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Description

[0001] The present invention relates to a method of establishing a hearing ability model for a person and a system
for establishing a model of the hearing ability for a person.

[0002] When a person needs a hearing aid, the hearing aid should be configured to the specific hearing ability of that
person. Specifically the hearing ability may include hearing loss. There are several ways of determining the hearing
ability of a person. The most common method is pure-tone audiometric for determining hearing thresholds at selected
frequencies. A model may then be established using the measurement results. Also hearing ability of a person without
a hearing loss may be determined so as to improve or enhance hearing for that person.

[0003] The threshold of hearing is one of the most important clinical variables for characterizing a person’s hearing
ability profile, since it indicates the weakest acoustic signal that the person is able to hear. Specifically the person’s
hearing ability profile may provide information on the weakest acoustic signal a person is able to hear as a function of
frequency. Because hearing ability, and specifically hearing loss, results may have significant influence on educational,
occupational, social, and/or psychological outcome it is advantageous that procedures may be standardized and con-
sistent among test providers. Since early days, starting with Fechner's method of limits, several pure-tone audiometric
measurement procedures have been proposed to estimate a person’s hearing threshold.

[0004] Three general methods of pure tone audiometry are used namely (a) manual audiometry, (b) automatic audi-
ometry, also known as Békésy audiometry; and (c) computer-assisted audiometry.

[0005] Békésy audiometry refers to a method where the listener himself controls the loudness of a frequency-sweeping
stimulus so as to follow his own hearing threshold as close as possible. Manual threshold measurement procedures put
the audiologist in control of the stimulus presentation schedule. The currently recommended manual pure-tone threshold
estimation method relies on an ascending technique with 5 dB up and 10 dB down steps, (see the ASHA Guidelines for
manual pure-tone threshold audiometry, 2005). Lately, computer-assisted procedures that implement popular manual
and automatic procedures have become commercially available, such as the MADSEN Astera.

[0006] In addition to pure tone audiometry with a manual yes/no response, given e.g. as a sign to an audiologist or
as a press on a button, indicating the ability of the person tested to hear a tone, variations of testing the hearing ability
of a person exist both in the type of stimulation and in the observation of responses.

[0007] Sound transmitted in one ear may be conducted in the cranium bone and may be heard in the other ear,
especially in the case where the hearing loss differs very much between the ears. In this case the stimulus may be
required to comprise additional masking noise in the ear not tested, which is intended to reduce the risk of the person
tested responding to sound transmitted to the other ear. To provide diagnosis of the source of a hearing loss, stimulus
may also be transmitted via bone conduction as vibration rather than as air conducted sound. In this case masking
becomes even more relevant. In the case of masked pure tones, the power level of the masking noise must be balanced
correctly. Therefore such a masked test of hearing ability will have a longer duration.

[0008] In addition to using pure tones as stimulus, a combination of speech and noise may also be used to identify
the speech hearing and/or speech recognition ability of the person tested. In this case the response may also be more
complex in choosing between several potential words.

[0009] Especially for infants, unable to respond by pressing a button, recording responses in the form of the electrical
potential measured on the scalp of a person tested (e.g. EEG) is also used as observations of responses. Various
variations of this concept exist, forinstance ABR (auditory brainstem response) - where an audiologist manually observes
whether a curve shows aresponse to either click sounds for a simple evaluation of hearing ability, or alternatively whether
the curve shows a response to pure tone stimulus similar to that in normal pure tone audiometry with the aim of estimating
frequency dependent hearing thresholds, also ASSR (auditive steady state response) where frequency and/or amplitude
modulated tone stimulus is correlated to responses in the form of EEG curves by statistical techniques.

[0010] Related art may be found in publications such as listed below.

[0011] Pantet publication WO2007/042043 to GN ReSound provides information relating to Bayesian statistics back-
ground.

[0012] Ozdamar et al. (Journal of the Acoustical Society of America, 1990; 88:2171-9), proposed CAST (classification
of audiograms by sequential testing) developed as an automated approach to screening infant hearing abilities using a
modified Bayesian method. In contrast to the present invention the CAST method is based on traditional recording of
an audiogram, and after the test categorizing this according to a predefined discrete set of template audiograms. Fur-
thermore, a new audiogram is assigned a posterior membership to a set of template audiograms incrementally.
[0013] A first aspect of the present invention relates to a method of establishing a hearing ability model for a person.
The method may include providing a representation of the distribution of hearing ability for a population of individuals
and the method may comprise the steps:

i) performing a hearing evaluation event, comprising a stimulus of a person tested and a conscious or subconscious
response of the person tested,
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i) registering an observation related to the response of the hearing evaluation event,
i) establishing a hearing ability model representing the hearing ability of the person tested, based onthe observation
related to the hearing evaluation event and the representation of the distribution of the hearing ability.

