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(57) ABSTRACT

Disclosed herein, among other things, is a method for fitting
a hearing assistance device for a user using a genetic algo-
rithm. Stimulus pairs are presented to the user using a com-
puter, the stimulus pairs adapted to provide contrasting
options for selection from a set of stimuli stored in the com-
puter. Inputs are received from the user entered into the com-
puter, including preference judgments of the user. A score is
calculated for each stimulus of the pair using the computer to
execute a rank agreement function to maximize agreement
between scores and the preference judgments. A set of genes
is selected based on the scores, where the set of genes corre-
spond to hearing assistance device parameters. The set of
genes is operated on with a genetic algorithm using the
assigned scores to obtain a child set of genes. The child set is
used to provide parameter values during fitting.
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GENETIC ALGORITHMS WITH ROBUST
RANK ESTIMATION FOR HEARING
ASSISTANCE DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is related to U.S. application Ser. No.
12/436,337, filed on May 6, 2009, which claims the benefit of
U.S. Provisional Application No. 61/050,884, filed on May 6,
2008, under 35 U.S.C. §119(e), which are hereby incorpo-
rated by reference in their entirety.

TECHNICAL FIELD

This application relates generally to hearing assistance
devices, and more particularly to methods and apparatus for
using genetic algorithms to efficaciously fit hearing assis-
tance devices.

BACKGROUND

Many fields encounter problems associated with perceptu-
ally tuning a system. For example, in perceptually tuning or
“fitting” a hearing assistance device, such as a hearing aid,
antiquated methods subjected a single hearing impaired user
to many and various audio-related settings of their hearing aid
and, often via technical support from an audiologist, individu-
ally determined the preferred settings for that single user. This
approach, however, has proven itself lacking in universal
applicability.

Thus, prescriptive fitting formulas have evolved whereby
large numbers of users can become satisfactorily fit by adjust-
ing the same hearing assistance device. With the advent of
programmable hearing aids, this approach has become espe-
cially more viable. This approach is, however, still too general
because individual preferences are often ignored. In one par-
ticular hearing assistance device fitting selection strategy,
paired comparisons were used. In this strategy, users were
presented with a choice between two actual hearing aids from
a large set of hearing aids and asked to compare them in an
iterative round robin, double elimination tournament or
modified simplex procedure until one hearing aid “winner”
having optimum frequency-gain characteristics was con-
verged upon. These uses of paired comparisons, however, are
extremely impractical in time and financial resources. More-
over, such strategy cannot easily find implementation in an
unsupervised home setting by an actual hearing aid user.

In amore recent and very limited selection strategy, genetic
algorithms were blended with user input to achieve a hearing
assistance device fitting. As is known, and as its name implies,
genetic algorithms are a class of algorithms modeled upon
living organisms’ ability to ensure their evolutionary success
via natural selection. In natural selection, the fittest organisms
survive while the weakest are killed off. The next generation
of organisms (children) are, thus, offspring of the fittest
organisms from the previous generation (parents). Genetic
algorithm programs for perceptual optimization include a
number of possible solutions (or hearing assistance device
settings) that comprise a population of genes, and the best
potential solutions are passed on to the next generation while
the poor solutions died off. In the context of perceptual opti-
mization, the best and worst genes are determined by a user’s
(human listener’s) preferences. Genetic algorithms can use
subjective input from a user based on preference levels using
paired comparisons.
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Previous methods of estimating rank order from paired
comparisons depend on the consistency of user judgments. If
even one user judgment is incorrect, rank order produced by
these previous methods would be severely compromised.

What is needed in the art is a more robust ranking strategy
for fitting or tuning hearing assistance devices to individual
users’ preferred settings. The art needs better genetic algo-
rithm operations for perceptually tuning a system using sub-
jective user judgments.

SUMMARY

The present subject matter provides apparatus and methods
for fitting a hearing assistance device using a genetic algo-
rithm. The present subject matter robustly estimates the per-
ceptual rank order of a set of alternatives (e.g., stimuli, hear-
ing aid programs) taking as its only user input a series of
paired comparison judgments. In some embodiments,
strength of preference information is used. The present sub-
ject matter is also robust to occasional errors in user input, in
either judgment direction or strength of judgment. The order
of stimulus pairs to present to the user is also determined, in
various embodiments.

This summary is an overview of some of the teachings of
the present application and is not intended to be an exclusive
or exhaustive treatment of the present subject matter. Further
details about the present subject matter are found in the
detailed description. The scope of the present invention is
defined by the appended claims and their equivalents.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A illustrates a perceptual tuning system showing a
hearing assistance device user and apparatus useful in an
audio fitting thereof, according to one embodiment of the
present subject matter.

FIG. 1B illustrates a wireless perceptual tuning system
showing a hearing assistance device user and apparatus useful
in an audio fitting thereof, according to one embodiment of
the present subject matter.

FIG. 2 illustrates a block diagram in accordance with the
teachings of the present subject matter for the system of F1G.
1A or FIG. 1B, according to various embodiments of the
present subject matter.

FIGS. 3A-3C illustrate graphical diagrams of rank agree-
ment functions for fitting a hearing assistance deviceto a user,
according to various embodiments of the present subject mat-
ter.

FIG. 4 illustrates a table showing an example of a user
interface for a paired comparison using strength of preference
judgments, according to one embodiment of the present sub-
ject matter.

FIG. 5 illustrates a flow diagram of a method of fitting a
hearing assistance device to a user, according to one embodi-
ment of the present subject matter.

FIG. 6 illustrates a flow diagram of a method of fitting a
hearing assistance device using strength of preference judg-
ments, according to one embodiment of the present subject
matter.

