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The present invention relates to hearing evaluation and hearing aid fitting.
10 More particularly, the present invention relates to virtual electroacoustic
audiometry for unaided, simulated aided, and aided hearing evaluation.

DESCRIPTION OF THE PRIOR ART

15 The human auditory system 'processes sounds from a complex three-

' dimensional space via the external, middle, and inner ear, as well as via the-
complex neural pathways that lead to the auditory cortex within the brain. A
measurable hearing loss, due to various conductive, sensorineural, or
central auditory disorders, affects a significant percentage of the human

20 population, particularly elderly persons. Rehabilitation via hearing aids
remains the only viable option for those types of hearing impairments that
cannot otherwise be medically treated or surgically alleviated.

Advances in hearing aids and fitting technologies are continuously being
25 made. Today's ear-level hearing aids, i.e. in-the-ear (ITE), behind-the-ear
(BTE), in-the-canal (ITC), and completely-in-the-canal (CIC) types, are more
cosmetically appealing due to improvements in electronic and mechanical
miniaturization. More significant, however, is the increasing availability of
" -advanced hearing aid signal processing schemes, such as adaptive filtering

30 and multi-band dynamic compression.

As manufacturers are continuously developing new hearing aids with unique
signal processing schemes, a hearing aid dispensing professional is faced
with the increasingly difficult task of prescribing and selecting a hearing aid
35 for a hearing-impaired individual from the available selection. A cursory look
at available hearing aid processing schemes reveals an impressive array of
categories, sub-categories, and associated acronyms that are baftling to
mast -hearing aid dispensing professionals (see Mueller, H.G.. A Practical
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size, patient controls, and life-style related factors that must be considered

10  when prescribing and fitting a hearing aid. These hearing aid parameters
are not only complex and highly interrelated, but also vary according to the
unique interaction of the hearing device with the hearing-impaired
individual.

15 Generally, the in situ performance characteristics of a hearing aid cannot be
predicted with today's conventional fitting instrumentation and methods.
Dissatisfaction among hearing aid user’s, partially due to poor hearing aid
prescription fitting, Iis, manifested by a high return rates, often exceeding 20%
according to industry reports.

Factors that Contribute to Unsatistactory Hearing Aid Results

. Inaccuracy of conventional diagnostic audiometry.

20

25 Assessment of hearing is the first step in the prestribing and fitting of a
hearing aid. Accurate assessment of the individual's hearing function is
important because all hearing aid prescriptive formulas depend on one or
more sets of hearing diagnostic data (see Musller, H. G., Hawkins, D. B.,

" Northern, J. L., Probe Microphone Measurements: Hearing Aid Selection
30 and Assessment. Singular Publishing Group, inc., 1992: Ch. 5). :

The hearing aid prescription process involves translating the diagnostic data
into target hearing aid electroacoustic parameters that are used in the
selection of the hearing aid. Traditional hearing evaluation methods and

35 instruments employ a variety of air-conduction.transducers for coupling
acoustic signals into the ear. Commonly used transducers include supra-
aural earphones, such as TDH-39, TDH-49, TDH-50, insert earphones, such
as ER-3A, and free-field speakers (see Specification of Audiometers, ANSI-
$3.6-1989, American Standards National institute).
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threshold measurements (see Mowrer, D. E., Steams, C., Threshold
measurement variability among hearing aid dispensers, Hearing Instrument,

15  vol. 43, No. 4, 1992). Another _fnajor disadvantage of measurements
obtained using a traditional transducer is that results are not
interchangeable with measurements taken with another transducer for a
given individual (see Gauthier, E. A., Rapisadri, D. A., A Threshold is a
Threshold is a Threshold... or is it?, Hearing Instruments, vol. 43, no. 3,

20 1992). :

2. Variability due to transducer calibration methods that empioy coupters
that do not represent the human ear.

25 Although recently developed couplers more closely match the acoustic
impedance characteristics of an average human ear, there is still
disagreement as to the accuracy of this artificial ear (see Katz, J., Handbogk

of Clinical Audiology, Third Edition, 1985, pp. 128). Most calibration

" methods today rely on 6-cc or 2-cc couplers that are known to have
30 considerable acoustic characteristic discrepancies from real human ears
(see Specification of Audiometers, ANSI-S3.6-1888, American Standards

