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UNCERTAINTY STUDY ON THE CHARACTERISATION OF EAR CANAL PROBES

The source characterisation of an ear canal probe is commonly carried out by measurements on two or more
distinct loads (calibration cavities) of known admittances. In this study, we determine the source characteristics of
an Etymotic Research ear canal probe and investigate the influence of the number of the calibration cavities used.
The uncertainty of these source characteristics was analysed by applying this very probe for measuring the
admittance of a test cavity that was not involved in the characterisation procedure. When two calibration cavities
had been employed, deviations up to 2.6 dB were noted between the measured and the theoretical admittance values
of the test cavity. However, this error varied for different calibration cavity combinations and decreased to 0.3 dB in
the case of four calibration cavities. Monte Carlo simulations were performed in an attempt to investigate the
sensitivity of the output quantities of the source characterisation process to its input quantities (acoustic length,
frequency resolution, measured sound pressure). The effect of uncertainties attributed to these input quantities
proved to have no significant effect on the uncertainty of the source characteristics and, therefore, on the test cavity
admittance measured by means of the probe. It was found that this error mainly depended on the choice of the
calibration cavity lengths. When two sufficiently different calibration cavities were used (i.e. with a length difference
greater than 4 mm), an accuracy similar to that when four cavities were used, was obtained. However, less care had

to be taken on the choice of the calibration cavity lengths in the case of four cavities.

Keywords: source characterisation, measurement uncertainty, ear canal probe, calibration cavity.

Infroduction

The knowledge of the ear canal acoustic input
admittance is clinically useful when an assessment of
the ear-canal and middle-ear functionality is required
[1]. The ear canal admittance can be determined by
means of a mere sound pressure measurement at its
entrance, provided that an ear canal probe with known
sound source parameters is used. This measurement
technique involves the description of the sound source
(e.g. an ear canal probe loudspeaker) by its equivalent
parameters (e.g. [9]), i.e. a short-circuit volume velocity
source (s and an intrinsic admittance Yg, according to
Norton’s principle.

The Norton-equivalent characteristics of the probe
assembly are determined using a set of known loads (i.e.
calibration cavities of known admittances). Since there
are two quantities (gs and Ys) to be evaluated, it is
necessary to employ at least two such calibration
cavities with their theoretically determined admittances.
While some authors used only two calibration cavities
for the determination of the equivalent source
characteristics of probes (e.g. [4, 7]), others employed a
set of three [6] or even four [10] calibration cavities for
this purpose. Using more than two cavities results in an
over-determined system of equations that is apt to lead
to more robust estimates of the Norton-equivalent
characteristics. So far, no systematic investigation exists
that describes the dependence of the source parameter
uncertainty on the number of the calibration cavities to
be applied for their estimation.

In this study, we analyse the impact of the number
of calibration cavities on the uncertainty of the acoustic
measurements of input admittances measurements
performed with a source-characterised ear canal probe.
First we derive the Norton-equivalent characteristics
using two, three, and four calibration cavities. Then we
employ a test cavity with a theoretically calculated
admittance to allow a straight-forward comparison
between the measured and calculated theoretical
admittance results. In the end, we investigate the
influence of the uncertainty of the input quantities on
the output quantities, in particular on the measured
acoustic admittance, using Monte Carlo simulations.

Methods

A. Norton equivalents of ear canal probes.

In this study, we derive the equivalent source
characteristics of an ER-10C (Etymotic Research) ear-
canal probe according to Norton’s principle. This probe is
commonly used for the measurement of otoacoustic
emissions and consists of two miniature loudspeakers and
one miniature microphone [2]. However, only one of the
loudspeakers is required for the characterisation of the
probe. Sound pressure measurements are carried out by the
small probe microphone embedded in the probe assembly.

A sound source can be described by its equivalent
characteristics (as a volume velocity source with a
parallel intrinsic admittance), ([4, 8, 10]).