DETAILED DESCRIPTION

The following detailed description refers to subject matter
in the accompanying drawings which show, by way of illus-
tration, specific aspects and embodiments in which the
present subject matter may be practiced. These embodiments
are described in sufficient detail to enable those skilled in the
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art to practice the present subject matter. References to “an”,
“one”, or “various” embodiments in this disclosure are not
necessarily to the same embodiment, and such references
contemplate more than one embodiment. The following
detailed description is, therefore, not to be taken in a limiting
sense, and the scope is defined only by the appended claims,
along with the full scope of legal equivalents to which such
claims are entitled.

The present subject matter pertains to methods and appa-
ratus for fitting a hearing assistance device for a user using a
genetic algorithm. A number of stimulus pairs to present to
the user is determined based on the total number of stimuli in
a set. The order to present stimulus pairs to the user is deter-
mined by minimizing degrees of distance between elements
of various possible stimulus pairs. The stimulus pairs are
presented to the user in the order determined and the user is
allowed to provide preference judgments. According to vari-
ous embodiments, the preference judgments are selected by
the user from list of strength of preference judgments, the list
including multiple options to provide feedback on which
stimulus is preferred and the strength of preference. The
preference judgments are received from the user and a score
is assigned to each stimulus using a rank agreement function
to maximize agreement between scores and preference judg-
ments, according to various embodiments.

Many modern hearing assistance devices, such as hearing
aids and cochlear implants for example, offer numerous fea-
tures that have to be optimized for an individual user. Finding
the optimal settings can be difficult, as individuals might have
different pathologies in the auditory system and might also
have different listening preferences. Moreover, some of the
features might interact with each other, further complicating
the fitting process. Theoretically, the best settings can be
determined by a functional measurement that can be made for
each patient and for all device features individually or in
combinations. However, this would not be realistic as such a
fitting would require more time and expense than most clinics
or patients could afford. To simplify the fitting process for
clinicians, manufacturers provide default parameter settings
based on clinical and electroacoustic data, and the best
parameter values for each listener are usually found by trial-
and-error. This limited set of parameters might not be suffi-
cient to provide a satisfactory fitting to all patients with vary-
ing pathologies and preferences. Furthermore, with the
advances in digital signal processing and features that are
becoming more sophisticated, manufacturers themselves
might not be fully aware of the best default settings for new
algorithms.

Optimization algorithms have been proposed for a fast,
systematic, and flexible fitting of device parameters. One
example of an optimization algorithm is a genetic algorithm
(GA). These algorithms produce candidate parameter set-
tings that are evaluated by a listener who listens to speech
stimuli with the device under each setting. A set of device
parameters is modified according to the rules of the optimi-
zation algorithm using the subjective input of the listener or
patient. These steps of evaluation and modification continue
in iterations until parameter settings that are satisfactory to
the patient are found. Optimization algorithms are generally
fast because the final solution is usually reached by evaluation
of'only a small fraction of all possible solutions. Flexibility is
another advantage, as any device feature can be fitted with a
GA. However, difficulties exist with applications involving
input from human subjects. When optimization algorithms
are used for fitting settings to a human listener’s preferences,
the main evaluation tool is the subjective response of the
listener. Factors such as varying linguistic skills and speech
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4

recognition can cause difficulty of optimization. Under these
conditions, there is no metric available to quantitatively mea-
sure the suitability of the final solution. The present subject
matter provides for analysis of feasibility of GAs in optimiz-
ing auditory settings using the subjective input from listeners.
In addition, the present subject matter provides improved
methods for optimizing auditory settings of hearing assis-
tance devices.

System for Fitting a Hearing Assistance Device

With reference to FIG. 1A, a perceptual tuning system of
the present subject matter is shown generally as 10. The
system, as presented in this figure and the remaining descrip-
tion, is in the context of fitting a hearing assistance device for
a sensorineurally impaired user. It will be appreciated, how-
ever, that the system may and should be extended to various
other environments, such as tuning a radio, a personal data
assistant or any of a number of devices requiring such tuning.
Thus, the present subject matter is not expressly limited to a
hearing assistance device fitting unless so defined in the
claims. As illustrated, the system 10 has a user 12 outfitted
with a hearing assistance device 14, an apparatus 16 in a hand
held configuration for audio fitting the hearing assistance
device via user selection of paired comparisons stored in and
derivable therefrom and a communications link 18 in
between. In one embodiment, as depicted by FIG. 1B the
communications link 18 is a wireless link and the necessary
communications hardware are found in apparatus 16 and
hearing assistance device 14 to support the wireless link.
Apparatus 16 is a self-contained device ready for field use
(e.g., home use) in an unsupervised setting. Apparatus 16
includes a personal computer, such as a desktop or laptop, in
an embodiment.

It will be further appreciated that the system of FIG. 1A (or
FIG. 1B) is shown as a left hearing aid configuration and one
skilled in the art will be readily able to adapt the teachings
herein and apply them without undue experimentation to
right hearing aid embodiments and to systems having both
left and right hearing aid embodiments. It will be even further
appreciated that hearing assistance devices, although always
having analog components, such as microphones and receiv-
ers, are generally referred to according to their primary mode
of'signal processing (analog processing or digital signal pro-
cessing (DSP)) and can be of any type as described herein.
The claims, therefore, are not to be construed as requiring a
specific type of hearing assistance device. Still further,
although not shown, the present subject matter may find
applicability in contexts in which an audiologist uses appa-
ratus 16 to assist user 12 in fitting hearing assistance device
14.

With reference to FIG. 2, the apparatus 16 and hearing
assistance device 14 (shown as a hearing aid in this embodi-
ment) of system 10 are representatively shown in block dia-
gram format and will be described first in terms of their
electro-mechanical interconnections. Thereafter, and with
simultaneous reference to other figures, the apparatus and
hearing aid of system 10 will be described in functional detail.