[0014] Surprisingly the method above provides a model of the hearing ability of a person significantly faster than other
methods as will be discussed below. In addition to that the method may provide an associated uncertainty of the model.
The term faster may be construed as a shorter period of time where person is under active testing. The term faster may
be also construed as a lower number of hearing evaluation events. One objective is to provide a method where the
person is subjected to less discomfort while performing a hearing ability evaluation test.

[0015] The response of the person may be conscious and/or subconscious. E.g. the person may operate a switch
and/or an electric signal in/from the brain may be registered. The model may comprise an initial step of determining an
initial model based on the representation of the distribution of hearing ability for a population of individuals and the first
iteration of the method may include determining hearing ability model representing the hearing ability of the person
tested based on the observation related to the hearing evaluation event and the initial model. Each subsequent iteration
may include determining an updated model based on the latest hearing ability model and the latest, or set of latest,
observations.

[0016] One object of the present invention is to establish a sufficiently accurate estimate of the hearing threshold while
limiting the burden on the person tested and/or the audiologist. In practice, this means that the "true" hearing threshold
should be reached through a minimal number of listening experiments.

[0017] A second aspect of the present invention relates to a system for establishing a hearing ability model of the
hearing ability of a person. The system may comprise:

adatastorage configured to store a representation of the distribution of the hearing ability of apopulation of individuals
representing distribution of hearing ability of a multitude of hearing impaired individuals,

a hearing evaluation device configured to provide a stimulus relating to a hearing evaluation event,

an observation registering device configured to register a response related to the hearing evaluation event,

a processor configured to establish a hearing ability model of the person tested based on the response related to
the hearing evaluation event and the data set.

[0018] As with the above method the system according to the second aspect surprisingly provides a model of the
hearing ability of a person by using few hearing evaluation events compared to other methods. This is contemplated to
reduce the discomfort for a person being tested. This may be advantageous for any person and in particular, but not
limited to, children and elderly persons. Other advantages will be obvious from the description below.

[0019] Further, the distribution of the hearing ability of a population of individuals may be stored as a data set or as
a mathematical model or in any other appropriate way.

[0020] The present invention will now be described on more detail with reference to the appended figures in which:

Fig. 1 is a schematic illustration of an embodiment of a method according to the present invention,
Fig. 2 is a schematic illustration of an embodiment of a method according to the present invention,
Fig. 8 is a schematic illustration of an embodiment of a method according to the present invention,
Fig. 4 is a schematic illustration of an audiogram,

Fig. 5 is a schematic illustration of an audiogram,

Fig. 6 is a schematic illustration of an audiogram, and

Fig. 7 is a schematic illustration of a system.

[0021] In pure-tone audiometry, a sequence of N tones, (s4,S,, ... Sy) is presented at selectable frequency and power
levels and the person tested is asked after each presentation if he or she hears the stimulus. Each stimulus presentation
s, and associated response r, from the person tested is termed a hearing evaluation event, for which data is recorded
orcollected in avariable d,, = {s,r,;}. Using the data from a sequence of hearing evaluation events, termed an experiment
D={d,,...,dp}, an estimate xof the "true" hearing thresholds of the person tested, where x is defined as a K-dimensional
variable X = (xy,...,Xx)T with index k running for instance over the frequencies 250, 500, 1000, 2000, 3000, 4000, 6000
and 8000 Hz, may be established.

[0022] One way of optimizing the method used to establish the model is the determination or estimation of a proper
stimulus sequence, i.e. a series, or just the next, of frequency and power levels of pure-tone stimuli, so as to reduce the
uncertainty regarding the hearing thresholds as quickly as possible, i.e. using the lowest possible number of hearing
evaluation events. The next preferred stimulus may be determined after each hearing evaluation event, and also several
preferred candidates of hearing evaluation events may be determined.

[0023] The optimization may be established under provision of a representation of the probabilities of hearing thresh-
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olds. The representation may be provided prior to the testing as access to a data set of hearing abilities of a population
or as a mathematical model taking the form as described in the following and be used to establish an estimate of the
most probable K-dimensional value of x. In an advantageous embodiment the representation may also be used to
determine the hearing evaluation event which will contribute the most to the reduction of the uncertainty of the K-
dimensional value of x, or in other terms which hearing evaluation event will contribute with the highest marginal infor-
mation gain.

[0024] Inthe case of determination of a hearing threshold audiogram by pure tone audiometry the hearing evaluation
event corresponds to a combination of a stimulus characterized by a frequency and power level, and a response, i.e.
whether the stimulus is heard.