The first step in determining the Norton-equivalent
characteristics (volume velocity source s and acoustic
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admittance Ys) of an ear canal probe is to measure the
sound pressure responses in known acoustic loads
(Fig. 1). Commonly, these loads are closed-end sound-
rigid cylindrical calibration cavities having a diameter
of an average human ear canal (8 mm, [11]) but
different axial lengths. For cylindrical cavities of known
lengths (l..y; where i =1 ... n denoting the used cavity),
having sound-rigid walls and termination, the
expression for the theoretical admittance (Ycay i) 1s:

Y, = Yo tanh(r /5y ;) (1)

cav_th,i
where Y, denotes the acoustic wave admittance of the
transmission line and y is the complex propagation
coefficient, taking the thermoviscous boundary layers into
account, according to Keefe (1984) [5]. The length of the
it cavity is denoted by /.,,; and its inner diameter by dcay; -

L
ds Ys Pcav,i Ycav,i
L 4
Ycav,i - Idcav,i
+—>

lcav,i

Fig. 1. Analogous electro-acoustic circuit of an ear canal
probe described by its Norton equivalents (qs and Ys)
and terminated by calibration cavities of known lengths
lcav,; and acoustic admittances Y, (i=1 ... n)

The theoretical cavity admittance Yy ;i and the
cavity pressure pc,; measured by the probe are related
to the source volume velocity qs and the source
admittance Y by the following equation [10]:

Pcav,i _ 1
qds Ys + Y.

2
av_th,i

The two complex quantities (qs and Yg) are to be
evaluated at each frequency. Consequently, the use of at
least two cavities is required with their model
admittances Ycay mi (cf. Egs. 1 and 2). If more than two
cavities are used, then we obtain an over-determined
system of equations:
-1

1
-1
Pcav,1 Ycav_th,l
ds e
[ j ) ' ' (3)
Yq
1 -1 Ycav_th,n
Pcav,n

The Norton equivalents (qs and Ys) are evaluated
at each frequency, using a least-squares method to solve
this over-determined system of equations. Note that a
pseudo-inverse is generated for the non-square matrix,
denoted by ().

Once the Norton equivalents are determined, the
acoustic input admittance of any unknown test load Y cay test
(e.g. admittance of a human ear canal) can be obtained
with a sole sound pressure measurement Peay fest

Y,

_ ds
cav_test —
Pcav test

- Ys. “4)

B. Calibration cavity sets.

The calibration cavities were chosen to be
acoustically rigid cylindrical acrylic glass tubes having
an inner diameter of d.,, =8 mm. The cavity lengths
l.av; Were acoustically determined using the relation:

) )

C

loi = ——
cav,i 4fq,i

where c is the sound speed in air at room temperature,
and fy; corresponds to the first antiresonance quarter-
wavelength frequency of the i"-cavity.

The frequency responses (L., in dB re 20puPa) of
the four calibration cavities used in this study are
depicted in Fig. 2.
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Fig. 2. Frequency responses of the calibration cavities:
Leay = 20 lg(peav.i/Po) Where py = 20uPa. The acoustic
lengths of the cavities are derived from the quarter-
wavelength frequencies f;; of these curves

From the spectral zeros in the frequency responses
of the cavities (Fig. 2), the quarter-wave frequencies can
be estimated. From Eq. 5, the acoustic lengths of the
cavities can be obtained (Table 1).

Table 1
A set of four cavities (i=1 ... 4) with the corresponding
acoustically determined lengths in mm

Cavity: i Layi / MM
1 5.23
2 8.77
3 9.99
4 11.67

To assess the accuracy of the obtained Norton
equivalents, a test cavity is required which is not involved
in the calibration procedure. A test cavity of an acoustic
length /5y s = 30.73 mm was chosen for this purpose.
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Results and Discussion

