data from the investigations mentioned, are compared,qio frequency rangép to 12—14 kHz the transmission
with directional spreads of the present investigation in Fig. §oyyard the eardrum is independent of direction at least from
(minor deviations exist in the exact position of the measuréine ear canal entrance. The degree of accuracy, to which this
ment points, as reported in the text of Fig. 8 _ has been proven, decreases with increasing frequency. Our
The directional spreadsWiener and Ross, Middle- oy results suggest that this is caused by an increase in
brookset al, and the present investigatiorshow the same  gyperimental error, rather than an actual directional depen-

pattern, which ig1) low values for frequencies below 12—14 yence and the transmission may be independent of direction
kHz for the points in the ear canal and at the entrance, andyen in a wider frequency range.

(2) low values up 5-6 kHz for the point in the concha.

The data by Middlebrooket al. are somewhat lower for
the points in the ear canal and at the entrance. This is quit
natural, since they have reduced the experimental spread by A theoretical tool, previously described by /M, is
using two microphones placed in the ear of the subject at thintroduced. The model splits the transmission into
same time, and by having a smaller distance between thdirectional-dependent and directional-independent parts. The
microphones. Our own dat&ec. Il B suggest that in the ear dividing point used in the following, is the point at the ear
canal and at the entrance, the computed directional spreadanal entrance, but any other point, from which the sound
display experimental spreads rather than true directiongbropagates independent of direction toward the eardrum,
spreads. could in principle be used.

The ranges given by Shaw tend to be higher than th o
directional spreads, which is quite natural, because rangg%' Model of sound transmission
are inherently larger than spreads. An inspection of his indi-  The complete sound transmission to the eardrum can be
vidual curves(Ref. 26, reported for the measurement at themodeled as shown in Fig. 9.
entrance onlysuggests a directional spread of the same size The complete sound field outside the ear canal—
as those of the present investigation. whatever the source—is described by a VémEn equivalent,

The ranges reported by Mehrgardt and Mellert are in theconsisting of the open-circuit sound pressBtg and a gen-
extremity of what could be expected from the other investi-erator impedance. In the free field the generator impedance is
gations, even when appropriate concern is given to the fagtlentical to the radiation impedancg, giaion, 8S Seen from
that they are ranges and not spreads. As reported in the Ithe entrance of the ear canal looking out into the free field.

Iél. EXPERIMENT 2: METHOD
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6 FIG. 8. Directional spreads of transmissions to the eardfwiener and
4| posterior u Ros$® computed by us, Middlebrookst al,** and this investigation
cavum conchae* ranges of transfer functions for the directions investigatddhrgardt and
2 T Mellert®), and boundaries for rangéShaw’). The exact position of the
0 = points from the literature deviate from those of the present investigation as
described in the following. Shaw’s “caudal cavum conchae” point is in the
8 lower region of the conchaglenoted “B5” in his figure, whereas our point
was at the dip in the edge of pinna. His “posterior cavum conchae” point
6 A 1 (denoted “C”) was slightly further from the rear of conchae than our point.
4 — Iy The “entrance” data by Mehrgardt and Mellert are for the transmission
ol F4cm outside f from a point 2 mm inside the ear canal. The “6 mm inside” data by Middle-
OM brookset al. refer to the transmission from 5 mm to 14 mm inside, their
200 2k (Hz) 20k “entrance” data are for the transmission from 0 mm to 10 mm inside, and

their “caudal cavum conchae” data refer to the transmission from a point
“outside the ear canal, on the floor of the cavum conchae” to 14 mm inside,
FIG. 7. Directional spreads computed as the standard deviations betweeavhereas the point used in this investigation was at the dip in the edge of
directions of the transmission to the eardrum from distal points in the earpinna.
The calculations are made in decibels frequency by frequency for each
subject, and subsequently averaged across the 12 subjects, or—whenever
marked with an asterisk—four subjects. Experimental spréadmated the eardrum impedancg, 4., The input impedance to the

from repeated measurement series as described in the Appenelighown two-port (as seen from the entrance of the canial denoted
with thin lines. z
ear canal

When the model is used to describe the transmission in
P, does not exist during normal listening conditions, but if the free field, yet another definition is needed, nantely
the ear canal is blocked, for instance by an earpRigcan  which is the reference sound pressure found at the position
be found just outside the earplug. corresponding to the center of the subject’'s hésubject
P, denotes the sound pressure at the eardrum,Rand absenk
denotes the sound pressure at the entrance of the ear canal. The total sound transmission from the free field to the
The ear canal is modeled by a two-port, which is loaded byeardrum can be described by the ratio between the sound