[0025] Fig. 1 schematically illustrates a method 10 of establishing a hearing ability model for a person. The method
10 includes the step of providing a representation of the distribution of hearing ability for a population of individuals 12.
The method further comprises the steps i) performing a hearing evaluation event 14, ii) registering an observation related
to the hearing evaluation event 16, and iii) establishing a hearing ability model representing the hearing ability of the
person tested, based on the observation of a response related to the hearing evaluation event and the representation
of a population 18. Further the step 12 may include providing previously recorded data relating to the person tested,
e.g. previously observed responses to hearing evaluation events, age and/or gender etc.

[0026] As mentioned above the step iii) denoted 18 in Fig. 1 may include establishing a hearing ability model repre-
senting the hearing ability of the person tested, based on the observation of a response related to the hearing evaluation
event and a previously determined hearing ability model. Thereby the hearing ability model may be updated with the
latest observation. This is sometimes referred to as learning.

[0027] Fig. 2 schematically illustrates an embodiment of the method 10 of Fig. 1 further including a step 20 where an
uncettainty is calculated. The uncertainty relates to the model and provides an indication to the operator, e.g. an audi-
ologist, how certain, or uncertain, the model is. Based on this uncertainty the operator may decide if more observations
are needed or if the model is sufficient. Further, a system may assist the operator in making this decision provided one
or more stop criteria are provided, e.g. a threshold for the uncertainty or the like.

[0028] Fig. 3 schematically illustrates the method 10 of Figs. 1 and 2 further comprising a step 22 where the event,
that is contemplated to be the most beneficial, e.g. reducing the uncertainty most, is determined. In a presently preferred
embodiment a system including a display device is configured to graphically display the model and uncertainties. The
system may further be configured to display the best next event to an operator. Still further the system may be configured
to display a plurality of preferred events to the operator.

[0029] Alsoillustrated in Fig. 3 isthe optional step of evaluating stop criteria 24. If the criteria are met, the loop illustrated
in Fig. 3 is stopped. If the criteria are not met the steps 14 through 22 are repeated.

[0030] In the following it will be demonstrated how the method may be implemented. The determination of a hearing
threshold audiogram by pure tone audiometry will be used as an example, but the broader scope of the invention, as it
also applies to other types of hearing evaluation events, including different stimuli and responses, must be bourn in
mind. This will also be illustrated by further embodiments of the invention.

[0031] One object is to provide the stimulus sequence (sy,55,...,Sy) that leads to minimal (expected) uncertainty about
the thresholds x. An important element in any effective pure-tone threshold estimation procedure is the availability of
an estimate of the uncertainty of the estimated threshold. The estimate of the uncertainty of the estimated threshold is
contemplated to provide the operator with information that may allow the operator to evaluate if further stimulus is
required in order to establish whether the model sufficiently describes the hearing ability of the person tested.

[0032] The general mathematical treatment of uncertainty involves probability distributions, or probability densities in
case of continuous-valued variables. For instance, our degree of belief that the hearing threshold x lies between the
values x, and x; + 8x may be expressed by a probability mass

X+

[p(x)dx

0

[0033] where the probability density function p(x) represents the state of knowledge regarding such beliefs over all
possible values (the "domain") of x.

[0034] The present invention is based on the availability of a data set of hearing abilities for a group of persons, with
a certain similarity to the person tested. From this data set a representation of the hearing abilities for a population (in
its statistical sense i.e. a defined group of individuals) is provided, - either by looking up values in a database comprising
the dataset, or by establishing a mathematical model of the hearing ability of the population (in the following "a population
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model"). Inthe case where a mathematical model is established, this may be done by any appropriate regression method,
and the mathematical population model may be either nonparametric, such as a neural network, or the model may be
parametric. For a parametric model several possibilities exist, including the preferred group of functions - cumulative
density functions. A Gaussian cumulative density function may be chosen for a population model of hearing thresholds,
as they are assumed to follow a normal distribution, but for other parameters, other appropriate cumulative density
functions may also be chosen.

[0035] The following example will relate to a probabilistic model for hearing thresholds p(x10) where x refers to the
hearing thresholds and 6 to the model parameters. Such a model for the hearing threshold may refer to a Gaussian
mixture model of the form

K
p(x]0) = mN(x| y,,Z,).
k=1

[0036] In this case, the model parameters consist of the set 8 = {m;,,, X, :k=1,...,K}, where n is a scaling factor, and
. and X correspond to mean value and covariance matrix where the subscripts are indices for the tested frequencies.
Alternative probabilistic model choices, including a Gaussian process model or polynomial regression model are also
possible. Priorto any experiments, our state of knowledge about propervalues forthe hearingthreshold modelparameters
is represented by a distribution p(8). Usually, we take a uniform or Gaussian distribution with large variance for p(8).
[0037] Given the database of hearing threshold measurements, it is possible to update our knowledge about the
hearing threshold model parameters (20). Technically, this is most accurately implemented by Bayes rule, i.e.

p(6|D,)x p(d, |6) p(8]D,.,)

[0038] The expression p(61D,) should be interpreted as our state-of-knowledge about probable values for 6, given
the data D,,.