A. Norton equivalents of ER-10C probe.

In Fig. 3, the Norton equivalents (Y and qs) of the
ER-10C probe obtained from two (C,: cavities 1 and 2),
three (Cs: cavities 1, 2, and 4), and four calibration
cavities (C4: cavities 1, 2, 3, and 4) are exemplarily
shown along with their corresponding phases.
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Fig. 3. Norton equivalents of the ER-10C probe: Source
admittance Y and the volume velocity qs (upper
panels) with their corresponding phases @ys and @qs
(lower panels). The chosen calibration cavity sets were:
C, (cavities 1, 2), C; (cavities 1, 2, 4),

Cy (cavities 1, 2, 3, 4). Legends in the lower panels
were omitted for lucidity

As seen from Fig. 3, the Norton-equivalent source
characteristics depended on the number of the
calibration cavities applied and their corresponding
acoustic lengths. However, irrespective of the lengths
and the number of the calibration cavities used, the
Norton equivalents showed similar characteristics in the
lower frequency range. Discrepancy in the higher
frequency range is explained by the restriction caused
by the quarter-wavelength frequency of the longest
calibration cavity used. Thus, comparisons should only
be undertaken at frequencies well below this limit.

For the set of cavities employed in this study, the
quarter-wavelength frequency of the longest cavity
(leava= 11.67 mm) is about 7.4 kHz (the reason for the
spectral pole seen in Ys in Fig. 3 for C; and Cy). As a
result, we chose to analyse our results only up to 4 kHz,
which is adequately below this critical frequency.

B. Acoustic admittance of a test cavity.

To assess the accuracy of the obtained Norton
equivalents, a cavity is required that was not involved in
the source characterisation process. A cylindrical test
cavity having an acoustic length of /5y s = 30.73 mm
was chosen for this purpose.

We applied the different complex source
characteristics (see Fig. 3 and Appendix A) to obtain an

indirect estimate of the acoustic admittance by measuring
the sound pressure in the test cavity and solving Yeay test in
Eq. 4. The results, depicted in Fig. 4, allow an estimate of
the measurement accuracy by a straight-forward
comparison of the measured acoustic admittances (using
the different source characteristics of Fig. 3) with the
theoretically calculated values. The thick dashed line
represents the theoretical cavity admittance.
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Fig. 4. Magnitude and phase of the admittance Y.,, of
the test cavity (Jiest cav = 30.73 mm) estimated from the
Norton equivalents of Fig. 3 applying Eq. 4.
Combinations of two (C,), three (Cs), and four (Cy)
calibration cavities were applied by the source
characterisation. Thick dashed line corresponds
to the theoretical admittance

To acquire a deeper insight into the obtained
results, the deviations of the measured admittances
(Fig. 4) from the theoretical admittance (Eq. 1) are
shown in Fig. 5.
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Fig. 5. Deviation 0Y .,y (in dB) between theoretical
and measured admittance (from Fig. 4)
of the 30.73 mm acoustically long test cavity

The estimation of the admittance differed from the
theoretical values by up to 2.6 dB, except for frequencies in
the vicinity of the spectral pole at 2.8 kHz, where these
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deviations amounted to up to 6 dB. It is worth mentioning
that no significant differences in the phase were observed
(Fig. 4, lower panel).

C. Uncertainty analysis.

For the purpose of analysing the accuracy of the
obtained results, the measured acoustic admittance
Yeav meas i the frequency range under study is described
by the following equation:

Ycav_meas (Cka fj) =

= Yeav th (Cio> 1) + 05550 (Cie, ) + &g (Co, 1)
where Cy (k = 2,3, or 4 cavities) denotes a cavity
combination used for determining the Norton
equivalents, Y,y ¢ represents the theoretical admittance
(Eq. 1), O comprises the systematic effects and €na
the random effects.

For all studied combinations, especially for C, and
C;, a constant shift Oy was observed over frequency
aside from the region of the spectral pole (Fig. 5):
(Cy» fj) = Ug (Cy ) = const .

This shift varied, however, for different calibration
cavity sets.