In the embodiment shown, apparatus 16 includes fully
integrated user interface 20, processor 22 and power supply
23 for providing necessary voltage and currents to the user
interface and processor. In an alternative embodiment, the
apparatus 16 is separated into discrete components and/or
discrete/integrated hybrids connected by appropriate com-
munications links between the functional blocks with com-
mon or discrete internal or external power supplies. User
interface 20 may include volume switches 24, 26, respec-
tively, for increasing (+) or decreasing (=) a volume of the
apparatus 16 as appropriate. Select indicator 28 is used to
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indicate user preference between paired comparisons. Toggle
device 30 allows the user to toggle back and forth between
paired comparisons as often times as necessary before indi-
cating their preference. Other types of buttons, knobs, levers,
keyboard, mouse, etc. can be used by a listener to indicate
their preference, without departing from the scope of this
disclosure. In an embodiment described below, a user is pre-
sented with a list of strength of preference judgments to select
from to indicate not only which is preferred, but to what
degree. The volume switches 24, 26, the select indicator 28
and toggle device 30 may be any of a variety of well known
integrated or discrete switches, slides, buttons, or a graphic
depiction of such on a computer display, etc. They caninclude
electro-mechanical switches that send electrical signals in
response to a mechanical manipulation thereof. They can
have appropriate size and shape to enable users to comfort-
ably and intuitively manipulate them with very little manual
dexterity. In another embodiment, the toggle device 30 is not
a mechanical device to be manipulated by a user but a soft-
ware algorithm stored in processor memory that automati-
cally toggles between paired comparisons according to a
preferred timing schedule. Visual indicators 32 of varying
number, color and pattern are also preferably provided in the
form of lights, such as light-emitting diodes (LED) to provide
immediate visual feedback to the user upon manipulation of
one of the user inputs. Connected to the user interface 20 is
processor 22 having a central processing unit 34, preferably a
DSP with internal on-chip memory, read-only memory
(ROM) 36 and flash memory 42 for use as a logging space of
the user inputs from user interface 20. ROM 36 preferably
includes at least two algorithms, hearing aid algorithms 38
and genetic algorithms 40. In a fashion similar to that of the
apparatus itself, it should be appreciated that processor 22
may be a fully integrated device or comprised of discrete
components or a discrete/integrated hybrid and that all such
embodiments are embraced herein. The foregoing apparatus
16 is connected at one end of the communications link 18. At
the other end is the hearing aid 14. In one embodiment, the
communications link 18 is a set of wire(s). In an alternate
embodiment, the link 18 is wireless. The link 18 in such
embodiments includes, but is not limited to, any well known
or hereinafter developed communications scheme, modu-
lated or un-modulated technologies, including, but not lim-
ited to, wireless radio frequencies, infrared transmitter/re-

ceiver pairs, Bluetooth technologies, etc. In such
embodiments, suitable hardware/software processing
devices would be contained in the apparatus 16 and the hear-
ing aid 14.

As shown, the hearing assistance device (such as hearing
aid 14) contains an initial prescription setting 48, a micro-
phone 44, a receiver 46 and a reset mechanism 50. It will be
appreciated the hearing assistance device also contains other
mechanisms that are not shown but are well known to those
skilled in the art, such as a power supply and a signal proces-
sor. In one embodiment the apparatus 16 and hearing aid 14
are discrete components. In another embodiment, the entire
contents of apparatus 16 and hearing aid 14 are fully inte-
grated into one single hearing aid package 52.

Before describing the functional operation of the apparatus
16 together with hearing aid 14, or, alternatively, completely
integrated hearing aid package 52, some words and nomen-
clature as used throughout this specification are presented. A
“parameter” as used herein relates to a characteristic element
of the system 10 that can take on a discrete value. In some
embodiments, the discrete value is selected from one of a
range of values. In one embodiment, for example, a parameter
of Filter Length, L, (in # of filter taps) the discrete parametric
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value is 9. It is understood that the parameter L is not limited
to a particular value of 9 and can be another number. The
parameter [, is capable of being any of the discrete values,
including, butnot limited to, 1,2, 3,4,5,6,7,8,9, 10, 13, 16,
20, 25,32, 40, etc. In one embodiment, the filter length [. may
be as short as 1 (mere scaling of the input) and as long 256.
The parameter [ may be a discrete value taken from a range
of countable numbers, for example, {3, 4, 5,6, ..., Nor
Infinity}. The parameter L may also be a discrete value taken
from an irregular set, such as {8, 10, 13, . . ., 32, 40}, for
example. Other range types and ranges are possible, and the
examples given here are not intended in a limited or exclusive
sense. Typically what constrains the upper limit is the size of
available memory, processing speed and the ability of a user
to discern differences in that many filter taps. Some particular
examples of parameters for perceptually tuning a hearing
assistance device may be, but are not limited to, any of the
following terms well known to research audiologists and
audio processing engineers skilled in the art: gain, compres-
sion ratio, expansion ratio, frequency values, such as sam-
pling and crossover frequencies, time constant, filter length,
compression threshold, noise reduction, feedback cancella-
tion, output limiting threshold, compression channel cross-
over frequencies, directional filter coefficients, constrained
representations of large parameter groupings, and other
known or hereinafter considered parameters. A “set” as used
herein is one or more parameters. A “population”is a plurality
of sets. Capital letters A, B, C, D, .. . X, . . . etc., having
subscripts or superscripts or both therewith will either be a
particular parameter, such as A, or A=,, or a particular set,
such as set A, set A=, set B, set C, . . .set X, . .. etc. and will
be understood from the context in which they are used.
Numerous sets and sets of sets will be hereinafter presented.
Robust Rank Estimation

The present subject matter robustly estimates the percep-
tual rank order of a set of alternatives (e.g., stimuli, hearing
aid programs) taking as its only user input a series of paired
comparison judgments. In some embodiments, strength of
preference information is used. The present subject matter is
also robust to occasional errors in user input (in either judg-
ment direction or strength of judgment). The order of stimu-
lus pairs to present to the user is also determined, in various
embodiments.