415  J. Acoust. Soc. Am., Vol. 100, No. 1, July 1996 D. Hammershéi and H. Mdller: Ear canal transmission 415



B. Data acquisition

Subjects, setup and instrumentation were the same as in
experiment 1, and all measurements were made at the same
occasion. After the measurements already reported for ex-

P4 periment 1, the ear canal was blocked by an EAR earplug,
and the tube tip was left resting on the outside of the earplug,
for measurement dP,. P, was also measured by the probe
microphone.

ear canal

Zeardrum

z radiation

Zear canal

7 IV. EXPERIMENT 2: RESULTS AND DISCUSSION

radiation

Section IV A presents the division into transmission el-

: , ements for a single subject. According to the model, the

2 O eardrum transmission from the entrance of the blocked ear canal to

the eardrum is independent of direction, a fact that is sup-

ported by results shown in Sec. IV B.

ear canal Transmission elements for more subjects are shown in
Sec. IV C. Comparisons with previous studies are given in

FIG. 9. Model of the free-field sound transmission to the human externaS€C- IV D (single subjectsand in Sec. IV E(mean valuegs

ear. Upper part is a sketch of the anatomy and lower part is an analog
model.

two-port

z

u .. . .
K. Transmission elements, single subject

In Eq. (1) the complete transmission from the free-field
pressure at the eardrum and the reference sound press&r%und. pressgr(—without subject to_ eardrum_ sound pressure
(P4/P;). Using the model, the transmission can be split upWas divided into 3 parts. I_:or a single S‘_’bl‘?C‘ the Fj'v's.'on IS
into a directional-dependent part and two directional—s’hown for the _three d|rect|_or_15 of sound mcu_jence in Fig. 10.
independent parts: The example is characteristic for all 12 subjects.

' It is (as expectedevident that the transmission from the
free field to the blocked entranc®4/P;) depends on direc-
Ps ) Pa (1) tion. The three curves each have distinct features, and the
P, P3’ differences are much larger than the differences seen in Sec.

Il. The pressure divisionK3/P,) and the transmission along

P,/P, is the sound transmission along the ear canal, anéhe ear canalR,/P5) are independent of direction.

P4/P, is a pressure division at the entrance of the ear canal _No further analysis of the directional-dependent features
betweenZ.y, canai@Nd Z,agiation: of P,/P, is given here. It is not the aim of the investigation,

and the racket and the microphone housing are likely to have
p 7 had some influence on these transfer functions. However,
S ear canal (2)  Sec. Il deals with the inter-individual variation of the free-
P2 Zradiationt Zear canal field transmission to the ear. For additional studies on such
functions—head-related transfer functionscarried out in
Both P,/P5; andP3/P, are independent of direction of sound our laboratory for more subjects and more directions, the
incidence.P,/P; represents the directional-dependent part. reader is referred to Kier et all

P,
P,

P4

P, (direction =

(direction) -

(dB)
20

O |
"~ —
U —

[ ~"-\ 1T [ TTI
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FIG. 10. Free-field sound transmission to the eardrum split up in consecutive parts for subject ML. Measurements for the three directions are overlaid in each
frame.
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Il E we argued that these ranges correspond to directional
(dB) . . L.
T spreads of the same size as those of the present investigation.
R,/P, (Without showing the actual transmission, Shaw observed
10 AY earlier that the transmission from the blocked entrance was
/ directional independent up to 12 kR2.
0 amdl In the further analysis of the directional independent
\4* transmission element®,/P5, P53/P,, andP,/P,), an aver-
age (in decibel$ of the almost identical data for the three
directions of sound incidence is used.

2

(=]

-20

Subject ML o )
LI C. Transmission elements, 12 subjects
200 % (H2) 20k

-3

(=]

Figure 13 shows the directional independent transmis-

o sion elements for 12 subjects. Upper row shows transmission
FIG. 11. Sound transmission to the eardrum from the entrance of the

blocked ear canal for subject ML. Measurements for the three directions arglemems’_ for |nd|V|(_juaI subjects. Although they Var_y mL_K_:h
overlaid. from subject to subject, the same structures can be identified.