" National Institute). Furthermore, even if an agreement was made regarding

an average artificial ear, variability among individuals is significant due to
individual acoustic characteristics of pinna, ear canal, concha, and to a

35 lesser extent, the head, and the torso (see Mueller, H. G., Hawkins, D. B.,
Northern, J. L., Probe Mi hone Measurements: Hearing Aid Seiection

and Assessment. 1992, pp. 49-50). In one study, inter-subject variability was

up to 38 dB across six standard audiometric frequencies when sound
pressure levels (SPL) were measured at the tympanic membrane for 50 ears
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‘Although errors due to the above factors are not likely to be accumulative in
all cases, the potential for substantial errors is always present. Furthermore,
these errors are not consistent across all frequencies and therefore cannot
be simply compensated for duririg the fitting process via an overall volume
15  adjustment. '

i Lack of realistic listening conditions in the unaided and aided hearing
assessment. '

20 1. Lack of Binaural Ad\)antage Considerations.

Many studies have demonstrated the advantage of binaural versus
monaural listening (see Cherry, E. C., Some Experiments on the
Recognition of Speech with One and Two Ears, JASA, ‘vol. 25, no. 5, 1953,

25 pp. 975-979; Cherry, E. C., and Tylor, W, K., Some Further Experiments on

' the Recognition of Speech with One and Two Ears, JASA, vol. 26, 1954, pp.
549-554). These studies have focused on the advantages offered by the
Binaural Masking Level Difference {BMLD) and Binaural intelligibility Level
Difference (BILD). .

30 .
Early studies of BMLD'and BILD invoived the presentation of signal and
noise to one or both ears at various phase relationships. Tone detection and
speech intelligibility were shown to vary as much as 15 dB, depending on
the signal/noise phase relationship. Even though many of these studies -

35. suggest the significance of binaural considerations, today's hearing
assessment methods, unaided and aided, primarily deal with monaural test
conditions, i.e. testing one ear at a time.
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B., Bronkhorst and Plomp, and Begault expanded on previous binaural
. interaction advantage studies by employing headphone localization
15  techniques (see Bronkhorst, A. W., Plomp, R., The Effects of Head-induced
Interaural Time and Level Differences on Speech Intelligibility in Noise,
Journal of the Acoustical Society of America, vol. 83, no. 4, 1988, pp. 1508-
1516; Bronkhorst, A. W.; Plomp, R., The Effects of Multiple Speech-like
Maskers on Binaural Speech Recognition in Normal and Impaired Hearing,
20 Journal of the Acoustical Society of America, voi. vol. 82, no. 6, 1892, pp.
3132-3139; and Bagault, D. R., Call Sign Intelligibility Improvement Using a
Spatial Auditory Display, Ames Research Center, NASA Technical
Memorandum 104014, April 1993). The results of these studies conclude the
speech perception is not only dependent on intensity levels but also on the
25 spatial relationship between speech and noise. '

3. Lack of Evaluation Methods in Realistic Listening Environments.

“Speech intelligibility and discrimination deteriorates in the presence of
30 competing speech and other environmental sounds. Furthermore, the

acoustic properties of a room, e.g. its walls and objects within the room, all

play an important role in the filtering process subjected to the original signal

source. These filtering effects are especially significant for hearing-impaired

individuals who typically have a fimited frequency response and dynamic
35 range in their hearing function. B

Today’s methods of presenting competing and environmental sounds via
conventional transducers fail to represent the. acoustic reality of the typical
listening condition. Recorded sound material presented via tape players,
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10 classroom environment. These and other auditory experiences are
presently considered a fact of life that can not be dealt with in a clinicai setup

(see Mueller, H. G., Hawkins, D. B., Northern, J. L, Probe Microphone

Measurements: Hearing Aid Selection and Assessment, 1992, pp. 69).

15 . Limitations of current real-ear measurement (REM)} equipment and
methods.

In racent years, real ear measurement (REM)'systems were developed to
assess the in situ performance of a hearing aid. REM consists of test probe

20 measurements of the ear response to free field stimulus, i.e. speakers, taken

at the tympanic membrane. A secondary reference microphone is typically
placed outside the ear canal close to the ear canal opening. The reference
microphone is used to calibrate the test probe as well as to regulate the
stimulus level as the head moves with respect to the free field speaker.

a5 , .