The random error &.,,q e€valuated over the entire
frequency range under study (<< f;4) did not vary for
different calibration cavity sets as long as the number of
cavities involved was constant. This random error was
characterised by the respective standard deviation as:

Hgyst syst

R 32
SDrand = N-1 Z (e rand (fJ) - ¢ rand) ) (6)
=

where
e’rand (fj) = Ycav_meas (fj) - Ycav_th (fj) - esyst
_ 1 X
and e'\ng = ﬁZe(fj).

j=1

With the increased number of calibration cavities,
the respective standard deviation (Eq. 6) decreased: e.g.:
SD;and(Cs) = 0.49 dB; SD;3p4(C3) = 0.23 dB; SDyang(Cy) =
=0.17 dB.

Fig. 6 shows the measured admittance deviations
from theoretical values. The measured admittances were
obtained from the different combinations of the
calibration cavities (please refer to Appendix A).

The maximal deviation was reduced from 2.6 dB
(using calibration cavity set C,) to approximately
0.25 dB (using C,), whereas the minimal deviation was
also about 0.25 dB and did not depend on the number of
the calibration cavities used.

The indirect method to measure the acoustic
admittance provides a number of challenges that we
intend to analyse. This process allows both a nonlinear
redundant and a non-redundant measurement. For the
analysis of the measurement uncertainty, we applied
Monte Carlo simulations [3], which was necessary for
two reasons: the nonlinearity of the applied

measurement method and; the use of the least-squares
method for the redundant measurement (Cy where k > 2)
for which no recommendation exists in the basic part of
the Guide to the Expression of Uncertainty in
Measurement (GUM) so far.

T
maximal deviation
B 7T minimal deviation ||
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3 Ycav
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Fig. 6. Maximal and minimal deviations Y, (in dB)
of the acoustic admittance over the number
of the calibration cavities used for the source
characterisation evaluated at f= 1500 Hz

In a first step, the sensitivity of the admittance Y,y
to the uncertainty of the acoustic length (Eq. 1) was
assessed. In a second step, the sensitivity of the output
quantities (Yg and qs) to the uncertainty of the input
quantities (Y ¢y and peay) was analysed.

Step 1: Sensitivity of admittance.

Sensitivity of acoustic length to frequency
resolution. The obvious source of uncertainty of the
determination of the acoustic length is the frequency
resolution of the recorded frequency responses. In
this study, a frequency resolution of 1 Hz was used.
Monte Carlo simulations were performed to quantify
this effect on the acoustic length estimation
(discretisation error).

This was analysed using Eq. 5 and assuming that
the uncertainty of f; has a uniform distribution with the
limits Af;=+ 0.5 Hz. The uncertainty of the acoustic
length attributed to the frequency resolution was found
to be SD(f;) =0.0031 mm. Compared to the standard
deviation: SD(/,;) =0.18 mm (obtained from ten
consecutive acoustic length measurements of the test
cavity), the uncertainty of the length due to the
frequency resolution was considered to be negligible,
since SD*(£;) < SD*(/repr)/10.

Sensitivity of admittance to acoustic length.
Although the effect of the frequency resolution on the
uncertainty of the cavity length is negligible, other
factors might influence the length to a more severe
extent. As mentioned above, the length uncertainty,
attributed to reproducibility measurements on the test
cavity, was SD(/,) = 0.18 mm.

Hence, Monte Carlo simulations were performed
to analyse the length uncertainty on the cavity
admittance according to Eq. 1. In this case, a normal
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distribution was assumed. Aside from the peak region
(around 2.8 kHz) the sensitivity of the admittance to
the length uncertainty was considered to be negligible
(SDycav(lrep) = 0.005 dB) compared to the
uncertainties in the acoustic admittance (e.g.
SD1and(Cq) = 0.17 dB).
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Fig. 7. Upper panel: Theoretical admittance Y,y
of the test cavity (/cay st = 30.73 mm). Lower panel:
Standard deviation of the mean of Y, in dB as derived
from Monte Carlo simulations taking the standard
deviation SD(/,,) = 0.18 mm of reproducibility
length measurements into account

Step 2: Sensitivity of source characteristics/

In this section we analyse the sensitivity of the
source characteristics (gs, Ys) to the uncertainty of the
input quantities (Peay, Yeav). Monte Carlo simulations
were carried out assuming a normal distribution and
accounting for the number of equations used to solve
the source characteristics. The sensitivity of the source
characteristics to the input component uncertainty
SD(Peay) = 0.04 dB  (obtained from sound pressure
curves) is shown in Table 2 for different numbers of
calibration cavities.