[0039] With updated model parameters, it is now possible to update our knowledge about the probability densities p
(x1D,) for the hearing thresholds, given the data D,,.

[0040] Technically this is appropriately executed through a variant of the sum rule, also known as marginalization, as
indicated in the algorithm.

p(x|D,)= [p(x|6)- p(6]D,)d8

[0041] At this stage an updated estimate of the audiogram is available, providing combined knowledge of the most
likely values x,,, and an associated measure of uncertainty A,,. A useful measure is the statistical entropy, (A, = H[XID,]
= E-logp(xiD,)]), which is a general measure of uncertainty. Alternatively, computationally simpler measures such as
the trace of the covariance matrix of xwould also suffice.

[0042] From the updated estimate of the audiogram uncertainty, A,,, a decision is established whether the uncertainty
is satisfactory, in which case the audiogram is considered the final value and the test is completed, or whether a next
hearing evaluation event must be carried out.

[0043] In case the stopping ctiterion has not (yet) been met, we will carry out another hearing evaluation event, i.e.
present another pure-tone stimulus to the person tested, with registration of response.

[0044] If testing continues the candidates for the next hearing evaluation event must be selected. This is done in
consideration of the values of an objective function, which may be 1,4, i.e. the expected uncertainty after the next
hearing evaluation event. The set of possible frequencies and power levels defines the set of possible next stimuli.
Having access to the full probability distribution p(xID,) for the thresholds, makes it possible to select the stimulus s*
from the set of all possible stimuli that provides the largest expected information gain (reduction of uncertainty). In
particular, let
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Aa(d,s)=H[x|d,D,]

[0045] Hold the uncertainty estimate about the hearing thresholds, given audiometric observations D,, and d. The
expected information gain for a stimulus s, 4 is then

A (s)=Y p(d|s,D,)H[x|d,D,].

[0046] The best next stimulus, in the sense that it maximizes the expected information gain, is then given by s°,,,¢ =
arg mini,,; (s) (i.e. the s which provides the lowest A,,, ). §",,1 may in some cases be evaluated analytically, but typically
it will be identified numerically by multiple evaluations of the objective function A, (). To reduce the calculation time,
a local minimum may be accepted or a limited number of A, ;(s) may be evaluated.

[0047] Depending on the preferences, either a single preferred s or a ranked list of several candidates providing a
high expected information gain may be presented to the audiologist (70). The presentation may either be as a list of
possible (or preferred) stimuli, or graphically in an informed audiogram as shown in Fig. 4.

[0048] After this presentation the audiologist may choose the next stimulus - either by accepting a proposed value,
by choosing from a list or by overriding the proposals of the method.

[0049] The last step of the method will then be the observation of a person tested response, r,,, 4, to a stimulus, which
in pure tone audiology is a yes/no answer, but in other hearing tests may be a more complex response, which must be
decoded before the overall hearing event may be stored as a new data point d;,,1=(n,1, Sp41), @nd be used for updating
the probability distribution for the parameters 6.

[0050] One embodiment of a method for establishing a model for hearing ability may be described by the following
pseudo-code:

Procedure BIPTA:

1. PROVIDE: a person tested

2, PROVIDE: a hearing threshold model proposal p(x16) with prior p(6)
3. PROVIDE: a population database D,

4, INITIALIZE: n = 0; do = D,; p(61D4) = p()

5. REPEAT

6. update model: p(681D,) = p(d,6)-p(61D,, 1)

7. update hearing threshold probability density function: p(x1D,)= Ip(xle)-p(ean)de
8. compute mean hearing threshold estimate: )/}n = ExD,)

9. compute uncertainty: 1, = H[xID,]

10. IF stop_criterion is met

11.  RETURN: X, A,

12, ELSE

13. compute best next stimulus: s, = arg mink,,,{ (s) s

14, Display informed-Audiogram IIA()/}”,}\,”,O*SV+1)

15. audiologist chooses next stimulus: s, ,

16. record person tested response r,,; and data d,,,; = (,,,1,57,1)

17. n=n+1

18. ENDIF

19. FOREVER

[0051] Each step is described below in more detail.

1. PROVIDE: a person tested
The person for whom the hearing thresholds is about to be measured is provided. The test to be performed is a
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pure-tone audiometric test.

