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ABSTRACT

The hear-through functionality on hearing devices, which allows
hearing equivalent to the open-ear while providing the possibility to
modify the sound pressure at the eardrum in a desired manner, has
drawn great attention from researchers in recent years. To this end,
the output of the device is processed by means of an equalization
filter, such that the transfer function between external sound sources
and the eardrum is equivalent for the open-ear and the aided con-
dition with the device in the ear. To achieve an ideal performance,
the equalization filter design assumes the exact knowledge of all
the relevant acoustic transfer functions. A particular challenge is
the transfer function between the hearing device receiver and the
eardrum, which is difficult to obtain in practice as it requires ad-
ditional probe-tube measurements. In this work, we address this
issue by proposing an individualized hear-through equalization filter
design that leverages the measurement of the so-called secondary
path to predict the sound pressure at the eardrum using a prin-
ciple component analysis based estimator. Experimental results
using real-ear measured transfer functions confirm that the proposed
method achieves a good sound quality compared to the open-ear
while outperforming filter designs that do not leverage the proposed
estimator.

1. INTRODUCTION

In recent years, hearing devices with so-called hear-through func-
tionalities that aim to provide awareness and means of communica-
tion to the wearer have become increasingly prevalent. However, re-
cent studies demonstrated that only a few commercially available de-
vices with hear-through functionalities succeed at achieving acous-
tic transparency, i.e., listening with the hearing device is the same
as with the open-ear [1} 2]]. Acoustic transparency can be realized
by means of sound pressure equalization algorithms, where a major
challenge is the estimation of the sound pressure level that is gener-
ated by the hearing device at the individual eardrum.

Several hear-through algorithms that aim at achieving acoustic
transparency have been proposed in the past [3} 14, 5, |6l [7} 18 19} [10}
11]]. In order to achieve an ideal sound pressure equalization, these
algorithms assume knowledge, e.g., through acoustic measurements,
of the acoustic transfer functions (ATFs) between the external sound
field and the eardrum, as well as the ATF between the hearing de-
vice receiver and the eardrum. The sound pressure at the eardrum is
subject to significant inter-individual variations due to personal ear
canal acoustics. The best practice to obtain an accurate estimation of
it requires so-called probe-tube measurements, where a small probe
microphone is positioned close to the eardrum of the user to measure
the sound pressure level [12]. However, the placement and measure-
ment using a probe-tube is a delicate and time-consuming process.

Alternatively, the sound pressure at the eardrum can be esti-
mated by using a microphone at the inner face of the hearing device.
However, it is well known that the pressure at different locations in-
side the ear canal can vary substantially [[13]]. Hence, more recently,
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Fig. 1. The acoustic scenario for the hear-through filter design.

models that utilize electro-acoustic analogies to predict the pressure
at the eardrum from a microphone at the inner face of the hearing
device have received increased attention [[14} 15,16, 17]. While sys-
tems based on electro-acoustic analogies show a great potential to
predict the sound pressure accurately up to 6-8 kHz [[16L[17], they are
specific to each hearing aid design (e.g., depending on venting and
acoustic transducer characteristics), and rely on delicate and time-
consuming calibration routines [18]]. In this paper we present a novel
supervised approach to estimate the sound pressure at the eardrum
by forming a model based on a training set. The system requires a
microphone at the inner face of the hearing aid mold but does not
rely on knowledge of the specific hearing aid design.

The proposed individualized hear-through filter design uses
measurements of the so-called secondary path, i.e., the acoustic
impulse response between the hearing aid receiver and an inward-
facing microphone at the in-ear earpiece, to predict the sound pres-
sure at the eardrum. Specifically, the secondary path measurement is
projected onto a lower dimensional space using principal component
analysis (PCA) and transformed to obtain an estimate of the sound
pressure at an individual’s eardrum, similar to the method proposed
in [19] to estimate the primary path for feedforward active noise
control. Results demonstrate that when this estimate is incorporated
into the design of an individualized hear-through equalization fil-
ters for acoustic transparency, the proposed approach achieves good
sound quality compared to the open-ear and has better performance
than individualization based on using the secondary path itself.