Table 2
Standard deviation of the source characteristics
obtained using two, three, and four calibration cavities,
depending on the influence of the input uncertainty
of the measured sound pressure peay.

Number of cavities SD(Ys) / dB SD(qs) / dB
2 0.058 0.012
3 0.045 0.007
4 0.038 0.006

These negligible standard deviations agree with the
fact that the probe microphone has an almost flat
frequency response up to 10 kHz. Similar behaviour
was noted for the sensitivity to Y.

Since both Ys and gs depend on the same input
components, we considered the correlation between
their uncertainties. Fig. 8 shows the two-dimensional
joint distribution of both the source admittance Y and
the source volume velocity qs along with the covariance
matrix cov(Ys, qs).

The correlation between the output quantities (Ys
and qg) was found to be higher than 0.9 for all
combinations of the cavity sets investigated.
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44115

0.0001
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Fig. 8. Histogram representing
the two-dimensional joint distribution
of the source characteristics gs and Y

D. Assessment of Results.

The uncertainties of the investigated components
did not significantly contribute to the deviations
between the predicted and the measured test cavity
admittances, found for some two-cavity combinations
(see Appendix A). However, we observed that for
certain combinations of two cavities, the obtained
results were as good as those achieved from the four-
cavity combination (compare minimal deviations in
Fig. 6). However, for the four-cavity combination, the
random error, characterised by SD.,a(C4) =0.17 dB,
comprised the major part of the total error
(8Y.w = 0.25 dB, Fig. 6). It is expected that this error
would diminish should even more calibration cavities be
applied.

This led us to conclude that, in the case of a two-
calibration cavity set, the choice of their relative lengths
was the main source for this error.

Analysing the deviation between the predicted and
the measured test cavity admittance resulting from each
of the two-cavity combinations (Appendix B), the best
result was obtained in the case where the shortest
(lava =5.23 mm) and the longest calibration cavity
(leava = 11.67 mm) were employed in the
characterisation process. These two cavities differed by
about 6.4 mm in length.

On the other hand, the poorest result came from
the combination of the middle-length cavities
(lavo =8.77mm) and (/cay; = 9.99 mm) that differed
from each other by only 1.2 mm.
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From these findings, it could be deduced that the
accuracy is highly dependent on the choice of the
calibration cavity lengths. This comes in accordance with
the recommendation that the theoretical admittances of
the calibration cavities chosen should be sufficiently
different [6]. From this study, we recommend that a
difference between the calibration cavity lengths of at
least 4 mm should be applied to achieve results
comparable to those obtained from four cavities.

A practical recipe for the source characterisation of
an ear canal probe (with which a significant reduction in
uncertainty can be obtained) is:

(1) use more than two calibration cavities for the
source characterisation,

or,

(i1) meet the 4 mm criterion for the choice of the
cavity lengths.

Conclusion

The Norton-equivalent source characteristics of
an ER-10C (Etymotic Research) ear canal probe were
determined using different sets of calibration cavities.
The admittances of an arbitrarily chosen test cavity
were estimated using these source characteristics. The
accuracy of the results notably improved with an
increased number of the calibration cavities.

The use of two calibration cavities resulted in a
good estimate of an “unknown” test cavity admittance
(deviation from theoretical considerations less than
0.3 dB) only if the calibration cavity lengths differed
by at least 4 mm. This same accuracy was achieved
using four calibration cavities without the mentioned
criterion concerning the choice of the cavity lengths.

For acoustic measurements within the human ear
canal, this accuracy of the source characterisation is
deemed adequate, compared to the much higher
inaccuracies which occur during in-situ measurements
on test subjects.
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Appendix

A. The admittances of the test cavity using the
source characteristics obtained from all the
combinations of the calibration cavity set (of Table 1)
are shown in the following figures (Figs. A.1, A.2,
A.3). The thick dashed line corresponds to the
theoretical admittance.