- For a comprehensive REM evaluation, measurement of the real ear
response for the unaided, /.e. open canal, condition is first taken. Target
hearing aid characteristics are then calculated based on the natural ear
‘canal response characteristics, as well as other criteria (see Mueller, H. G.,

30 Hawkins, D. B., Northern, J. L., Probe Microphone Measurements: Hearing
Aid_Selection and Assessment, 1992, Ch. 5). When the hearing aid is

prescribed, ordered, and received during a subsequent visit, the aid is
inserted aver the probe tube and adjusted to match the prescribed target
hearing atd characteristics.
35 .
REM evalu,ation and REM-based prescriptive methods provide considerabie
improvements over previous fitting methods which relied on the combination
of audiometric data and hearing aid 2-cc coupler specifications. Although
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_ Real ear measurements are taken with a specific stimulus type,

10 source-ear distance/orientation, and room acoustics. The spacific test
~ condition may not represent realistic listening scenarios encountered by
hearing aid users. In fact, using conventional REM approaches, a hearing
aid may be optimized for a specific listening condition while compromising
the performance under other 'conditi_ons that may be more important to the

15  hearing-impaired individual.

3. Accurate REMs require careful placement of the test probe within the
ear canal of an individual. The closer the probe to the tympanic membrane,
the more accurate the results are, particularly for high frequency
20 measurements (see Mueller, H. G., Hawkins, D. B., Northern, J. L., Probe

Microphone Measurements: Hearing Aid Selection and Assessment, 1992,

pp. 74-79).

Present methods of probe placement are highly dependent on the operating

25  clinician's skill and the specific length of the canal, which is about 25 mm for

~ the average adult. Today's REM methods rely on visual observation of the

probe tip. This is especially problematic when a hearing aid is placed in the

canal during the aided evaluation process. The only exception to the

“conventional visual method is the acoustic response method developed: by

30 Nicolet Corp. for use in the Aurora system (see Chan, J., Geisler, C.,

Estimation of Eardrum Acoustic Pressure and Ear Canal Length from

Remote Points in the Canal, J. Acoust. Soc. Am. 87 (3), March 1990, pp.

1237-1247; and U.S. Patent #4,809,708, Method and Apparatus for Real Ear

Measurements, March 1989). However, Nicolet's acoustic response method

35 requires two calibration measurements prior to placement of the probe at the
desired position within the ear canal. -

4. ‘REM test results vary considerably depending on the placement of the
reference microphone near the ear. The errors are especially significant at
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results of these st udi es concl ude the
15 A significant factor that contributes to the results of a hearing aid frmng is the

problem of adequately correlating diagnostic data with fitting needs of the
hearing-impaired individual. Diagnostic measurements are typically taken in
dB HL with transducers that are calibrated in 6-cc couplers. Hearing aid
specification and performance measurements employ 2-cc couplers which
20 do not represent the real-ear. Fitting involves the use of one of several
prescriptive formulae, with results that are known to vary as much as 15 dB
for the same diagnostic data across standard audiometric frequencies (see
Mueller, H. G., Hawkins, D. B., Northern, J. L., Probe Microphone
Measurements: Hearing Aid Selection and Assessment, 1992, p 107). These
25 fitting formulae 'mcorpor_at_e statistically based conversion factors that simplify
~the correlation of hearing aid requirements to a particular hearing
impairment. Howsver, averaged conversion factors are known to vary
considerably with respect to objectively measured individual conversion
factors.
30 _
Several methods and protocols have been suggested to alleviate errors
associated with measurement errors and data correlation (see Sandberg, R.,
McSpaden, J., Allen, D.., Real Measurement from Heal Ear Equipment.
' Hearing Instruments, Vol. 42, No. 3, 1991, pp. 17-18). However, many of
35 these protocols have not yet been widely accepted due to limitations of
conventional audiometry and Real-Ear Measurement (REM) equipment and
other factors related to efficiency ot the proposed protocols in clinical setups.
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hearing aid is then prescribed, selected, ardered, and subsequently tried
10 and adjusted after being received from the manufacturer or assembled in the
clinic. The fitting or determination of the electroacoustic parameters of a
hearing aid typically involve a combination of objective measurements to
achieve a desired target characteristics based on one of many prescriptive
formulae and subjective measures based on the individual's subjective

15  response to speech and other sounds at various loudness levels..