2. PROBLEM FORMULATION

The considered acoustic setup of the hearing device is depicted in
Figure[T] To achieve acoustic transparency, the transfer function be-
tween external sound sources and the eardrum should be equivalent
for the open ear and the aided ear (i.e., when the device is inserted
and processing the sound). In the open-ear case, the signal at the
eardrum is the source signal filtered by the ATF to the eardrum of



the open-ear o(w). For the aided case with the device inserted in
the ear, the signal at the eardrum is the superposition of a source
signal filtered by the ATF of the direct path c(w) (which is subject
to occlusion) and the source signal filtered by the acoustic path to
the external microphone m(w), the equalization filter Geq(w) and
the ATF between the inward-facing receiver and the eardrum r(w).
It should be noted that all processing delays are included in r(w).
Furthermore, we neglect the acoustic coupling between the receiver
and the external microphone (i.e. acoustic feedback). To match the
two cases, the equalization filter G.q(w) needs to be computed in
the frequency domain such that

o(w) = c(w) + M(w)Geg(w)r(w). @))]
The optimal equalization filter that achieves acoustic transparency in
(1) is equal to

o(w) = ¢(w)

Geq(w) = )

m(w)r(w) ’

and relies on the availability of all ATFs including o(w), c(w),
m(w), and 7(w). In the following we will present how to compute
the optimal equalization filter Geq(w) using a least-squares-based
cost function.

3. INDIVIDUALIZED HEAR-THROUGH FILTER DESIGN

In this section, we aim to incorporate a measured database of multi-
ple sets of measurements of o(w), ¢(w), m(w) in combination with
a novel PCA-based estimator of the individual r(w) to compute an
individualized equalization filter that is based on the in-situ mea-
surement of the so-called secondary path s(w) between the hearing
device receiver and the inward-facing microphone.

3.1. Equalization filter design

The equalization filter in aims at minimizing the difference be-
tween the aided and open-ear transfer function to the eardrum. This
can be achieved by solving the following regularized least-squares
(LS) optimization problem:

argmin ||(¢ + DmDrGeq) — 0|3 + 41l|Geqll2, 3)

eq

where Dy, D, are diagonal matrices containing the DFT coeffi-
cients of m(w), r(w), respectively. ¢ and o are corresponding vec-
tor forms of ¢(w) and o(w). The Tikhonov regularization factor
© = 0.001 is considered in this work to prevent over-amplification

of Geq. The optimal LS solution Gl:q is equal to

G = (Y'Y +un) 'Y (0 - c), )

where Y = Dy, Dy, I is an identity matrix and (-) denotes the
Hermitian transpose of a matrix. Similar to the frequency-domain
filter in (@), the time domain equalization filter gle‘:’l of length IV; can
be computed as:

gty = (Yo" Yp +ul) ' Yp (0 - ), Q)

where Yp = DmD.ZpF with Zp denoting a diagonal matrix
whose elements are the phase coefficients corresponding to a time
shift dproc and

EIINfXNf[INtXNt;ONf_NtXNt]. (6)

T is the DFT matrix, N is the FFT length, I represents an identity
matrix and O is a matrix containing only zeros. The negative shift

in time by dpoc is considered to avoid potential acausality problems
[7L19:110] and it is chosen to reflect the processing delay, which is set
to 1.6 ms in this work.

To facilitate the use of an estimator of the individual receiver-to-
eardrum function (3)) can be rewritten as:

g, = (Yo Yp +ul) 'Yi(0—c), o)

where S_{'D = Dmf)rZDE. The diagonal elements of the matrix f)r
are the coefficients of an individual estimate of the transfer function
between the hearing aid receiver and the eardrum, which will be
obtained using an appropriate estimator in the following section.