B. The admittances obtained for two calibration
cavity combinations (best- and worst case, Fig. B.1).
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Fig. A.1. Top: The acoustic admittances measured using
the source characteristics obtained by employing all
possible combinations of two cavities from the
calibration cavity set used in this study (please refer to
cavitiesi=1 ... 4 in Tab. 1), i.e. 6 combinations.
Bottom: A close-up in the admittance curves of the
upper panel around the frequency 1.5 kHz. The thick
dashed line represents the theoretical admittance
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Fig. A.2. Top: The acoustic admittances measured using
the source characteristics obtained by employing all
possible combinations of three cavities from the
calibration cavity set of Table 1, i.e. 4 combinations.
Bottom: A close-up in the admittance curves of the
upper panel around the frequency 1.5 kHz. The thick
dashed line represents the theoretical admittance
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Fig. A.3. Top: The acoustic admittance measured using
the source characteristics obtained by employing all the
four calibration cavities. Bottom: A close-up in the
admittance curve of the upper panel around the
frequency 1.5 kHz. The thick dashed line represents the
theoretical admittance.
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Fig. B.1. A close-up in a 200-Hz wide frequency range
of the test cavity admittance obtained using the
calibration cavity combination (/. and /.,y 4) that
resulted in the best admittance estimates (-0-) and using
the combination (/.. and /., ;) that yielded the worst
admittance estimates (-0-). The thick dashed line
represents the theoretical admittance
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Penensent: 1-p TexH. Hayk, npod. LII. 3axapos, XapkiBcbkuii
HalllOHAJIBHUH YHIBEPCUTET PaiioeNeKTPOHIKH, XapKiB.

AOCNIMAKEHHA HEBU3HAYEHOCTI OLIHFOBAHHA XAPAKTEPUCTUK 3OHAY CIIYXOBOIro KAHANY
M. Lle6ian, M. Tanboscka, Y. Xemsens, T. ®enrke

Busnauenns xapaxmepucmuk 0dicepena Cyxo8020 npoxooy, K npaguio, npogooumbCs WIAXOM GUMIPIOBAHb NPU 080X i
binvle HABAHMAICEHHAX 3 GIOOMUMU 3HAYEHHAMU NPoGIOHocmi. V Oamiti pobomi U3HAYAIOMbC XAPAKMEPUCMUKU Odicepend
30H0Y c1Yx06020 npoxody Etymotic Research i 0ocniodcyembcs 6naug wucia GUKOPUCMO8Y8aHUX KAniOpysanbHuX NOPOACHUH HA
pesynomam. IIpoananizosano HegusHaUeHICMb OYIHOK YUX XAPAKMEPUCIUK 3 GUKOPUCIMAHHAM O000AmKOB8OI KOHMPONbHOL
NOPOJICHUNY, AKA He Oepe yuacmi 6 npoyedypi oyiniosanns. Ilpu euxopucmanni 060X KAniOPYBANLHUX NOPOICHUH
cnocmepieanocs Gi0XunenHs 8i0 meopemuyHo20 3Hadents, wo oocseano 2,6 ob. Iloxubka 3nauno smenuyemocs npu 30inbuieHHi
uucaa nopodichun, i cknaoac 0,3 05 npu euxopucmanni vomupvox. Mooentosanns memoodom Monme-Kapno 0o3eonuno nposecmu
00Ci0HCeHHsl NIUBY OKPEMUX GXIOHUX GeNUUUH MOOei (aKyCmuyna 008JCUHA, 003611 NO YACMOMI, 36YKOBULL MUCK) HA OYIHKU
napamempis. Ilpoananizogami ckia0o8i HeGUIHAYEHOCMI GUABUIUCS MATUMU, Alle HA PEe3VIbMam HAO0A€E BNAUE CNIGBIOHOUIeHHS
3HAYEHb 00BAHCUNU KATIOPYBANLHUX NOPOAUCHUH. V 8UNAOKY 0OCUMb 8eNUKOI PI3HUYI 3HAUEHb 008ICUHU OBOX NOPOJICHUH (Oinblue
4 MM), MONCTUBO OOCAZMU BUCOKOI MOYHOCMI, NOPIGHAHHOL i3 30ACMOCY8AHHAM YOMUPLOX NOPOUCHUH. Takum uuHoM,
BUKOpUCTANHSL OLIbULOT HAOOPY NOPOJICHUH O0360IA€ 3HUZUMU BUMOSU 00 HUX.