Second and third row, respectively, show the mean
value computed in decibels frequency by frequency and the

The pressure division is approximately 0 dB for frequen-
P PP y d corresponding standard deviation. The lowest standard de-

cies up to 1 kHz, which means thaf,giaion is sSmall com- =7 =°F ‘ thouah th e
pared t0Z,,, ..nfor this frequency ranggsee Eq.(2)]. For ylatlon is seen foiP,/P,. Although the transm|SS|oﬁ4/.P2 '
higher frequencies large fluctuations below and above 0 d&® the product oP,/P3 andP4/P,, the standard deviation is

are seen, indicating that the two impedances are in the sank%wer than if computed from the added variangshown

order of magnitude, but unequal. In most cases, peaks i}!th @ thin line on the same figureThis suggests a high

P,/P, occur at the same frequencies as notche®4tP, correlation betweet?,/P; and P3/P,. Correlation between

and vice versa. This indicates an inter-dependence betwedfRnSmission elements is further discussed in Sec. V D.
the two parts. In general, the mean values display the same character-

istics as the individual curves, although the peaks and
o notches are wider and reduced in size. This is due to the fact
B. Directional dependence, blocked entrance that the individual peaks and notches are placed at slightly

The transmission to the eardrum from the blocked endifferent frequencies, thus the averaging blurs the structures.

trance is shown for a single subject in Fig. 11. As expectedﬁ'ter”?‘tive_ mean curves, obtained by averaging char_acteris-
this transmission is independent of direction. For completeliC Points in both frequency and level, are shown in the
ness, the directional spread and experimental spread haf@!rth row, and labelegtructural mean

also been computed, and they are shown in Fig. 12. Both The structural means are believed to better represent a

spreads for this transmission are in the same size as those ¥pical subject. The transmission from the open entrance to
the transmission from points within the ear canal, at the enthe €ardrum displays two peaks, one rather wide around 4

trance, and 6 mm outside, as reported in Sec. Il E. kHz (14 dB high, and one narrow around 12 kHz1 dB
On this background we do not hesitate in concludinghigh- A notch is also seen around 14 kHz. The two peaks
that the directional independence observed for points in th@™€ recognized in the pressure division as corresponding

open ear canal, is also valid for the blocked entrance. notches, and they are therefore not present in the transmis-
The transmission to the eardrum from the blocked enSion from the blocked entrance to the eardrum. The latter

trance has previously been reported by SR&W The ranges displays a wide main peak around 2.5 kHz, and the notch

between directions reported in Ref. 27 were almost identicafround 14 kHz.

to those for the open entran¢gig. 8, second royv In Sec. It is not within the scope of this investigation to develop
a circuit model that explains the measured transfer functions.

It is, though, worth mentioning that a simple transmission

(dB) line, rigidly terminated, is insufficient, since that would re-
[ L N NI It in a ratio of n the fr ncy of the tw ks in
.o/ Directional spread | sult in a ratio of 3 betwee the frequency of the two peaks

— Experimental spread P./P5. Furthermore, it would be tempting to suggest that the
8 l | notch inP,/P5; andP,/P, is due to an unintended distance
6 M to the eardrum during measurementdgf However, a dis-
4 Diocked entrance T tance in the order 6 mrtone fourth of a wavelengitwould
2 ‘ | | ‘ ‘ H ' ,eﬂ# J be required, and we believe that complicated structures of the
0500 ok “(Hz) 20k eardrum impedancend geometryinteract.

The term ear canal resonance is sometimes used, when

the transmission to the eardrum is described. It is quite evi-

FIG. 12. Directional spread and experimental spread for transmission to thaent that several resonances are involved in the transmission
eardrum from the blocked entran¢kased on data for 12 subjectdhe . . !
directional spreads for the other transmissions to the eardrum were shown ANd the term is ambiguous. Even when only the structures at

Fig. 7. the lowest frequencies are considered, the term might ad-
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FIG. 13. Directionally independent parts of the sound transmission. Mean values and standard deviations are computed in decibels frequency by frequency.
The thin curve in the frame with the standard deviatiofP@fP, is a computation of the same, assumigP; andP4/P, uncorrelated. The structural means
are obtained by averaging characteristic points, both in frequency and level.

dress the peak if,/P; (at 4 kH2 as well as the peak in with single subject data from our investigatidfor P,/P4
P4/P, (at 2.5 kH2. compare for instance with subject RM in Fig. 4

The general structure of the data by Mehrgardt and Mel-
lert is also in good agreement with data of this investigation,
but their data fluctuate unexpectedly around 1-2 kHz. Fur-