3.2. Estimation of receiver-to-eardrum transfer function

A simple and intuitive way of obtaining an estimate of D, is to mea-
sure the impulse response of the secondary path. However, the sound
pressure at the position of the microphone may be substantially dif-
ferent from the sound pressure at the eardrum. Therefore, in this
section, we present an estimation scheme to map the measured sec-
ondary paths at the inward-facing microphone in the ear canal to
the receiver-to-eardrum responses. The first subsection introduces a
least-square regression method that minimizes mean-squared error
of the estimated eardrum response coefficients in the frequency do-
main. Subsequently, we propose an estimation method that benefits
from the numerical robustness and efficiency of the PCA. Finally, we
motivate a selection scheme that combines the two presented estima-
tors so that a consistent estimation of the eardrum sound pressure can
be achieved across frequencies.

3.2.1. Linear least-squares regression

N

Let M = {sj,r; € (CTf“\j =1,...,J} be a set of DFT co-
efficients of measured transfer functions s;(w) and r;(w) used to
compute a least-squares based estimate of the receiver-to-eardrum
transfer function during a training stage, which can be conducted of-
fline. The optimal filter gr.s should minimize the difference between
the estimated receiver-to-eardrum transfer functions to the measured
counterparts via linear mapping in the frequency domain, i.e., the
following least-squares cost function

E(gus) = |[Dsgrs — de || + pllgLs]l3, (8)

where Dg (J( % +1)xJ( % +1)) are diagonal matrices containing
the DFT coefficients of all measured secondary path responses s, (w)
and d, (J (% + 1) x 1) is the stacked vectors containing the DFT
coefficients of r;(w). The optimum with respect to grs is given by

gLs = (Ds"'Ds + pI) 7' D, " ds. )

Using the estimated filter g1.s from the training stage, the individual
receiver-to-eardrum path fy,g is estimated from a measurement of
the individual secondary path s during run-time as follows:

fLs =s© 8Ls, (10)

where ® denotes element-wise product.

3.2.2. PCA-based estimation

As it can be seen from (8], a direct linear mapping of the complex
frequency domain vectors s;, r;j is possible but would require a large
set of training data if FFT length is large. In this section, an PCA-
based estimator is designed for the individual r based on features of
a measured individual secondary path s.



PCA is commonly used for dimensionality reduction by project-
ing each data point onto only the first few principal components to
obtain lower-dimensional data that facilitates to avoid over-fitting
[20]. By conducting PCA, we extract the first K principal compo-

N

-f .
nents U, 1, U € C2 1! of the set of complex frequency domain
vectors s; and rj, respectively. The receiver-to-eardrum path princi-
pal components matrix is defined as

U, =[Ur1,Urz2,...,Ur k] 11

Let T be the ensemble average of rj: ¥ = >, \ rj/J. To obtain
the complex gain vectors g, ; that minimize the Euclidean distance
between the reconstructed frequency domain vectors

#;=t+U,g.; (12)

and the true frequency domain vectors r;, we utilize the orthonor-
mality of the principal components and get

gr;=U/(r; - ). (13)

Similarly we obtain the gains g ; for the secondary path.

After converting frequency domain coefficients into the prin-
cipal component domain, the problem is to find a linear map
A € CEXK that projects the secondary path gain vectors onto
the receiver-to-eardrum gain vectors. The following cost function is

defined:
E(A) =" |&n; — A&.sl7, (14)
JEM
with § = g — g and g denotes the ensemble average. The linear map
allows us to estimate the receiver-to-eardrum path gain vector based
on the secondary path gain vector. To minimize E(A), we have

A = argmin E(A) = Z g,._,jggj( Z gs,jgfj)*l. (15)
A JEM JEM

The above-demonstrated steps are the training stage for individ-
ual receiver-to-eardrum response estimation based on a training set
sj,r; € M. After measuring the individual secondary path s at
runtime, the gain vector for the secondary path can be calculated as
follows:

g = Ul (s —¥9), (16)
where S is the ensemble average of s; from the training stage. We
can then obtain an estimate for g, by

gr :gr+Ags (17)

and finally an estimate fpca for r in the frequency domain with the
ensemble average T and U, from the training stage

f‘pca - f"‘UTgr (18)