Knrwowuosi cnosa: oyiniosanna xapakmepucmuk O0dcependa, HeGUIHAYEHICMb GUMIPIOBAHHS, 30HO CIYX08020 KAHALY,
Kaniopyeanbia NOPOICHUHA.

UCCINEQOBAHME HEOMNMPEQENEHHOCTU OLLEHMBAHMS XAPAKTEPUCTMK 30HOA CIIYXOBOIo rnPOXo4A
M. Lle6uan, M. Tanesckas, 1. Xermsens, T. ®exrke

Onpedenenue xapakxmepucmuk UCMoOYHUKA CLyX08020 NPOX00d, KAK NPABUNO, NPOEOOUMCS NyMeM UMepeHUull npu 08yx u
bonee Hazpy3Kax ¢ U3BECMHLIMU 3HAYEHUAMU NPOBOOUMOCIU. B dannoii pabome onpedensiomcsa Xapakmepucmuky UCMOYHUKA
30H0a cnyx06020 npoxoda Etymotic Research u uccnedyemcs enusmnue wucia UCnonb3yeMvlx KalUOPOBOUHBIX NONOCMEN Ha
pesynomam. IIpoanarusuposana HeonpeoeneHHOCHs OYEHOK IMUX XAPaKmepucmuk ¢ UCHONb308AHUEM OONOTHUMENbHOU
KOHMPOAbHOU Nonocmu, He ywacmeyiowjei 6 npoyedype oyenusanus. IIpu ucnoab3oséanuu 08yxX noaocmeil HAOIOO0ANOCH
OMKNIOHEHUe OM Meopemuiecko2o sHavenus, oocmueasutee 2,6 0b. Tloepewnocms 3HauumensHo yMmeHbuwaemes npu yeeauienuu
yucaa kanubposounvix nonocmeti, u cocmaguna 0,3 0b 6 cnyuae wemvipex. Mooenuposanue memoodom Monme-Kapno nozeonuno
nposecmu UCCne008anue GLUsHUS OMOEIbHbIX 8XOOHLIX GeIUYUH MOOenu (aKycmuyeckdas ONuHa, paspeuienue no yacmonie,
38yK060e  OaeieHue) HA OyeHusaemvlie napamempul. Ananuzupyemvle COCMAGNAOWUE HEONPEOeNeHHOCIU  OKA3AIUC
npeHedpedNCcUMo MabIMU, HO HA PE3YIbMAMm OKA3bIBAEN GAUAHUE COOMHOUEHIEe 3HAYEH UL ONUHbI KATUOPOBOUHbIX nonocmel. B
cayuae 00CMAamo4Ho OGONbLUWION pa3Huybl 3HAYeHUll OnuHbl 08YX nonocmeti (bonee 4 MMm), 803MOICHO OOCMUSHYMb BbICOKOI
MOYHOCMU, CPABHUMOU C NpUMeHeHueM yYemvipex noaocmeil. Takum obpaszom, ucnonv3osamue 60rbule2o Hadbopa nonocmei
NO360J51em CHUUMb MPebO8aAHUs K UX OTUHAM.

Knroueswie cnosa: oyenusanue xapakmepucmux uUCMOYHUKA, HEONPeOeieHHOCHb USMEPEHUs, 30HO CIYX0B020 NPOX00d,
KAaubposouHas noIoCHb.
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