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A B S T R A C T

A method for an automated system for speech audiometry is introduced and evaluated using pre-recorded re-
sponses as well as spontaneous utterances produced by listeners during a real measurement. A hearing test is
performed under the use of automatic speech recognition (ASR) based on the matrix sentence test, which is used
clinically for diagnostics and fitting of hearing devices as well as in psychoacoustic research. The test measures
the speech reception threshold (SRT), i.e., the signal-to-noise ratio at which the subject achieves 50% word
recognition rate. A major disadvantage of current testing procedures is the requirement of a human expert
supervising the test and logging the listener’s responses. An automated system reduces the required resources
and therefore provides a tool for frequent assessment of the SRT, which can contribute to an early diagnosis of
hearing loss. The accuracy of the ASR-based SRT measurement is compared to results obtained with a human
supervisor. To this end, two databases are used that contain either well-controlled read utterances that resemble
typical responses during SRT measurements produced by 17 speakers, or spontaneous responses collected during
real SRT measurements using ASR. Twenty normal-hearing and seven slightly to moderate hearing-impaired
subjects participated in the collection of this spontaneous speech. In order to assess the SRT accuracy for read
speech, two simulation schemes are proposed that employ Monte Carlo tests to simulate a listener’s profile and
corresponding responses, which are validated with the real measurement data. We show that ASR deletion rates
of 0.9% and insertion rates of 2.9% for matrix text words are sufficiently low to obtain accurate SRT mea-
surements in the range of 0.5 dB SNR. This is comparable to the test-retest accuracy obtained by human su-
pervisors. While ASR errors are overestimated when using the controlled speech material in comparison to
spontaneous speech, this error type has minimal effect on SRT estimation. Hence, the use of pre-recorded, read
speech material is sufficient when evaluating the accuracy of speech-controlled, automated listening tests.

1. Introduction

Speech audiometry is an important tool for diagnosing hearing
impairments by determining the individual speech reception threshold
(SRT) of listeners, i.e., the signal-to-noise ratio at which 50% of words
are correctly recognized. Matrix sentence tests as first proposed in
Hagerman (1982) are a successful implementation of speech audio-
metry; for these tests, random sentences are generated by walks
through a matrix that contains the test words. Noisy sentences are
presented to a listener, who responds with the words he or she re-
cognized. A proposed method for recording and splicing words to as-
semble natural, random sentences (Wagener et al., 1999a,b,c), resulting
in the Oldenburg Sentence Test (German: Oldenburger Satztest, OLSA),
features sentences that cannot be predicted by the listener. The matrix
structure of the sentences results in a high measurement accuracy and
in comparable measurements across different languages (Zokoll et al.,

2013), with currently 14 available languages (e.g., English
(Hewitt, 2008), Dutch (Houben et al., 2014), Italian (Puglisi et al.,
2014), and Spanish (Hochmuth et al., 2012)). A review of the inter-
national matrix test with a refined recipe for designing a matrix test in a
new language is presented in Kollmeier et al. (2015). A major dis-
advantage of current testing procedures is the requirement of a human
expert supervising the test and logging the listeners responses. Sec-
ondly, it introduces a subjective element to the testing procedure, due
to the clinicians potential lack of comprehension for a non-native lan-
guage or momentarily inattentiveness. In Francart et al. (2009) a
typing-based response system for a open-set sentence test is presented,
which allows test designs that do not require the presence of a super-
visor. Nevertheless, such a system requires proper writing skills and
computer experience which cannot be assumed for all patients. Another
approach suitable for the closed-set matrix test is the use of a graphical
user interface (GUI) (Brand et al., 2004). However, this requires the
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patient to read lists of all possible response alternatives and find the
right words in a reasonable time. Even though this GUI is highly opti-
mized during years of clinical usage, for tests with 50 different words
such as the matrix test, this is a challenging procedure for regular users
and excludes people who cannot operate such an interface. For in-
stance, in Germany 10.0% of the population that is between 18 and 64
years old is functionally illiterate and additional 4.5% illiterate in the
strict sense of the word (Grotlüschen and Riekmann, 2012). This is in
contrast to relatively simple GUIs for digit triplet tests, which can be
easily represented and clearly arranged even on smaller displays.

Testing subjects in another language than their native language
results in unreliable test outcomes (Warzybok et al., 2015). In those
cases for which a visual response system (GUI/writing) is required, or
supervisor and test subject speak different languages, a different solu-
tion is required. Hence, we propose a system that relies on our natural
means of communication, i.e., spoken language by using automatic
speech recognition (ASR). Such a system enables an easy to use tele-
phone- or app-based self-testing and can potentially be applied for
open-set tests as well. While it can be assumed that an audiometrist
produces almost error-free response logs in a regular testing setup, the
same is not guaranteed for ASR, despite the fact that matrix tests exhibit
a small vocabulary (50 words in this case). While error rates are of
lesser interest in the context of SRT testing, the effect of ASR errors on
the SRT and the accuracy of the SRT are key measures associated with a
system. In a related study Deprez et al. (2013), this accuracy was in-
vestigated for an ASR-based listening test that was targeted at users of
cochlear implants (CIs), which was based on the Dutch LIST test
(Van Wieringen and Wouters, 2008). In this case, a test-retest reliability
of 1.8 dB was obtained, which is not sufficient for SRT measurements
when the goal is an accuracy that is on par with clinical measurements.
To accurately differentiate between normal-hearing and hearing-im-
paired listeners, the test-retest reliability should be in the same range as
for human test conductors of 0.5 dB (Brand and Kollmeier, 2002) for
this clinical application setting.