3.2.3. Estimate selection

Two linear estimators of individual receiver-to-eardrum path trans-
fer functions are presented in Sec.[3:2.T]and Sec. [3.2.2] respectively.
For the PCA-based estimation method, it is suggested to extract
frequency regions that are affected by deterministic changes of ear
canal characteristics so that features of the measured individual sec-
ondary path s can be better utilized. It is shown in [16] that s; and
r; are less differentiated at low frequency regions, which can be in-
tuitively explained by the long wavelength. Therefore, we propose
to combine both the low and high frequencies into the final receiver-
to-eardrum path estimate #(w) and synthesize the two estimators as
follows:

Flw) = (19)

Frs(w), for w < W
Ppea(w), for w > w’

where w’ denotes the split frequency that separates the two esti-
mators at low and high frequencies. In this work, we empirically
select w’ = 1.5 kHz. The effectiveness of this selection scheme
is confirmed in Sec. 4. For practical considerations, we also pro-
pose to apply rectangular frequency domain windows Qrs(w) and
Qpea(w) to extract corresponding frequency regions of the training
set sj, r; € M and the measured secondary path s at run time. The
transition frequency for the low-pass Qrs(w) is w’ and the pass-
band for Qpcq (w) is from w’ to 8 kHz.

4. SYSTEM EVALUATION

In this section, we evaluate the effectiveness of incorporating the
proposed receiver-to-eardrum transfer function estimator into the in-
dividualized equalization filter design that aims to achieve acoustic
transparency. First the acoustic setup and the database of measure-
ments are introduced. Second, we present results that demonstrate
the estimation accuracy of the proposed receiver-to-eardrum transfer
function estimator. Finally we present results of a perceptual evalu-
ation of the proposed individualized equalization filter utilizing the
multi stimulus hidden reference and anchor (MUSHRA) framework.

4.1. The in-the-ear hearing aid prototype database

ATFs were measured in the right ear for 18 subjects using an oc-
cluding in-the-ear hearing aid prototype (as shown in Fig. [1) that
features one in-ear Sonion P8 MEMS microphone, one external So-
nion P8 MEMS microphone and one in-ear Knowles RAB balanced-
armature receiver. All acoustic transducers were connected to a PC
via a soundcard and a custom amplifier box using a sampling rate of
40 kHz. The external sound sources were placed on a circle at 1.5
m distance around the position of the listener. All relevant transfer
functions to the eardrum were measured using an audiological probe
tube connected to an Etymotics ER7C microphone inserted into the
ear canal using a fixed insertion depth from the inter-tragal notch
(i.e. 28 mm for women, 30 mm for men [21]]). To reduce the ef-
fect of placement of the microphone away from the eardrum, e.g.,
quarter-notch wavelength notches [22]], the probe-tube microphone
responses were corrected using the eardrum sound pressure predic-
tion method in [15]. Each measurement was repeated for three rein-
sertion trials of the device for each of the subjects. Overall, a total
of 54 transfer function sets were considered for evaluation. We av-
eraged the measured responses over reinsertion trials and used the
average data for each of the 18 subjects in our assessment. When
evaluating the performance we used a repetitive leave-one-out cross-
validation approach, i.e., we used data from 17 subjects for training
and evaluated the performance for the remaining subject.

4.2. Estimation of receiver-to-eardrum transfer function

To evaluate the performance of the eardrum sound pressure estima-
tors, we used the following measure to quantify the dB level error be-
tween the estimated eardrum sound pressure 7(w); and the ground-
truth r(w); for the jth subject across frequencies:

e(w); = 101log(|r(w);|*) — 10log(|#(w);|*). (20)

The estimation performance for all 18 subjects using the proposed
method that combines the PCA-based estimator (in which we ex-
tracted the first K = 12 principal components) and LS regression
with the split frequency w’ = 1.5 kHz are demonstrated in Fig. 2.
The bold line represents the mean estimation error and the shaded
area covers the standard deviation across subjects. An estimation
accuracy within 5 dB for frequencies up to 6 kHz can be achieved,
which is comparable to the systems based on electro-acoustic analo-
gies [[16} [17] but does not require delicate calibrations on specific
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Fig. 2. Estimation error of the proposed combined receiver-to-
eardrum transfer function estimator for 18 subjects.
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Fig. 3. Average estimation error (bold lines) for the least-squares
based estimator and PCA-based estimator across 18 subjects. The
shaded areas indicate the standard deviation of the estimator error.