Conventional audiometry methods, employing headphones, inserts, or
sound-field speakers, rely on presenting acoustic energy to the ear of the
individual in a manner which is not representative of sound delivery under
20 realistic listening conditions. Conventional audiometers present various
tones, speech, and noise stimuli to each ear individually and thus are not
capable of investigating the individual’s binaural integration advantage, or of
assessing the hearing function in a three-dimensional sound environment.

25 Another major disadvé_ntage of conventional audiometry methods is the

. inability of such methods to assess accurately and objectively, in absolute

physical terms such as dB SPL, the hearing function of an individual with

respect to the inside of the ear canal to correlate unaided evaiuation results

to hearing aid requirements. One exception is the probe-mike-calibrated

30 fitting system developed by Ensonig, which only addresses testing accuracy

(see Gauthier, E. A., Rapisadri, D. A., A Threshold is a Threshold is a
Threshold... or is it?: Hearing Instruments, vol. 43, no. 3, 1992). '

Fdrthermore, conventional audiometry instruments and methods are not

35 capable of simulating the electroacoustic performance of one or more
prescribed hearing aids and assessing their simulated function in reafistic
acoustic conditions relevant to the individual's unique listening
requirements.



There are no hearing assessnent nethods today that can eval uate or
predi ct the hearing performance of an individual in a specific and

realistic 5 |listening scenario. - For exanple, the hearing
performance of a hearing-inpaired child in a typical classroomin the
unai ded condi tvi,{ggmz‘gﬂd t he hearing performance of the child with a
specific hearing ard, i.e. aided hearing, in the same 10 cl| BSHI8¥p126
environnment. These and ot her auditory expdPi ences are presently

i d d f | t hat . t . . ] ' linigcal,.set
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consi sts of % est4f39BE02Batientontioded MastasiHearvgeAie. JlspdnifB8] Hascekef i el d
stimulus, i.e. =peatié®r conticis@ hearing aidimddide tharariseriet nibloaihe. esk cppndary
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conpr ehensi z ; _ ' r se for
t he unai dec?:(ﬁi .e. r%’p@k@él%ﬂgﬁ%%ﬁ ﬁ%??léssé?{t?é rs]'?m[ g%ér\fﬁﬁq‘asrog?gf’s ‘ﬂa_%)(ﬂeari ng
ai d char act er i 8cksirepdapn decks |via Raset Pibiraaiersn ocaiedngroypd the diearing- canal
response char admeaired pessonashest. Thasystehes fittingtpzocess (is basédieh Isebjective G, 30
Hawkins, D. B..reB56rda8" &% thb héaring-hiifret! FhO ARG cIMRRBHLSY cTie bR2UA NI
. alternative signal processing option, and supposedly eventually arrive at an
15  optimal fitting. '

The fitting process via the Veroba system, commercially known as the
Programmable Auditory Comparator, an essentially obsolete product, does
not involve any objective measurements or calculations for selecting and
20 fitting of the hearing aid. In fact, the entire fitting process is based on the
subjective response of the hearing impaired person. Clearly, most hearing
impaired individuals, on their own, cannot explore in a timely and efficient
manner the spectrum of various complex and interrelated electroacoustic
parameters of a hearing aid under various listening environments. A serious
25 limitation of Veroba is that it does not teach how to assess objectively the
performance of the simulated hearing aid, nor does it teach how the aided
performance is related to the individual’s unaided response determined
;_Jreviously'during the audiometric evaluation process. '

30 A major unsubstantiated claim in Veroba’s system is the simulation of a
realistic acoustical environment via tape-deck playback and speakers
located around the head of the hearing-impaired individual. However,
recorded acoustic signals that are played back are further subjected to
acoustic modifications due to speaker characteristics, speaker pasition with

35 respect to earfhead, and acoustic characteristics of the room, ie. wall
reflections and acoustic absorption. Without factoring in all of the specific
acoustic modifiers in the transmission channel between the tape-deck and
the individual's ear, a realistic listening condition cannot be achieved with
Veroba or any such system. Furthermore, Veroba is not capable of