The literature presents only few data on the transmissiogermore, the data for Mehrgardt and Mellert's three subjects
elements for single subjects. Data Bp/P3 andP4/P; for  geem more alike than the ones seen in this investigation.
one ear replica are available from Sh&mnd data o,/ P The pressure division that we have computed frBg

for three subjects from Mehrgardt and Mell&tData on andP, data given by Sanf matches in general poorly with

P,/ P, for a single subject can be calculated from data given
b; Sgnk‘r’s Thlesge arg éhown in Fig 14u g our data. Sank used Zin. microphone placed at the caudal

Shaw’s data display characteristics that are very similaF2vum conchae, so his data represent approxifgendP,
to those of our data. Although the actual levels are somewhdt@t@ only. However, the difference in position is considered
different from our typical data, there is excellent agreementnsignificant up to 5-6 kHz, and we believe that the devia-

D. Previous studies, single subjects
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FIG. 14. Single subject measurements from the literat8teaw?® Mehrgardt and Meller®® and Sank®). From Shaw’s data representing eleven directions,
and being nearly identical, we have estimated typical curves. The original data by SanRyaerd P, measurements, and we have computed the ratio.

tions are only partly explained by differences in microphone  Also the mean value by Mehrgardt and Mellert displays
techniques. the same characteristics as our results, but the level differs
somewhat. The mean value is based on three subjects only,
and as mentioned in Sec. IV D the individual curves are
E. Previous studies, mean values for P,/ P5 much alike, a fact that is also reflected in their lower standard
o deviation. Mehrgardt and Mellert concluded that.!) the
Mean values for the transmission from the open entrancgansfer function of the ear canal corresponds to that por-
to the eardrum, are available from \{Vm??efbased ondata fon which (...) changes only little between different sub-
from Wiener and Ro$9), Yamaguchi and Susff, Jahn*® jects”
Djupesland and stlog?& (median values, thoughShavi? ~ We believe that the similarity between the three subjects
(based on data from Wiener and Ross, Djupesland and Zwigsy Mehrgardt and Mellert was coincidental, and that the
locki, and Sha#f), later tabulated by Shaw and giandard deviations reflected in the studies by Wiener and
Vaillancourt>® Mehrgardt and Melleff (computed by us Ross, Djupesland and Zwislocki, and by us, more truly rep-
and Hellstrom and Axelsso. Although minor deviations resent the population.
exist in the exac_t position_of the meas_urement point at the Djupesland and Zwislocki have attempted to describe a
entrqnce and—qgiven the different experimental procedureswmcm subject by averaging after adjusting the frequency
possibly also at the eardrum, we compare these data Wit for individuals in a way that brings the first main peaks
ours. The mean values are shown in the left column of Figig match. The mean shown by Mehrgardt and Mellert is not
15, while the middle column shows standard deviation§gentical to the computed mean of their individual subjects,

whenever available. The standard deviation shown for Djuznq we assume that some process was used to likewise ob-

pesland and Zwislocki has been derived from reported intereain o more typical curve. These two attempts are shown
quartile ranges, by assuming a normal distribution with an,gether with our structural mean in the right column of Fig.

interquartile range equal to the average of the two rangegs Neither of the two differ much from the mean values of

reported. _ _ _ the investigations in concern, nor do they look more like our
Good agreement is seen with data by Wiener and RoS$,ctural mean.

Djupesland and Zwislocki, and Shaw. Up to 8 kHz good
agreement is also seen with the data from Hellstrom and
Axelsson. Taking the span in time, the low number of sub-
jects involved, and the wide range in instrumentation into
account, it is remarkable that so similar results can be ob- We conclude that the free-field transmission to the ear-
tained. drum can be divided into three partd) the transmission
Structures comparable to those of our data, are seen iinom free field to the blocked entrancg) a pressure divi-
the data of Yamaguchi and Sushi, and of Jahn, although ation between the radiation impedance and the input imped-
somewhat lower frequencies. This suggests that their meance of the ear canal, arid) the transmission along the ear
surement points may have been slightly outside the entranceanal. The latter two parts are directional independent, and
as also argued by Shdif The large standard deviation re- have structures that vary in frequency and level between sub-
ported by Yamaguchi and Sushi, combined with the fluctujects. The two parts are correlated, and the combined trans-
ating nature of the mean curve, suggests a large experimentalission therefore varies less between subjects than either of
error. the two.