2. PROVIDE: a hearing threshold model proposal p(xi6) with prior p(6) We denote a probabilistic model for
hearing thresholds by p(x10) where x refers to the hearing thresholds and 6 the model parameters. In a typical
embodiment, such a model for the hearing threshold refers to a Gaussian mixture model of the form

p(x|6) =3 mN(x|4,,Zy).

k=1

In this case, the model parameters comprise the set 6 = {m;, .2, :k = 1,...,K}. Prior to any experiments, our state
of knowledge about proper values for the hearing threshold model parameters is represented by a distribution p(6),
which usually, is uniform or Gaussian with large variance for p(6).

3. PROVIDE: a population database D,

Furthermore, preferably access to a database of previously measured hearing thresholds and other relevant meas-
urements from other persons is provided. This data base will be referred to as the variable D, where the subscript
¢’ indicates that the data relates to the 'community’ i.e. the population.

4. INITIALIZE: n = 0; dy = D, p(61D.4) = p(6)
Before the loop begins, the hearing evaluation event index n is set to zero, and the variables d,, (data) and p(61D,,_,)
are initialized.

5. REPEAT
Begin the experimental loop

6. update model: p(61D,) o= p(d,10)-p(61D,,. ;)

Given the database of hearing threshold (population) measurements, it is possible to update our knowledge about
the hearing threshold model parameters, in the first instance the model is based on the population data alone, in
the following the model is based on the population data and one or more previous measurements. Technically, this
is most accurately implemented by Bayes rule

p(6]D,) < p(d, |6) p6]D,.,) -

The expression p(61D,,) should be interpreted as our state-of-knowledge about probable values for 6, given the data
D,. 7. update hearing threshold probability density function: p(xiD )= Ip(xl(r))-p(ean)de

With updated model parameters, it is now possible to update the knowledge about the probability densities p(xiD,,)
for the hearing thresholds given the data D,,. This may be executed using a variant of the sum rule, also known as
marginalization.

8. compute expected hearing threshold: )’?,, = FxD,)

The expected values )/}n = XD, = Ixp(xi D,)dx provide a good vector estimate for the hearing thresholds of the
person tested, based on the population data. Note that we can make an estimate of the person tested hearing
thresholds, even before any measurements on the person tested were administered.

9. compute uncertainty: A, = H[xID,]

Of course, the distribution p(xID,,) also reflects any uncertainty that we have about the thresholds of the person
tested. We summarize this by a scalar measure A, such as the statistical entropy

H[x|D,]= E[-logp(x| D,)].
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10. IF (stop criterion is met)

11. RETURN: X, A,
At this point, we invoke a stopping criterion. Proper stopping criterions include the following:

e Check if the duration of the experiment has surpassed a time limit.

e Alternatively, ifthe uncertainty measure A ,is smallerthan a preset threshold, we might want to stop the procedure
as well. After all, there’s no point for more experimentation if we are certain enough about our hearing threshold
estimates )’},,.

* Ratherthan checking the value of A, we may want to check the uncertainty by visual inspection of the informed-
audiogram (see, step 15).

12. ELSE

13. compute best next stimulus: s;H =argmind,,, (s)
s

In case the stopping criterion has not (yet) been met, we will present another pure-tone stimulus to the person
tested. A pure-tone stimulus is a function of a chosen frequency and chosen power level. The set of possible
frequencies and power levels defines the set of possible next stimuli. Having access to the full probability distribution
p(xiD,) for the thresholds, makes it possible to select the stimulus s" from the set of all possible stimuli that provides

the largest expected information gain (reduction of uncertainty). In particular, let

Apa(d,s)=H[x|d,D,]

Hold the uncertainty estimate about the hearing thresholds, given audiometric observations D, and d. The expected

information gain for a stimulus s, 1 is then A, (s) = Zp(d |s,D, )I"[[x | d,D,].The best next stimulus,
~ A
in the sense that it maximizes the expected information gain, is then given by s;+1 = argminﬂm (S) .
5

14. Display informed-Audiogram iA(ﬁ,,,/l,,,S;H)

At this point, after n hearing evaluation events, we have available a hearing threshold estimates Q,,, uncertainty

measures A, and the best next stimulus S:+1 .These three very informative variables are now displayed in a visu-

alization graph that we call the informative-audiogram (abbreviated: i-audiogram), see Fig. 4. In a regular audio-
gram, hearing loss (in dB HL) is displayed on the ordinate axis versus frequency (in Hz) on the abscissa. In contrast,
the i-audiogram displays, after the n-th stimulus-response event, the current best hearing threshold estimate 9(,, (32

in Fig. 4), the current uncertainty about the thresholds A,, (28/30 in Fig.4, also indicated by the shaded region), and

the best next stimulus s;ﬂ (36 in Fig.4). Note that the i-audiogram is updated after each response of the person

tested. The i-audiogram provides a very informative picture about the current state of the estimation procedure.