Al d Sel ection and Assessnent, 1992, Ch. 5). Wen the hearing aid is
prescri bed, ordered, and received during a subsequent visit, the aid is
i nserted over the probe tube and adjusted to match the prescribed target

hearing aid characteristics. 35 REM eval uati on and REM'based
prescriptive mayh j ovi de consi derabl e | nprovenents o L QuUS
fitting nethods whic ] relied on the conbination of audi o\r{r,e%}t’"rulgégl\clleli#a :
and hearing aid 2-cc coupler specificati ons 1Al t hough WO

N2 e ofANiRuiating ine acoustic condition from, s recorded form, & £ E@%ﬁi‘??ﬁg
aid, it suffers an audiospyiceda 4 practiciasatiemwihin pibreswdimensiogak apoystly

bel ow 1spaceRivith atspetific asoustis boangaryaoadiienabl y dependi ng on
speaker 5 position/orientation with respect to the ear, particularly at
e, Muel | er

hi gher f [ . H_G, Hawkins, D.. B., No ,
0Ol L ohe i c Adginendearing St HEwiatet o TS nagting A RITWEar BereIoRe Ry |
Assessnent, 1_992_Br§gkthmh4)lnc. offers computengit@laaudiaaptammef aligitataken
with a specific ?édo?&ih?.#dfﬂﬁ?d .ffogn tﬁ@%ﬁﬁmeaf vgl'iéﬁé‘%ﬁﬁﬁé'a%% LT, sand

room acousti cs. e .Spec C tes
: ust! I}]earin Aild éimularor, Product brochure, Breakthrough, Inc., 1983). Each

recording segment represents a specific acoustic input, listening scenario,

10 hearing aid model, and hearing aid electroacoustic setting. The recording
segments require memory space either on a hard disk or other known forms
of memory storage devices, such as compact-disk read-only-memory. This
digital-recording-based approach renders impractical the arbitrary selection
of a hearing aid, hearing aid setting, and input stimulus for a hearing-

15 impaired individual, when considering all the possible combinations.
Furthermore, the effects of hearing aid vent sizes, and associated occlusion
effect, insertion depth, and individual extemal ears, cannot be simulated with
the proposed hearing aid simulator because it relies on conventional
transducers, ie. headphones and insert earphones.

20
For similar reasons, many other commercially available master hearing aid

- systems, do not have the ability to simulate accurately a hearing aid in a
realistic listening environment. Furthermore, these systems do not include
. objective measurement methods for evaluating simulated aided versus
25_ unaided conditions. For these and other reasons, virtually all dispensed
hearing aids today are fitted without the use of master hearing aid or hearing

aid simulator instruments.

" State-of-the-art REM equipment allows for in-the-ear-canal acoustic
30 response measurements. The acoustic stimuii are typically generated by the
REM equipment itseif and delivered via a speaker, typically positioned at 0°
azimuth, or with two speakers positioned at 45° azimuth, with the respect to
the transverse plane of the head. The response measurements, /.. free-field

to real-ear transfer function, are essentially one-dimensional since they only
35 provide a single transfer function per ear in a particular speaker-ear
. relationship, and are thus not capable of establishing a multi-dimensional
profile of the real-ear response. Anacther disadvantage of conventional REM
equipment and methods is the lack of real speech stimuli presentation
because most REM equipment only offer pure-tone, pure-tone sweep,



condition may not represent realistic |istening scenarios encountered by
hearing aid users. In fact, using conventional REM approaches, a hearing
aid may be optimzed for a specific listening condition while conprom sing
t he perfornance'under ot her conditions that may be nore i nportant to the

15 hearing-i 4 ndividual . 3. Accurate REMs r reful
pl acenment of {‘ﬁ&b{ probe within the ear canal of an%%ﬁ%@
The cl oser the probe to the tynpanic nenbrifre, the nore accurate t he
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ROy bk it e i o

calibration rreé'é‘lerlmm‘llommf ither ptapopéch peatecal umiudehémwedta@oasm mlrty due
desired positi q# tié %bééﬁxéd‘@orﬁﬂdélﬁ@%’ method via 4- spealREMot £ Bbafies Hld & arar y
consi der abl y dee%%l?: Q%hgrrr]\btep eanlcc)l trrr?r?eraenatlug of ]rhhe spectrogram plots which do not
15 directly indicate the relationship of the plot to audibility and |oudness
discomfiort.