F. Summary

419  J. Acoust. Soc. Am., Vol. 100, No. 1, July 1996 D. Hammershéi and H. Mdller: Ear canal transmission 419



(dB)

[ TTTTT T TTTI [ TTTTTI [T TTTTI \
F,/P, mean P,/P, standard deviation B, /P, typical
| — L[] [_— LI || {— LI |
present investigation present investigation present investigation
12 subjects 12 subjects 12 subjects
10 N Afbu
| 7
M LANLY
0 — YA 4 i
Wiener and Ross 1946 Wiener and Ross 1946
-12 subjects 6-12 subjects
-10 )
10 » N Aﬂ;u
o A \/;ﬂAK\J
0 A fr L
. M —
Yamaguchi og Sushi 1956 Yamaguchi og Sushi 1956
7 subjects 7 subjects
-10 V
10 N
/ \-\\
. \
— N
Jahn 1960 \ /
10 6 subjects \
10 N (‘/At;d N t
Y \\ A / [\
0 = A\ A I L=
Djupesiand and Zwislocki 1972 Djupesland and Zwislocki 1972 Djupesland and Zwislocki 1972
10 7 subjects {(median) 7 subjects 7 subjects
- V V
10 \ i
ot N
. N
Shaw 1974 \ /
literature review
-10 V
10 /:\ M‘v\q‘ //
N
i W m Y7 )
. 7 INOA A 1= n
Mehrgardt and Mellert 1977 Mehrgardt and Mellert 1977 Mehrgardt and Mellert 1977
3 subjects 3 subjects 3 subjects
-10 VV V
10
_‘/ &
0 -»—e
Hellstrom and Axelsson 1993
qol_10sublects | | | | |]]] ]
200 2k (Hz) 20k 200 2k (Hz) 20k 200 2k (Hz) 20k

FIG. 15. P,/P; means and standard deviations from the literature: Wiener and?R¢ss mean value taken from Wiefi®r Yamaguchi and Sush?,
Jahri®%4(determined in diffuse field Djupesland and Zwislock (mean shown in the left column is the reported median values, standard deviation computed

from interquartile ranges by us, the typical mean is their reported “avefagafter normalization’. Shavf? (data taken from Shaw and Vaillancdiijt

Mehrgardt and Melleff (mean and standard deviation computed by us, the typical shown in the right column is their reported f:raeantellstrom and

Axelsson? (third octave measurements, data from the present investigation have been computed as such for comparison. Measurements from a point 22 mm
distant from the eardrum, being the entrance for the subjects with the shortest ear canals, while a few millimeters inside)for others

Typical curves for the pressure division, the transmis-V. HEAD-RELATED TRANSFER FUNCTIONS,
sion along the ear canal, and the combined transmission froMARIATION BETWEEN SUBJECTS
blocked entrance to eardrum, have been derived by averag- From the two experiments reported, we have concluded
ing characteristic points in both frequency and level. that the sound transmission to the eardrum is independent of
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FIG. 16. Head-related transfer functions measured at the eardrum, at the open entrance, and at the blocked entrance, sound from the left side. Standard
deviations(thick line) computed in decibels frequency by frequency. The thin line for the standard deviation of the open-entrance HRTF is computed
assumingP,/ P, andP5/P, uncorrelated. The thin line for the standard deviation of the eardrum HRTF is computed asByhitp@nd P,/ P uncorrelated,

whereas the medium line is computed assunifP,; and P,/P, uncorrelated.

direction for points within the ear canal, at the entrance, andiollowing, variations across subjects in HRTFs for either of

possibly up to 6 mm outside. Also the transmission from thethree pointqat the eardrum, at the open entrance, and at the

blocked entrance was independent of direction. Thus thélocked entrangeare studied.

sound at all these points include the complete spatial infor-

mation provided the listener. Consequently any of the points

may be used as recording point for binaural signals, or in . . N
S . . .A. Three measurement points, single direction