earpiece designs. Fig. |§| presents error regions across frequencies
for the two estimation schemes separately. It can be seen that a no-
ticeably improved estimation performance can be achieved by the
PCA-based approach at mid- and high- frequencies compared to the
LS-based method. However, it does not perform as consistently as
the LS-based method at the low frequency range with larger error
variances, which justifies the estimate selection method proposed in

Sec.3:23

4.3. Individualized equalization filter

By leveraging the estimate of the receiver-to-eardrum transfer func-
tion from Eq. (I9), we compared the proposed individualized equal-
ization ("’IDV-PCA”) in Eq. (7) against the following processing con-
ditions: 1) Open-ear without the device inserted; 2) Occluded ear
with the devices switched off; 3) Perfect equalization, which denotes
the individual equalization with the prior knowledge of all relevant
ATFs; 4) ”IDV-SP”, which denotes an alternative individualization
by directly replacing the diagonal elements of D, in Eq. (7) with the
coefficients of the secondary path s;(w); 5) ”GLS”, which denotes
the average equalization using the least-squares method and leave-
one-out cross-validated filter. This is achieved by replacing relevant
diagonal matrices and vectors in (3) with stacked diagonal matrices
and vectors that contain the DFT coefficients of relevant ATFs for
all training subjects from the database. In this evaluation study, we
chose time-domain filter length N; = 64.

Figure[]shows magnitude responses for two exemplary subjects
from the database. As expected, the best-performing system is the
perfect equalization that assumes all ATFs to be known. Further-
more, the proposed IDV-PCA method provides a close match to the
open-ear up to 6 kHz and consistently achieves a better hear-through
performance compared to all remaining equalization filters.

To investigate how well the proposed equalization filter repro-
duces the open-ear perception, we conducted a headphone-based
MUSHRA listening test [23] with 12 self-reported normal-hearing

Subject 2
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—oLs Open
10 IDV-PCA —Occluded 10
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—GLS  —Open
IDV-PCA —Occluded
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Fig. 4. Comparison of various hear-through equalization processing
schemes for two exemplary subjects.
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Fig. 5. Sound quality ratings of the MUSHRA study evaluating the
hear-through filters (*** indicates p < 0.001).

listeners. For each listener, we randomly selected the ATFs from
3 subjects from the database to simulate the signals. Three 10-sec
stimulus signals were considered, including female speech, jazz mu-
sic and street noise and where presented over a pre-equalized Bey-
erdynamic DT-770 headphones and played back at 70 dBSPL. Sub-
jects were asked to rate the perceived sound quality in terms of nat-
uralness in comparison to the provided open-ear reference samples.

Fig.[B]shows the results of the MUSHRA test. The results show
that most subjects were able to identify the hidden reference signals.
The remaining five conditions were analyzed using a linear mixed
effects model [24]. The results showed that the occluded ear was
rated worst, and as expected from FigureE[, the highest ratings were
obtained for the perfect equalization. Considering the non-perfect
equalization filters, the proposed IDV-PCA approach resulted in the
highest ratings (p < 0.001 compared to GLS and IDV-SP). This
shows the importance of incorporating information on the individ-
ual eardrum and validates the proposed PCA-based sound pressure
estimation approach.

5. CONCLUSION

In this work, we propose an individualized hear-through equaliza-
tion filter design by leveraging an estimate of sound pressures at
the eardrum. We present a PCA-based estimation approach to pre-
dict the receiver-to-eardrum transfer function using in-situ measure-
ments of the secondary path at the in-ear microphone. By combining
this with a least-squares-based estimator at low frequencies, the pro-
posed method obtains an estimation accuracy within £5 dB for fre-
quencies up to 6 kHz, which facilitates the proposed individualized
equalization filter to deliver a good and natural sound quality com-
pared to the open-ear while at the same time outperforming using the
secondary path itself. A MUSHRA listening test was conducted and
results confirm the effectiveness of the proposed approach.
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