The present subject matter is useful in any application that
requires a rank order (1° place, 2"/ place, etc.) of a set of
alternatives that are to be judged by a user. A key advantage is
that rank order can be estimated from repetitions of a very
simple user task: comparing two alternatives; the user is never
required to directly organize three or more items.

A particular application of the present subject matter is in
a genetic algorithm for fitting hearing assistance devices.
Prior solutions to the current problem of estimating rank
order from paired comparisons lack the robustness of the
current subject matter, however, and are likely to generate a
very poor estimate of rank order if even one user judgment is
incorrect.

An embodiment of the described method has two major
portions. The first portion decides in which order to present
various stimulus pairs from a set of stimuli to the user for
paired preference judgments. The second portion makes a
robust estimate of the perceptual rank order of the entire set of
stimuli based on the set of preference judgments. According
to various embodiments, the following formula is used to
determine how many stimulus pairs to present to the user:
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Nlog,N
{ﬂ +0.5J
A

where N is the number of items being compared/ranked.
The N log, N factor is based on the lower bound for compari-
sons in a sorting operation. The addition of 0.5 before round-
ing down accomplishes rounding to the nearest integer.
According to one embodiment, the constant A is empirically
chosen to be 1.5, yielding the following values:

N
al

[N B NV SN S o)

Stimulus pairs are repeatedly selected to present to the user
for comparison until C comparisons are made. The pairs are
selected based on the degrees of distance between elements of
the various possible stimulus pairs.

The following symmetric matrix represents the number of
comparisons needed to move between any two of four total
stimuli:

0 2 o

1 01 o
D_

2 1 0 oo

oo 00 00 0

In an embodiment, the four stimuli are, in order, W, X, Y,
and Z. The Os indicate that no comparisons are needed to
evaluate the relation of a stimulus to itself; a stimulus is taken
to be equivalent to itself. The 1 at location (1, 2) (equivalently
at (2, 1)) indicates that the user has made a comparison of W
with X; that is, that only one comparison is needed to relate W
to X. The other 1 in the upper triangular portion indicates a
comparison of X with Y has been made. The number of 1s in
the upper triangular portion (two in this case) indicate how
many direct comparisons have been made; the algorithm as
stated does not deal with multiple evaluations of the same
pair, but could be adapted to do so. The pair (W, Y) at (1, 3)
and, equivalently, (3, 1) has a distance of 2 due to its elements’
mutual connection to X. The pairs (W, Z), (X, Z), and (Y, Z)
all have a distance of infinity because Z has not been com-
pared to any other stimulus. If comparison data became avail-
able for (W, Y), its distance would be reduced to 1 and the
other distances would remain unchanged.

The next pair is chosen to present in a way that attempts to
minimize the connection distance between stimuli. The
stimulus that has the weakest connection to the overall set of
stimuli is chosen first, in various embodiments. This is
defined as the stimulus that is an infinite distance away from
the maximum number of other stimuli, with ties (which
include no distances being infinite) broken according to the
sum of the non-infinite distances between a stimulus and all
other stimuli, with remaining ties broken randomly. In vari-
ous embodiments, this is succinctly represented in a computer
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language by treating “infinity” as a carefully chosen large but
finite value, specifically at least =(N(N-1)/2)+1 where N is
the number of stimuli. Now that the first stimulus of the pair
is found, its partner must be found. The partner is the stimulus
that has the weakest connection to the first stimulus. This is
defined as the stimulus that is the farthest connection distance
away, with ties (multiple infinities, or multiple finite numbers
with no infinities) broken randomly.

The rules for choosing the first and second element of each
pair serve to initially reduce by one on each comparison the
number of “islands of stimuli” that are not reachable from one
another; an infinity in D indicates that two stimuli are on
separate islands. Such islands are undesirable since itis notbe
possible to come up with reasonable relative ranks for ele-
ments on different islands. At a bare minimum, then, N-1
comparisons are needed to eliminate multiple islands when
considering N stimuli. Note that the equation for C satisfies
this for various values of A, including 1.5, in an embodiment.

According to various embodiments, user preferences given
a pair are represented with numbers (typically constrained to
be integers) ranging from —R (strongly prefer the first alter-
native) to +R (strongly prefer the second alternative) with O
indicating no preference. Magnitudes between 0 and R rep-
resent increasingly strong preferences. If the strength of the
preference is not collected in a particular application, just 0
and =1 would be used (i.e., R=1); when only one non-zero
magnitude is used, its particular value does not affect the
algorithm.

Once C judgments are collected, a robust estimate of the
perceptual rank order of the entire set of stimuli is made based
on the set of preference judgments. According to various
embodiments, the rank order is found that is most consistent
with the judgments and their corresponding strengths. To
facilitate this, an intermediate step is taken in which each
stimulus is assigned a score on a relative scale from 0 (least
preferred element in the set) to some arbitrary maximum
positive number (the most preferred element in the set). The
element with the highest score is assigned rank 1, the element
with the next highest score is assigned rank 2, and so on until
the element with the lowest score (0) is assigned the worst and
highest rank number.

The assignment of scores is done in an attempt to maximize
q, quality, which is a function of how well a set of scores
matches a set of preference judgments. The quality is the sum
of a set of “rank agreement” values, one for each preference
judgment made. Rank agreement is a function of the differ-
ence in scores between the two elements being compared and
the preference strength. The function reaches a maximum at
some ideal score difference determined by the preference
strength, and decreases as the actual score difference is farther
from this ideal value. A sample set of functions used for a
7-point scale (R=3) is shown in FIGS. 3A-3C. There are seven
rank agreement functions in each set, one each for the seven
preference strengths with direction, from strongly preferring
the first alternative (peak at —4) to strongly preferring the
second alternative (peak at +4).