15. audiologist chooses next stimulus: s, ,

Next, based on the i-audiogram (and other not-simulated information), the audiologist may choose (and administer)
the next pure-tone stimulus s,,, 1. The audiologist will not necessarily be forced to select the ’optimal stimulus’ s, 1.
After all, there may be circumstances or constraints that the audiologist can but the computer simulation cannot
take into account. Hence, the i-audiogram serves as an advisory system to the audiologist. In Fig.4, we have indicated
an example choice for s, by the *+'-sign - 36. Expert intervention may be requested, since, while a statistically
optimal estimation procedure will result from always choosing the 'optimal stimulus’, an even faster and more
accurate procedure may result from a deviating choice of the expert. Not all expert knowledge and information on
the user’'s hearing loss can be coded into the hearing threshold model, and by presenting the uncertainty and
suggested next stimulus we effectively combine expert knowledge with statistical optimality.
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16. record response of the person tested r,,; and data d,,,; = (r,,1,5,.1) Following presentation of the pure-
tone stimulus s,,,4, the response (yes/no) of the person tested is recorded in r,,, 1 and collected in the (n+1)-th data

pair dn+1 = (rn+1isn+1)-

17.n=n+1

The event index n is incremented by 1 and consequently, d, < d,,, ¢ in order to prepare for the estimation updates
in the next iteration of the REPEAT loop. Assume now that the audiologist selected for s, where the ’+'-sign is
positioned in Fig.4. Assume that the response of the person tested is ’'no’ (did not hear the stimulus). On the basis
of this new information, the i-audiogram can be updated as shown in Fig.5. We see that the current mean hearing
threshold estimated shifted a bit downwards while the uncertainty about the thresholds decreased. Also, a new best
next stimulus is indicated by the circle in Fig.5. After a certain number of hearing evaluation events, the i-audiogram
might look as shown in Fig.6, where the threshold uncertainty has been drastically reduced on the basis of the newly
obtained observations.

18. ENDIF
19. FOREVER

[0052] In one embodiment a representation of the probabilistic distribution of the hearing threshold for pure tones at
different frequencies for a population of tested individuals (i.e. a representation of the hearing ability of a population), is
provided as a mathematical model (i.e. a population model), specifically a Gaussian response curve, but alternative
mathematical models also exist, which will have specific benefits depending on the nature of data for other response
types than yes/no answers. In such an embodiment one benefit is that the combination of a representation of the hearing
ability of a population with a single experimental observation of the response to a hearing evaluation event will provide
estimates of multiple hearing ability values and their uncertainties.

[0053] In one embodiment, the probability distribution p(61D,,)) is modeled by a hierarchical Bayesian model (see e.g.
Rubin, T.N., Lee, M.D., & Chubb, C.F. (2008). Hierarchical Bayesian modeling of individual differences in texture dis-
crimination. in V. Sloutsky, B. Love, & K. McRae (Eds.), Proceedings of the 30th Annual Conference of the Cognitive
Science Society, pp. 1404-1409 Austin, TX: Cognitive Science Society) in order to divide subjects with similar hearing
threshold patterns into groups. Effectively, this means that the individual responses in the population data are weighted
according to their relevance for estimating the thresholds of the person tested.

[0054] An embodiment includes representing the probability distribution of the hearing ability values as a database
of values. This is contemplated to have the benefit that no approximations will be made in the representation, but,
compared to the use of a mathematical representation of the population of tested individuals, at the cost of a higher
computing effort when experimental data is used as a lookup criterion to establish an estimate of multiple hearing ability
values and their uncertainties.

[0055] In an embodiment the hearing evaluation event may include other stimuli such as masked speech. Masked
speech is a combination of speech and noise which will indicate the speech hearing ability of the person being tested,
as it is well known to the person skilled in the art. As the range of dependencies between e.g. masked speech and pure
tone audiometry is high, it may be especially beneficial if a probabilistic representation involves both pure tone and
speech related hearing ability values. For several types of hearing losses a correlation between left and right ear hearing
ability will also mean that the use of binaural information, i.e. any information relating to the hearing ability of the other
ear of the person tested, will be beneficial. A further related hearing loss ability value may be historical hearing ability
values for the same person. Such secondary parameters may either contribute explicitly to the mathematical models in
order to minimize the uncertainty, orthey may contribute by forming the basis of selection of sub-groups of the population,
with a higher internal similarity, and thus a lower estimated uncertainty.