In our previous work (Meyer et al., 2015), a speech-controlled SRT
measurement was proposed based on the OLSA matrix test described
above. For that study, speech was collected from 20 speakers who read
responses that are typical for matrix tests to establish a well-controlled
data collection, which was used for training an ASR system. For speech
without out-of-vocabulary (OOV) words, ASR error rates were suffi-
ciently low to obtain an unsupervised measurement accuracy of 0.5 dB.
However, for the most difficult scenario (many OOV words), the ASR
performance was found to be insufficient (i.e., it resulted in a test-retest
accuracy worse than the accuracy achieved with human supervisors
(0.5 dB)). While this previous result for read speech is promising, it is
unclear if an accurate, automated SRT testing can also be obtained with
spontaneous utterances produced during a real test. Further, the work
presented in Meyer et al. (2015) relied on listener’s data from the lit-
erature only, while actual listening experiments were not performed. In
the present work, we therefore investigate the accuracy of the ASR-
based system for speech that was elicited during actual measurements
from 20 normal-hearing (NH) and seven hearing-impaired (HI) sub-
jects. For these experiments, the original matrix test using 50 words is
chosen, since it has a high measurement accuracy, the results are
comparable between the different international matrix tests, and since
it is well-established and clinically used on a day-to-day basis. The
accuracy is determined by comparing the SRTA (which is the SRT de-
termined by our automated system) to the SRTH, i.e., the SRT de-
termined by a human supervisor. The collection of this dataset in
combination with the data collected earlier (Meyer et al., 2015) enables
us to address an important question in speech research, i.e., differences
encountered between well-controlled speech material collected in the
lab (which in this study corresponds to the read utterances described
above) and realistic speech data with a higher variance that occurs in
real-world scenarios (which in this study is given by the data collected
during actual testing). This issue was addressed earlier: For instance,

the influence of real and simulated training and test data was in-
vestigated in the CHiME 3 challenge (Barker et al., 2015), with the
result that artificially added noise is beneficial during training, but
results in very different error rates during testing, i.e., results of the
simulated test set are not transferable to the realistic counterpart. In the
context of reverberation, the REVERB challenge (Kinoshita et al., 2016)
investigated the effect of artificially reverberated data (for which pre-
recorded impulse responses were exploited) in comparison to data ob-
tained in a real-world setting Lincoln et al. (2005). Although results
with simulated test sets from large rooms are correlated with results
from real recordings, important differences between the data sets were
observed, i.e., it is still more challenging to cope with real reverberation
for speech enhancement and speech recognition when only simulated
data is available for fine-tuning the dereverberation algorithms or for
ASR training. However, in the context of automated speech audiometry,
the SRT accuracy that can be measured or simulated has not been under
investigation for well-controlled and real-world datasets. This study
therefore addresses the question how the SRT accuracy obtained in
realistic measurements relates to SRT accuracy estimated with read
speech, and whether it is sufficient to measure the test reliability with
data gathered in the lab. To this end, we propose a simulation frame-
work based on Monte Carlo tests for simulating listener properties,
corresponding responses, and potential ASR errors. To put the results in
a broader context, ASR errors are simulated independently of a specific
test-data set, which has implications for matrix tests in other languages.
Furthermore, transcripts obtained from ASR experiments are taken into
account to analyze which data is required to measure the performance
of the measurement system. The simulation method is validated with
the realistic data set and then applied to the well-controlled data sets.
The remainder of this paper is structured as follows: In Section 2, the
data collection and the ASR system used for SRT measurements are
introduced. Results for actual measurements and two types of simula-
tions for the accuracy of the proposed SRT measurement are presented
in Section 3. The discussion and the summary are presented in
Sections 4 and 5, respectively.

2. Methods

2.1. Matrix sentence test

Speech intelligibility tests are an important and successful approach
in audiometry, since the measurement of the intelligibility of words and
sentences provides more relevant and crucial information about the
everyday communication restrictions caused by a hearing impairment
than the audibility threshold of pure tones as measured by the audio-
gram. The goal of speech-in-noise tests in particular is to estimate the
parameters of the individual psychometric function of a subject, i.e., the
intelligibility as a function of the SNR of the presented speech signal.
This function can be described with a logistic sigmoid function:
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with the slope s, the speech presentation level L (with a fixed level of
background noise) and the maximum performance level pmax for high
SNRs. During testing, the subject listens to noisy sentences. In a matrix
test, all sentences exhibit the same structure (name verb numeral ad-
jective noun) with ten alternatives for each position (cf. Table 1). Hence,
the sentences are syntactically correct, but semantically unpredictable
since they are produced from random left-to-right walks through the
matrix.

The general testing procedure as well as the extension to an ASR-
based system (which will be described in the next section) is illustrated
in Fig. 1: After the presentation of a matrix test sentence (Fig. 1 A), the
subject responds with the recognized words (Fig. 1 B). During su-
pervised measurements, the audiometrist compares the subject’s re-
sponse to the presented matrix test sentence and calculates the
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