A set of scores can be evaluated for quality given a prefer-
ence matrix and a set of 7 agreement functions, one for each
item on the 7-point scale. Some properties of rank agreement
functions have been chosen to gain the desired behavior. A
rank agreement function must be unimodal with the peak at
the desired score difference for a particular preference
strength. In an embodiment, A, is a preference function,
where 11is one of the 7 preference scores from -3 to 3. In this
case, A,(X)=A_,(-x), because it is considered equivalent if
both the presentation order and sense of preference are
reversed. For example, if A is presented before B, a preference
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of +2 indicates a preference for B. But if B is presented before
A, the same preference would be indicated as -2. This implies
that A, is an even function. The maximum of each function is
set to 1, representing the maximum possible contribution to
quality of a set of scores of a particular judgment, thus A,(m,)
=1. There is no lower bound for an agreement function,
although one may choose a set that has a lower bound, such as
0. In an embodiment, m,=—m_;, and m,, >m, in all 6 cases in
which both terms are defined, and the values -4, -2, -1, 0, 1,
2, and 4 are used for the m values. Three sets of agreement
functions are shown in FIGS. 3A-3C. FIG. 3A illustrates a
Gaussian rank agreement function. However, these are less
desirable due to their symmetry (preventing them giving good
agreement to agreements in the wrong direction sacrificed
many of their positive attributes). FIG. 3B illustrates an
extreme distribution function, which solves the symmetry
problem of Gaussians, but they asymptote to 0, not suffi-
ciently penalizing distributions that are far off of the mark.
FIG. 3C illustrates a piecewise linear polynomial function.
This function exhibits gently sloping negative values that
approach —co as the magnitude of the disagreement increases.

One approach for maximizing q is to start by considering
one stimulus, then to add a second, third, and so on until all
stimuli have been added to the set being scored. The first
stimulus considered is the one with the greatest total prefer-
ence weight across all items it was compared with. The pref-
erence weights range from 0 (no preference) to R (strongest
preference) and are always positive numbers; the direction of
the preference does not affect the preference weight. The
second stimulus is the one that is the most connected to the
first one; since all stimuli will have O or 1 connections to the
first one, this means the second stimulus has 1 connection to
the first one; if there is a tie, the first one found is chosen, but
the tie could be broken randomly. The third stimulus is the one
that is the most connected to the first two, with any tie again
broken by choosing the first item found. The Nth stimulus is
the one that is the most connected to the first N-1, with ties
broken as before.

Once the order of consideration of the stimuli is deter-
mined, they are inserted into the set being scored. The first
two stimuli are assigned arbitrary initial scores and a multi-
dimensional unconstrained nonlinear optimization routine is
run that works on samples (such as Powell’s method or
Nelder and Mead’s simplex method) to adjust them to maxi-
mize the quality, q, as defined above. Since there is only one
pair involved, the scores will separate exactly by the amount
specified by the corresponding rank agreement function—
there is only one constraint on the system and it can be
satisfied perfectly. Next, the third stimulus is added to the set.
The goal is to update the set of two scores found above to a set
of' three scores that maximizes quality for these three stimuli.
According to various embodiments, the set of two scores is
used as a starting point and three variations are tried: placing
the score of the new item below all existing scores, placing it
exactly in the middle of the two scores, or placing it above the
two scores. The amount “below” or “above” is equivalent to
the amount at which the rank agreement function for a slight
(weakest) preference peaks. For each variation, the nonlinear
optimizer is run in various embodiments. From the three
resulting sets of three scores, the one that has the highest q
value is selected. Each subsequent stimulus is added to the set
in a similar manner. In general, when it is time to add the Nth
stimulus to the set, the goal is to update the set of N-1 scores
to a set of N scores that maximizes quality for these N stimuli.
The set of N-1 scores is used as a starting point and N
variations are tried, placing the score of the new item below
all existing scores, placing it exactly between all adjacent
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pairs of scores, and placing it above all of the scores. For each
variation, the nonlinear optimizer is used. From the N result-
ing sets of N scores, we choose the one that has the highest q
value. The final set of N scores is converted to a set of ranks
as discussed above.

Thus, the present subject matter provides a robust and
efficient method for estimating the perceptual rank order of a
set of stimuli. It is robust in that it works well despite the
occasional user misjudgment. The method makes inferences
based on subject input, and is not a simple, brittle “decision
tree” approach, but one that considers a continuum of alter-
natives (rank orders) and chooses the best one. Itis efficient in
that the number of comparisons required grows with N log N,
a known efficient sorting bound, instead of N* as required
when collecting all pairwise comparisons. Further, the con-
stant multiplier for the number of comparisons required is
chosen empirically and can be changed to tune the algorithm
to consider less information (run faster) or more information
(run slower with potentially increased accuracy).

Strength of Judgment

The present subject matter provides a strength of judgment
(or strength of preference) rating for use in the paired AB
comparisons, to determine the fitness value of the genes in the
perceptual optimization applications of the genetic algo-
rithms. These AB comparisons are specifically used to evalu-
ate how strongly a gene in the population is preferred by the
listener. The strength of judgment rating provides more
detailed information about the preferences compared to the
simple AB comparisons where the listener only specifies
which option they prefer, regardless of the strength of this
preference. The detailed information about the preference
strength is advantageous over the traditional method. The
search space in perceptual optimization consists of the sub-
jective preference space of'the listener and there is no explicit
expression of this space. Therefore itis important that reliable
data is collected from the user about his/her preferences. A
strength of judgment rating helps collect such reliable data
and more detailed information about the subjective search
space.