characterization of the directional-dependent sound transmis-

sion to the ear. Figure 16 shows HRTFs for 12 subjects, measured at the

From experiment 2 it was learned that all transmissiorthree points for a single direction. The general structure of
elements are influenced by individual variations, and recordthe three transfer functions differ from one another, which is
ings at a given point will therefore be unique for each sub-not unexpected recalling how the transfer functions from
ject. The literature repeatedly suggest that individual binaupoint to point look(Figs. 10 and 1B
ral recordings are essential for good localization in the  The eardrum HRTFs rise slowly from O dB to approxi-
reproduction situation. However, we observed that the trangnately 10 dB at 1.5 kHz. Below this frequency only minimal
mission elements are not equally influenced by individualvariation is seen between subjects. A plateau is seen between
variations, and we also noted a high degree of mutual deper2 and 8 kHz, although some inter-individual variation exists.
dence of the elements. We therefore suggest that a recordifg higher frequencies there is a group of notches at 8-10
point may be found, to which the transmission from the freekHz, and one at 14-16 kHz.
field shows minimal individual variation. A recording made The open-entrance HRTFs have broad peaks at 2-3
at such a point in the ears of an arbitrary subject is thus morkHz, succeeded by broad notches at 3—5 kHz, both highly
likely to resemble the recording that could be made in anyindividual in frequency and level. Any pattern above 8 kHz
listener's own ears. is hardly identifiable.

The transmission from the free field to a point in the ear ~ The blocked-entrance HRTFs have broad peaks at 4-6
is described by the head-related transfer func{igdi®RTF),  kHz, which are almost identical for the subjects. They are
defined as followed by deep notches around 8—10 kHz, and although

. they look very much the same for all subjects, the exact
sound pressure in the ear . . . X
gdlrectlon). frequencies, at which they occur, differ slightly. Rather un-
reference sound pressure systematic peaks and notches are seen above 14 kHz.
3 The standard deviations between subjects for the three

The reference sound pressure corresponds to the presee-field transfer functionggiven by the thick lines in the

sure denoted; in the preceding part of this article. In the lower row of Fig. 16 reflect the observations just mentioned.

HRTHFdirection=
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FIG. 17. Standard deviations between subjects for head-related transfer functions from the literature: WienerZri-R@ssubjects Yamaguchi and
Sushf® (7 subjecty Genuif® (measured 4 mm inside the ear canal, 6 subjects, computed baksnitz and Vorladef! (measured 4-5 mm inside the ear
canal, 10 subjects, computed by),udellstrom and Axelssd® (measured in third octave, 19 subjéctsldller et al® (40 subjects, made availableresent
investigation(12 subjects

The standard deviation is low up to 2 kHz for all three ranged columnwise. Data from three directions are presented
points. For the frequency range 2-8 kHz the blocked-in three rows.
entrance HRTF has the lowest standard deviation, while the In general, the standard deviations obtained in the vari-
open entrance has the highest. All points show high standardus investigations compare well, although the data by
deviations above 14 kHz. The thinner lines in the figure will Yamaguchi and Sushi do seem to differ somewhat from the
be discussed in Sec. V D. others. Wiener and Ross have a slightly higher standard de-
viation at lower frequencies, which is likely to be caused by
a larger experimental errdwhich is dominant in this fre-
quency range Data by Genuit are in general a little higher.
B. Three measurement points, single directions, and Hellstrom and Axelsson obtain lower values for frequencies
previous studies above 10 kHz, which may be due to the third-octave mea-

Standard deviations for single directions are availabieSurement technique that levels out the narrow and individual

from Wiener and Ro$s (6—12 subjects Yamaguchi and notches in this frequency range. . .
Sushf® (7 subjects, Genuit® (computed by us, 6 subjegis Comparison across the.d|.ffere_nt measuring points sug-
Schmitz and Vorladef (computed by us, 10 subjegtsnd gest that the standard deviation is lowest for the blocked
Hellstrom and Axelssoi (19 subjects Two sets of data entrance.
from our laboratory are presented, the one from the present
study, and one from a later studidller et al,> 40 sub-
jects. Genuit, and Schmitz and Vorder measured 4-
mm inside the ear canal, a fact that is considered unimporta
in the comparison of inter-individual variations. Unlike for A more representative illustration of the difference be-
the other investigations, Hellstrom and Axelsson’s made théween the three measurement points is given in Fig. 18,
measurements in third octave bands, a fact that should b&here only data comprising more directions and many sub-
remembered, when data are compared. jects are included. Data from the present investigation are
The data are presented in Fig. 17, with eardrum HRTFsaveraged across three directiofisft column), and data by
open-entrance HRTFs, and blocked entrance HRTFs, aMdller et all averaged across 97 directiofimiddle col-

5 C. Three measurement points, full sphere, and
&revious studies
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FIG. 18. Standard deviations for head-related transfer functions averaged across several directions: Wightman &hd4Ristiections, 10 subjedts
Hellstrom and AxelssoR (72 directions, 19 subjects, computed by, uddller et al® (97 directions, 40 subjedtsand present investigatiq8 directions, 12
subjects.