[0056] Embodiments of the invention also include the case where the hearing evaluation event includes registration
of response in the form of electrical potentials related to the brain. In this embodiment the stimulus may simply be similar
to that of other embodiments, or the stimulus may be of a more complex type such as frequency and/or amplitude
modulated sound or tones.

[0057] An embodiment may include parameters known to correlate to hearing loss, without explicitly being related to
a test of hearing loss. These parameters may include age, gender and medical status and history of the person tested,
or a combination thereof. The parameters may either be used as model parameters, or for defining subsets of the
population, matching the person tested better.

[0058] Anembodiment may include improved determination of the most relevant hearing evaluation event forimproving
the estimation of a hearing ability value. By estimation of the objective function relating to the uncertainty of a hearing
ability value the expected benefit (the expected information gain, i.e. the expected reduction of uncertainty) related to
one or more hearing evaluation events may be estimated. The preferred next hearing evaluation event may be chosen,
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either automatically based on benefit, or manually by e.g. an audiologist operating the system. In the latter case an
audiologist may also choose alternative hearing evaluation events, and the choice may be made freely, and/or after
presentation of one or several estimates of the objective function.

[0059] An embodiment includes a step wherein inconvenience of different hearing events (such as the cost, the time
or the practical inconvenience) is modeled in a cost model. The benefit of an estimated reduction of uncertainty of the
audiogram and the cost of a proposed hearing evaluation event may then be balanced against each other in an objective
function and the proceeding hearing evaluation event may be selected automatically or manually. Manual decisions by
an audiologist may even be logged and used to automatically update objective function of the method.

[0060] An embodiment of the invention relates to a system comprising a data storage configured for storing the
representation of the hearing ability of a population, a hearing evaluation device configured to perform the stimulus of
a hearing evaluation event, a response registering device configured to register the response of the hearing evaluation
event and a processor configured to establish a hearing ability model based on the representation of the hearing ability
of the population and a observed response.

[0061] An embodiment of the invention relates to a system, wherein the estimated hearing ability value is displayed
graphically together with a measure of uncertainty relating to the hearing ability value giving the operator an overview
of the progress of the test. The graphical display is even more useful if the one or more preferred hearing events are
presented together with the current observations.

[0062] An embodiment includes use of a central database configured to communicate with other elements of the
system via a communication system, such as the internet or any other data network. The central database may further
receive contributions to the representation of the hearing ability of the population. The contributions may be used either
directly as new data in the database, or alternatively, or in combination herewith, a central or local population model
may be estimated from the revised data set. A method updating an estimated model from a previous model, and an
additional data value will also be a possibility.

[0063] An embodiment of the method according to the present invention was implemented at the Sound and Image
Processing laboratory at KTH, Stockholm. A Gaussian Mixture Model with 10 mixtures was trained as a probabilistic
model p(x16) for the hearing thresholds with prior distribution p(8I1D,), where the population data base D, comprised
about 100,000 measured audiograms. The BIPTA procedure with optimal stimulus selection was applied to the estimation
of hearing threshold patterns that were randomly drawn from the prior. On average, the BIPTA procedure needed 48
hearing evaluation events to get to an uncertainty of 2.9 dB, whereas the procedure according to the ASHA guideline
above needed 135 events to reach the same uncertainty levels.

[0064] Fig. 4 schematically illustrates what could be displayed to an operator. In Fig. 4 the informative-audiogram
before any hearing evaluation event is illustrated. The filled circles indicate the expected hearing thresholds at the test
frequencies, here: 125,250, 500, 1000, 2000, 4000, 8000 Hz, and connecting line the estimated thresholds at intermediate
frequencies, i.e. the current values of the model. The shaded region indicates the current uncertainty about the hearing
threshold values. The open circle indicates the best next pure-tone stimulus in the sense that this stimulus will maximize
the expected information gain about the thresholds.

[0065] The illustration in Fig. 4 could be part of the first image displayed when a person is being examined. The lines
28 and 30 delimit the upper and lower boundaries indicating the uncertainty of the hearing loss in dB, the y-axis, at a
given frequency, the x-axis. The lines 28 and 30 are determined based on population data, i.e. data from a large group
of individuals. The population data may be established from a larger pool of data, e.g. by using selection criteria that
may characterize the person being tested. Such criteria may for instance be age, gender, occupation, medical history.
Examples could include military personnel who have suffered hearing loss due to gunfire, or women over 70 years of
age or any other conceivable characteristics that may help establish a good starting point for the audiologist performing
a hearing ability test. It is contemplated that the more the population data resembles the person tested the fewer hearing
events are needed to establish a proper model for the hearing ability of that person tested.