Genetic algorithms (GAs) are optimization procedures,
commonly used in engineering applications. In these tradi-
tional approaches there is usually a metric to measure how
accurate the solution produced by the GA is. The GAs can
also be used for finding optimal settings for a listening situ-
ation, such as fitting hearing aids or cochlear implants to
individual users or finding the best device settings for differ-
ent listening environments. In such applications the search
space of the algorithm is the perceptual space of the listener
and the only metric to the program is the subjective input from
the listener.

The GA program for such perceptual optimization works
as follows: A number of possible solutions/settings compro-
mise the population of the genes where the best potential
solutions are passed on to next generation while the poor
solutions die off. In the context of perceptual optimization,
the best and worst genes are determined by human listener’s
preferences. The evaluation of the solutions in such a popu-
lation can be conducted in a number of ways. Paired com-
parisons have been used in GAs that optimize on perceptual
search space to determine the fitness value for individual
genes of the population by user preference. The perceptual
search space is not well-defined and may be complex with
multiple peaks. Therefore, it is important to have relatively
accurate judgment from the listener on the evaluation of the
fitness of the genes, and paired comparison method has been
shown to be reliable in obtaining such subjective judgment.
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According to various embodiments, first a pair of genes is
selected from the gene population. The listener then is pre-
sented with a pair of sound stimuli that are processed with the
settings specified by these two genes, and asked to make a
preference judgment between these two options (option A
and option B). In the simplest form the listener may report “A
better than B” or “B better than A,” and this has been the
method that was used in previous GA applications. There may
also be an option for “A and B equally preferred” or “A and B
the same.” The present subject matter describes using
strength of judgment ratings in the paired comparisons. In
various embodiments, gradients to the strength of the prefer-
ence are provided. In one embodiment, a 7-point scale is used,
and there would be 7 options similar to these:

A strongly better than B,

A moderately better than B,

A slightly better than B,

A and B the same,

B slightly better than A,

B moderately better than A, and

B strongly better than A.

FIG. 4 illustrates a table showing an example of a user
interface for a paired comparison using strength of preference
judgments, according to one embodiment of the present sub-
ject matter. A user interface for a 7-point AB comparison
paradigm is depicted. In various embodiments, the pairs of
genes are selected from the population until all combinations
of'two genes are completed. Once all paired comparisons are
completed the genes can be ranked in multiple ways. In one
implementation, the genes can be ranked by only counting the
number of times they have won against other genes. In
another implementation, the ranking can be done by using the
preference strength that the listener entered in the paired
comparisons. For example, for the 7-point scale rating
method mentioned above, if A is strongly preferred against B,
A can be assigned 3 points. If A is preferred moderately, it can
be assigned 2 points. If it is slightly preferred, it could be
assigned one point. Atthe end of all paired comparisons, these
assigned points can be summed up to find the overall prefer-
ence score for each gene. The gene with the highest prefer-
ence score would be ranked as the best while the gene with the
lowest preference score would be ranked as the worst.
Methods of Fitting a Hearing Assistance Device

FIG. 5 illustrates a flow diagram of a method of fitting a
hearing assistance device to a user, according to one embodi-
ment of the present subject matter. Stimulus pairs are pre-
sented to the user using a computer, the stimulus pairs adapted
to provide contrasting options for selection from a set of
stimuli stored in the computer, at 505. At 510, inputs are
received from the user entered into the computer, including
preference judgments of the user. A score is calculated for
each stimulus of the pair using the computer to execute a rank
agreement function to maximize agreement between scores
and the preference judgments, at 515. A set of genes is
selected based on the scores, where the set of genes corre-
spond to hearing assistance device parameters, at 520. At 525,
the set of genes is operated on with a genetic algorithm using
the assigned scores to obtain a child set of genes. The child set
is used to provide parameter values during fitting of the hear-
ing assistance device.

According to various embodiments, the method further
includes determining a number of stimulus pairs to present to
the user based on a total number of stimuli in the set. The
method also includes determining in which order to present
various stimulus pairs from the set of stimuli to the user for
paired preference judgments, by minimizing degrees of dis-
tance between elements of various possible stimulus pairs, in
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various embodiments. This determination includes using a
symmetric matrix representing a number of comparisons
needed to move between stimuli, in an embodiment. Deter-
mining in which order to present various stimulus pairs
includes choosing a next pair to present to the user in a way
that attempts to minimize a connection distance between
stimuli presented, in an embodiment. In one example, deter-
mining in which order to present various stimulus pairs
includes choosing as a first pair to present to the user stimuli
thathave a weakest connection to the set of stimuli. In various
embodiments, minimizing degrees of distance between ele-
ments of various possible stimulus pairs refers to separation
distance. Distance refers to the number of comparisons
needed to get from one element to another, also called degree
of separation. Distance does not refer to the numerical difter-
ence between the parameters in a pair of genes.

One embodiment includes assigning scores to maximize a
sum of a set of rank agreement values for each preference
judgment made using a rank agreement function. In one
embodiment, the score corresponds to a partial quality, and all
the partial qualities are summed to produce a quality of a set
of'per-stimulus scores. The rank agreement function includes
a function of difference in scores between stimuli being com-
pared and preference strength. In various embodiments, the
rank agreement function includes a multidimensional uncon-
strained nonlinear optimization function. Presenting stimulus
pairs to the user includes presenting the user with a list of
strength of preference judgments, the list including at least
four options for the user to select from to provide feedback on
which stimulus is preferred and the strength of preference, in
an embodiment.