umn). The right column shows data in third octaves fromstandard deviatioiithick line), thus indicating a correlation
Wightman and Kistlél’ (averaged across 48 directions, 10 between the open-entrance HRTIFy(P;) and the transmis-
subjects, Hellstrom and Axelssofi (averaged across 72 di- sion along the ear canaP(/P5). This could be expected,
rectiong, and MAler et al. sinceP5/P, includesP5/P,, and this part has already been
A cross comparison shows that the blocked-entrancehown to be correlated witR,/P; (see Sec. IV ¢
HRTFs have the lowest standard deviation of all. Compari-  Alternatively, the eardrum HRTFR,/P,) can be re-
sons based on our own data further suggest that the standagdrded as the product of the blocked-entrance HRTF
deviation for the eardrum HRTFs is a little larger than the(P,/P;) and the transmission from the blocked entrance to
standard deviation for the open-entrance HRTFs arounthe eardrumP,/P,). The standard deviation computed from
1-2.5 kHz, while the data for the open entrance is larger thathe added variances of these is shown with medium line-
the eardrum data around 2.5-7 kHz. The same ranking bevidth, and since it is almost identical to the true standard
tween eardrum HRTFs and open-entrance HRTFs is nadeviation, we conclude that the blocked-entrance HRTF
found in the full-sphere third-octave data, since here the star(P,/P;) is uncorrelated with the transmission from the
dard deviations for the eardrum HRTFs equal or exceed thblocked entrance to the eardrum{P,).
standard deviation for the open entrance for most of the fre- A similar calculation(not shown has revealed that the
guency range. blocked-entrance HRTHR,/P,) and the transmission along
On this background it seems safe to conclude that théhe ear canal B,/P3) are uncorrelated. We therefore con-
inter-individual variation in the blocked-entrance HRTFs isclude that the transmission from free field to blocked en-
lower than that of the open entrance and the eardrum HRTF$tance is uncorrelated with any part of the remaining trans-
How the two last rank, is not obvious. mission. Furthermore, all above observations have been
confirmed for the other two directior{got shown.

D. Three measurement points, correlations
E. Summary

The difference in standard deviations between the three
types of HRTFs can be explained by mutual dependencies
The open-entrance HRTRPE/P,) is the product of the

It is concluded that blocked-entrance head-related trans-
fer functions have a lower standard deviation between sub-
jects than open entrance and eardrum HRTFs. Our own re-

blocked-entrance HRTFR,/P;) and the pressure division
(P4/P,). If the latter two are uncorrelated, then the standardSUItS suggest that open-entrance HRTFs have the largest
standard deviation between subjects.

deviation computed from their added variances will equal the The introduction of the blocked entrance has made it

standard deviation of the former. The standard deviation . . L )
computed this way is shown with a thin line in Fig. (ifot- possible to divide the total transmission from the free field to

tom middle columph This is almost identical to the true stan- Ijhe et‘?‘rd“fm éntcil)da dtlrect|tor?al-depen(:ﬁn: par(tj, a(fzzha i
dard deviation (thick line), and we conclude that the Irectional-independent part, in a way that renders the two

blocked-entrance HRTFR,/P;) is uncorrelated with the parts uncorrelated.
pressure divisionR5/P>).

Likewise, the eardrum HRTFR,/P,) is the product of
the open-entrance HRTHP¢/P;) and the transmission along
the ear canal R,/P3). The standard deviation computed On background of our own measurements, and those
from the added variances is shown with the thin line in Fig.reported earlier in the literature, we conclude that the sound
16 (bottom left columi. It is obviously higher than the true transmission to the eardrum from the entrance of the ear

VI. CONCLUSION
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canal can be considered independent of direction of soundhentioned comparison may be made between blocked en-
incidence. This is the case for the open entrance as well dsance sound pressures. Identical pressure divisions only
the blocked entrance. The transmission from points in thexist—in principle—when the radiation impedance is undis-
conchae is, in general, directional dependent. Our own returbed, which requires that no object is mounted close to the
sults suggest, though, that the region with directional-ear. Although we believe that most headphones do affect the
independent transmission extends some millimeters outsid@diation impedance, we hay& another studf) seen that

the entrance plane. the effect of many traditional headphones is not so severe

Sound containing full spatial information can thus bethat it significantly alters the pressure division.