[0066] Based on the population data a model 32 may be established. The model is illustrated by the solid line 32. The
ring 34 represents the future listening event that is estimated to contribute the most to reducing the uncertainty of the
model. The ring 34 serves as a guide to the audiologist, but the audiologist is free to choose any listening event that he
or she whishes. The cross 36 represents the event that the audiologist has chosen. Fig. 5 schematically illustrates an
image that may follow the image of Fig. 4 after a further hearing evaluation event. The ring 34 again represents what
the system determined as a suggestion, and the cross 36 illustrates the listening event that was chosen.

[0067] The lines 38 and 40 illustrate the updated boundaries for the uncertainty of the model after the listening event
has been used to update the model. The updated model is illustrated by the solid dark line 32 and the previous model
is illustrated by the dashed line 42.

[0068] Since the hearing thresholds at different frequencies are correlated and the method of the invention is designed
to incorporate this correlation, the listening event 36 does not only have effect for the model at the precise frequency at
which the event took place, but has relevance to the entire model. The closer the lines 38 and 40 are, the lower the
uncertainty.
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[0069] Fig. 6 schematically illustrates a situation where a number of listening events has been performed, here 14
listening events are illustrated. The lines 38 and 40 are significantly closer than illustrated in Fig. 5, indicating that the
observations after the listening events have contributed to reducing the uncertainty. Also, the ring 34 indicating the event
that is contemplated to contribute the most to reducing the uncertainty is provided.

[0070] Fig. 7 is a schematic illustration of a system 44 comprising a sound emitting device 46 configured to emit
sounds matching the desired stimuli of the hearing evaluation event.

[0071] Aninput device 48 communicates with a controller device 50 allowing a person to indicate if a particular sound
signal was audible. The controller device 50 is configured to perform any or all steps described above. The system 44
comprises a data storage 52. The data storage 52 comprises the population data used when establishing the model for
the hearing ability of the person.

Claims

1. A method of establishing a hearing ability model for a person, the method including providing a representation of
the distribution of hearing ability for a population of individuals, the method comprises the steps:

i) performing a hearing evaluation event, comprising a stimulus of a person tested and a response of the person,
ii) registering an observation of the response related to the hearing evaluation event, and

iii) establishing a hearing ability model representing the hearing ability of the person, based on the observation
related to the hearing evaluation event and the representation of the distribution of the hearing ability for the
population.

2. The methodaccordingto claim 1, wherein stepiiii) includes establishing the hearing ability model based on a multitude
of observations.

3. The method accordingto claim 1 or 2, wherein the representation of the distribution of hearing ability for a population
of individuals is established as a mathematical population model.

4. The method according to claim 1, 2 or 3, wherein the method further comprises:

iv) determining on the basis of the hearing ability model and the observation an uncertainty relating to the
hearing ability model.

5. The method according to claim any claim above, wherein the method further comprises:

v) determining on the basis of the representation of the population at least one estimate of an objective function
corresponding to at least one potential next hearing evaluation event.

6. The method according to any of the claims 1-5, wherein the hearing ability model is established using Bayes rule.

7. The method accordingto any of the claims 1-6, wherein the hearing ability model comprises one or more parameters

8. The method according to any of the claims 1-7, wherein at least one secondary parameter, such as the persons
age, gender or medical history, is included in the representation of the population and/or used in establishing the
hearing ability model.

9. The method according to any of the claims above, wherein the stimulus of the hearing evaluation event comprises
pure tone air conducted stimulation, pure tone bone conducted stimulation, masked pure tone stimulation, masked

speech stimulation, modulated tone stimulation, or any combination thereof.

10. The method according to any of the claims above, wherein the observation of a response related to the hearing
evaluation event is a recording of an electrical potential related to brain activity.

11. A system for establishing a hearing ability model of the hearing ability of a person,
the system comprising:

a data storage configured to store a representation of the distribution of the hearing ability of a population of

11
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individuals,

a hearing evaluation device configured to perform a stimulus of a hearing evaluation event,

aresponse observation device configured to observe and/or register a response related to the hearing evaluation
event, and

a processor configured to establish a hearing ability model representing the hearing ability of the person based
on the observation related to the hearing evaluation event and the data set.

The system according to claim 11, wherein the system further comprises a display device configured to display a
hearing ability model and/or the stimulus and/or response corresponding to one or more hearing evaluation events.

The system according to claim 11 or 12, wherein the display device is further configured to display one or more
preferred hearing evaluation events.

The system according to claim 11, 12 or 13, wherein the system comprises a communication device configured to
establish data communication to a remote data storage configured to store the data set representing distribution of
hearing ability of a multitude of hearing impaired individuals.

The system according to claim 13 or 14, wherein the system displays a hearing threshold audiogram, together with

a related uncertainty and one or more preferred pure tone stimuli determined according to the method of any of the
claims 5-8.

12
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