According to various embodiments, determining how
many stimulus pairs to present includes using a logarithmic
function. In one embodiment, the logarithmic function
includes C=[(N log, N)/A+0.5], where C is the number of
stimulus pairs, N is the total number of stimuli and A is an
empirically chosen constant. The brackets in the equation
indicate taking a floor function. In one equivalent embodi-
ment of this equation, the factor of 0.5 can be dropped, and C
can be defined as the integer nearest the given real quantity.
The constant A is chosen to have a value 0f 1.5, in an embodi-
ment.

FIG. 6 illustrates a flow diagram of a method of fitting a
hearing assistance device using strength of preference judg-
ments, according to one embodiment of the present subject
matter. The method uses a computer executed process, and
includes selecting a first pair of stimuli from a population
stored in computer memory, at 605. The first pair includes a
first and second sound stimulus representing at least one
device parameter. At 610, the user is presented with the first
and second sound stimulus using the hearing assistance
device, and with a list of strength of preference judgments
using the computer, at 615. The list including at least four
options for the user to select from to provide feedback on
which stimulus is preferred and the strength of preference. In
an embodiment, the four options include “prefer first stimu-
lus”, “prefer second stimulus”, “different but cannot decide”,
and “no preference”” At 620, the user selection is received,
and used with a genetic algorithm to rank stimuli in the
population using the computer, at 625.

According to various embodiments, the list of strength of
preference judgments includes at least seven options. The list
of strength of preference judgments includes that the user
prefers one stimulus strongly better than an other stimulus,
that the user prefers the one stimulus moderately better than
the other stimulus, that the user prefers the one stimulus
slightly better than the other stimulus, and/or that the user
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prefers the one stimulus the same as the other stimulus, in
various embodiments. In an embodiment, the method further
includes selecting a second pair of genes from a population
representing at least one device parameter. The user is pre-
sented with a first and second sound stimulus with assistance
of'the hearing assistance device, and the user is presented with
a list of strength of preference judgments for the second pair.
The steps of selecting pairs of genes, presenting the user with
sound stimuli, presenting the user with a list of judgments and
receiving the user selection are repeated until all combina-
tions of pairs of genes from the population are completed.
Genes in the population are then ranked using a rating scale to
assign points to the user selection based upon the strength of
preference, and summing the points to provide an overall
preference score for each gene, according to various embodi-
ments.

It is understood that other combinations and configurations
may be employed without departing from the scope of the
present subject matter. This application is intended to cover
adaptations or variations of the present subject matter. It is to
be understood that the above description is intended to be
illustrative, and not restrictive. The scope of the present sub-
ject matter should be determined with reference to the
appended claims, along with the full scope of equivalents to
which such claims are entitled.

What is claimed is:

1. A method of fitting a hearing assistance device for a user,
comprising:

presenting to the user using a computer stimulus pairs

adapted to provide contrasting options for selection
from a set of stimuli stored in the computer;

receiving inputs from the user entered into the computer,

including preference judgments of the user;

calculating a score for each stimulus of the pair using the

computer to execute a rank agreement function to maxi-
mize agreement between scores and the preference judg-
ments;

selecting a set of genes based on the scores, wherein the set

of genes correspond to hearing assistance device param-
eters;

operating on the set of genes with a genetic algorithm using

the assigned scores to obtain a child set of genes; and
determining in which order to present various stimulus
pairs from the set of stimuli to the user for paired pref-
erence judgments, by minimizing degrees of distance
between elements of various possible stimulus pairs,
wherein the child set is used to provide parameter values
during fitting of the hearing assistance device.

2. The method of claim 1, further comprising:

determining a number of stimulus pairs to present to the

user based on a total number of stimuli in the set.

3. The method of claim 2, wherein determining a number of
stimulus pairs to present includes using a logarithmic func-
tion.

4. The method of claim 1, wherein determining in which
order to present various stimulus pairs includes using a sym-
metric matrix representing a number of comparisons needed
to move between stimuli.

5. The method of claim 1, wherein determining in which
order to present various stimulus pairs includes choosing a
next pair to present to the user in a way that attempts to
minimize a connection distance between stimuli presented.

6. The method of claim 1, wherein determining in which
order to present various stimulus pairs includes choosing as a
first pair to present to the user stimuli that have a weakest
connection to the set of stimuli.
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7. The method of claim 1, wherein calculating a score for
each stimulus includes assigning scores to maximize a sum of
a set of rank agreement values for each preference judgment
made using a rank agreement function.

8. The method of claim 7, wherein the rank agreement
function includes a function of difference in scores between
stimuli being compared and preference strength.

9. The method of claim 1, wherein the rank agreement
function includes a multidimensional unconstrained nonlin-
ear optimization function.

10. The method of claim 1, wherein presenting stimulus
pairs to the user includes presenting the user with a list of
strength of preference judgments, the list including at least
four options for the user to select from to provide feedback on
which stimulus is preferred and the strength of preference.

11. A method for fitting a hearing assistance device for a
user using a computer executed process, comprising:

selecting a first pair of stimuli from a population stored in

computer memory by minimizing degrees of distance
between elements of various possible stimulus pairs, the
first pair including a first and second sound stimulus
representing at least one device parameter;

presenting the user with the first and second sound stimulus

using the hearing assistance device;

presenting the user with a list of strength of preference

judgments using the computer, the list including at least
four options for the user to select from to provide feed-
back on which stimulus is preferred and the strength of
preference;

receiving a user selection; and

using the user selection and a genetic algorithm to rank

stimuli in the population using the computer.

12. The method of claim 11, wherein the list includes at
least seven options.

13. The method of claim 11, further comprising:

selecting a second pair of stimuli from the population, the

second pair including a third and fourth sound stimulus
representing at least one device parameter;

presenting the user with the third and fourth sound stimulus

using the hearing assistance device;

presenting the user with a list of strength of preference

judgments using the computer, the list including at least
four options for the user to select from to provide feed-
back on which stimulus is preferred and the strength of
preference;

receiving a second user selection;

repeating the steps of selecting pairs of stimuli, presenting

the user with sound stimuli, presenting the user with a
list of judgments and receiving user selections, until all
combinations of pairs of stimuli from the population are
completed; and

ranking stimuli in the population using the user selections.