recorded at any depth in the ear canal. This conclusion is It is an interesting issue that measurements at the
supported in another study in our laboratompdividual bin-  blocked entrance—whenever adequate from a pressure divi-
aural recordings made at the blocked entrance were reprsion point of view—provide information of more general
duced through individually equalized headphones, and listervalidity than measurements at the open entrance. Due to the

ing tests showed that the localization performance from théower standard deviation, the blocked-entrance pressure is
real life situation was truly reproduced. more likely to be representative of a population. Even the

The transmission to and within the ear canal is highlysound pressure at the eardrum of an individual can be more
individual. The blocked entrance divides the transmissiorfccurately estimated bfg) transferring individual blocked-
from the free field to the eardrum into two uncorrelatedentrance data to the eardrum with a typiderature trans-
parts: (1) the transmission from the free field to the blockedfer function, than by (b) transferring individual open-

entrance, and®) the transmission from the blocked entranceentrance data to the eardrum with a corresponding typical
to the eardrum. Only the former of these is directional de{ransfer function. The reason is that an open-entrance mea-

pendent. surement contains individual characteristics that no typical

The directional-independent part can be further dividedransfer function can ever account for.
into two parts:(2a) the transmission from blocked entrance
to open entrance, which is a pressure division between the
radiation |mped§1npe and the ear-canal input impedance, a'}gCKNOWLEDGMENTS
(2b) the transmission along the ear canal from the open en-
trance to the eardrum. Due to mutual dependence of the two The work presented in this paper was paid by the Danish
parts, smaller variation between subjects is seen for the confechnical Research Council, and this support is acknowl-
bined transmission than for any of the parts in separate. edged. Assistance in making the setups by Claus Vestergaard
It is obvious that the sound pressure at the eardrum is th8kipper and constructive criticism from colleagues Michael
physical input to our hearing. However, measurements at theriis S&rensen and Clemen Boje Jensen is sincerely ac-
eardrum of humans are difficult and potentially dangerousknowledged. Medical doctor Peder Christian Frandsen from
and acousticians have from time to time tried to avoid thesé\alborg Hospital is especially thanked for his collaborative
measurements, when quantifying sound exposures. On tradtitude and his professional engagement in the placement of
basis of our investigations we dare give a few guidelines fothe probe tip in the ears of the subjects. Finally, our patient
various applications. Some of these are in accordance withubjects who spent hours in our laboratory enduring these
current practice, some are not. obnoxious measurements are truly acknowledged.
When aiming at knowledge about the actual sound pres-
sure at the eardrum of a specific subject, no alternative to
eardrum measuremgnts exists. A lot of situations, thothAPPENDIX: VALIDITY OF RESULTS
only require comparison of the eardrum pressures in two
situations. Except when a transducer or other elements are There are many sources of errors in measurements of
inserted directly in the ear canal, then—for a given subject—this kind, and one way to obtain an estimate of their magni-
the transmission from the entrance is the same in the tweude is by comparing repeated measuring series. Repeated
situations. Consequently, exactly the same comparison caneasuring series were conducted for most subjects, since a
be made by using pressures measured at the entrance. Sopwfect monitoration of the measurements was considered
examples involve a comparison between the exposure frorimpossible, as the desired transfer functions would not arise
two sound fields, such as a diffuse and a free field, free soundntil after data processing using two transfer functions, not
waves from two(or more directions, or exposure in a given measured at the same time, and not necessarily existing at
field with and without ear-muffs. Other examples are thosehe same time. Only a few measurements were discarded in
where a transducdheadphongis to replicate the exposure the succeeding data processing, though, and consequently
of a specific sound fielde.g., the calibration of Hi-Fi head- valid data for repeated measuring series exist for most sub-
phones to a diffuse or free fieldor where the sound pro- jects.
duced by a headphone is to be transferred to an equivalent Figure Al shows repeated measurements of the
free-field exposurge.g., in assessing the risk of hearing directional-independent elements for six subjects. Placement
damage from walkmen of the subject(and microphone holder and probe)tiwas
Whenever the pressure division is the same in the twaedone in between the measurements. The general structure
situations, then also the transmission from the blocked enef the measurements are indeed similar and for most mea-
trance to the eardrum is the same. Consequently, the abogeirements, the transfer functions from time to time coincide.
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FIG. Al. Repeated measurements of the directional-independent transmission elements. Each curve is the mean of the three directions.
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