14. The method of claim 13, wherein ranking stimuli in the
population includes using a rating scale to assign points to the
user selection based upon the strength of preference, and
summing the points to provide an overall preference score for
each stimuli.

15. The method of claim 11, wherein presenting a user with
a list of strength of preference judgments includes presenting
a user with a list including that the user prefers the first
stimulus strongly better than the second stimulus, that the
user prefers the first stimulus moderately better than the sec-
ond stimulus, that the user prefers the first stimulus slightly
better than the second stimulus, and that the user prefers the
first stimulus the same as the second stimulus.
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16. An apparatus for fitting a hearing assistance device for
a user using a computer executing a genetic algorithm, com-
prising:

a computer memory having a first population stored
therein, the first population including a plurality of
stimuli;

aprocessor executing instructions adapted to select stimu-
lus pairs from the first population to present to the user
using the hearing assistance device, the stimulus pairs
including a first stimulus and a second stimulus; and

a computer interface adapted to present preference judg-
ment options to the user and to accept an input of a
preference judgment between stimulus pairs;

wherein the processor executes instructions adapted to
assign a score to stimuli to maximize a sum of a set of
rank agreement values for each preference judgment
made using a rank agreement function, and to perform a
genetic algorithm using the scores to obtain a child set of
stimuli, the child set used to provide parameter values
during fitting of the hearing assistance device.

17. The apparatus of claim 16, wherein the preference
judgment options include a list of strength of preference
judgments, the list including at least four options for the user
to select from to provide feedback on which of the stimuli is
preferred and the strength of preference.

18. The apparatus of claim 17, wherein an option includes
that the user prefers the first stimulus strongly better than the
second stimulus.

19. The apparatus of claim 17, wherein an option includes
that the user prefers the first stimulus moderately better than
the second stimulus.

20. The apparatus of claim 17, wherein an option includes
that the user prefers the first stimulus slightly better than the
second stimulus.

21. The apparatus of claim 17, wherein an option includes
that the user prefers the first stimulus the same as the second
stimulus.

22. The apparatus of claim 17, wherein an option includes
that the user prefers the second stimulus strongly better than
the first stimulus.

23. The apparatus of claim 17, wherein an option includes
that the user prefers the second stimulus moderately better
than the first stimulus.

24. The apparatus of claim 17, wherein an option includes
that the user prefers the second stimulus slightly better than
the first stimulus.

25. A method of fitting a hearing assistance device for a
user, comprising:

presenting to the user using a computer stimulus pairs
adapted to provide contrasting options for selection
from a set of stimuli stored in the computer;

receiving inputs from the user entered into the computer,
including preference judgments of the user;

calculating a score for each stimulus of the pair using the
computer to execute a rank agreement function to maxi-
mize agreement between scores and the preference judg-
ments;

selecting a set of genes based on the scores, wherein the set
of genes correspond to hearing assistance device param-
eters; and

operating on the set of genes with a genetic algorithm using
the assigned scores to obtain a child set of genes,

wherein the child set is used to provide parameter values
during fitting of the hearing assistance device, and

wherein calculating a score for each stimulus includes
assigning scores to maximize a sum of a set of rank
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agreement values for each preference judgment made
using a rank agreement function.

26. The method of claim 25, wherein the rank agreement
function includes a function of difference in scores between
stimuli being compared and preference strength.

27. A method of fitting a hearing assistance device for a
user, comprising:

presenting to the user using a computer stimulus pairs

adapted to provide contrasting options for selection
from a set of stimuli stored in the computer;

receiving inputs from the user entered into the computer,

including preference judgments of the user;

calculating a score for each stimulus of the pair using the

computer to execute a rank agreement function to maxi-
mize agreement between scores and the preference judg-
ments;

selecting a set of genes based on the scores, wherein the set

of genes correspond to hearing assistance device param-
eters; and

operating on the set of genes with a genetic algorithm using

the assigned scores to obtain a child set of genes,
wherein the child set is used to provide parameter values
during fitting of the hearing assistance device, and
wherein the rank agreement function includes a multidi-
mensional unconstrained nonlinear optimization func-
tion.

28. A method for fitting a hearing assistance device for a
user using a computer executed process, comprising:

selecting a first pair of stimuli from a population stored in

computer memory, the first pair including a first and
second sound stimulus representing at least one device
parameter;

presenting the user with the first and second sound stimulus

using the hearing assistance device;

presenting the user with a list of strength of preference

judgments using the computer, the list including at least
four options for the user to select from to provide feed-
back on which stimulus is preferred and the strength of
preference;

receiving a user selection;

using the user selection and a genetic algorithm to rank

stimuli in the population using the computer;

selecting a second pair of stimuli from the population, the

second pair including a third and fourth sound stimulus
representing at least one device parameter;

presenting the user with the third and fourth sound stimulus

using the hearing assistance device;

presenting the user with a list of strength of preference

judgments using the computer, the list including at least
four options for the user to select from to provide feed-
back on which stimulus is preferred and the strength of
preference;

receiving a second user selection;

repeating the steps of selecting pairs of stimuli, presenting

the user with sound stimuli, presenting the user with a
list of judgments and receiving user selections, until all
combinations of pairs of stimuli from the population are
completed; and

ranking stimuli in the population using the user selections,

wherein ranking stimuli in the population includes using a

rating scale to assign points to the user selection based
upon the strength of preference, and summing the points
to provide an overall preference score for each stimuli.