Other recent developments involve three-dimensional sound presentation

via headphone transducers (see Wightman, F. L., Kistier, D. J., Headphone

20 Simulation of Free-Field Listening. I: Stimulus Synthesis, JASA. vol. 85, no.

2, 1989, pp. 858-867; and Wightman, F. L., Kistler, D. J., Headphone

Simulation of Free-Field Listening. lI: Psychophysical Valfidation, JASA. vol.

85, no. 2, 1989, pp. 868-878). These three-dimensional effects are achieved

by recr'eatirrg the in-the-ear-canal acoustic response to free-field signals via

25 headphones or speakers (see U.S. Patent No. 4,118,599, Stereophonic

~.Sound Reproduction System, Oct. 3, 1978; U.S. Patent No. 4,219,696,

Sound image Localization Control System, Aug. 26, 1980; U.S. Patent No.

5,173,944, Head Related Transfer Function Pseudo-Stereophony, Dec. 22,

1992; U.S. Patent No. 4,139,728, Signal Processing Circuit, Feb. 13, 1979;

30 and U.S. Patent No. 4,774,515, Altitude Indicator, Sep. 27, 1988). This

invoives digital filtering of source signals based on head-related-transfer-

- function (HRTF). The HRTF, essentially real-ear unaided response (REUR)

in three-dimensional space, is a frequency dependent amplitude and time

delay measurement that results from head shadowing, pinna, concha, and

35 ear canals. The HRTF enables extemalization of localized sound with

headphones. Source signals that are processed with HRTF provide the

listener with free-field listening eXperience according to the controls of the
signal processing parameters. '



‘reference m crophone near the ear. The errors are especially significant at
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frequencies of 6 kHz and hi gher (see Mieller, H G, Hawkins, D. B.,

Northern, J. L.wo¥apa7M crophone Measurenents: Hearing Al d Selgaisbéid126

and. Assessnent, 1992, pp. 72-74). 5 5. _HEEM I nstruments enpl oy sound
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typically taken difensional audio for PC-compatibles, reference manual, Crystal River
Engineering, inc., Revision D, Nov., 1993). The object of these three-

10 dimensional audio systems has been limited to simulating situational

awareness in an approximate virtual acoustic environment since non-

individualized HRTF set is typically employed.

The appiication' of three-dimensional audio in objective in-the-ear-canal
15 assessment of hearing in the unaided, simulated aided, and aided
conditions would be a’ significant and extremely helpful departure from

known audiometric techniques.

SUMMARY OF THE INVENTION
20

The invention provides a virtual electroacoustic audiometer (VEA), which is a

system used in the assessment of human hearing function in the unaided,

simuiated aided, and aided conditions. A pair of intra-canal prostheses (ICP)

are placed in the two ear canals of an individual to defiver acoustic stimuli. A

25 probe measurement system, partially inserted in the ICP, measures the in-

~ the-ear-canal response conditions near the tympanic membrane during all

hearing evaluation, thus providing a common reference point for correlating

responses in the unaided, simutated aided, and aided evaluation. conditions.

“A unique modular hearing aid defined in accordance with the results of such

30 hearing assessment is also provided that includes highly configurable
electroacoustic and electronic signal processing elements.

During unaided evaluation, the system performs audiometric tests, such as
pure tone thresholds, uncomfortable loudness levels (UCL), speech
35 reception threshold, and speech discrimination. These peripheral hearing
tests, as well as other central auditory processing (CAP) tests, evaluate the
hearing function of the human in fesponse to acoustic stimuii measured near
the tympanic membrane in absolute sound pressure level (SPL) terms,



dB HL with transducers that are calibrated.in 6-cc couplers. Hearing aid
specification and performance neasurenents enpl oy 2-cc couplers which 20

do not represent the real-ear. Fitting involves the use of one of several
prescriptive fornulae, wi.th results that are known to vary as nuch as 15 dB
for the sanme dﬁ% tic data across standard audi onetric frequencies (see
Miel l er, H. ; ths, D. B., Northern, J. L., Probe M crof%3fis96/13126
Measurenents: Hearing Aid Sel ection and Astessnent, 1992, p 107). These 25

fitting fornul ae jncorporate statistically based.conversijon, factaor hat
Sl Ty T SUkE EPPERBNEL SHEAUIER Rie eSORERUT ferYR BoATaIere P ul ar
hearing - i ipams.nent . However, averaged conversion factors are known to
vary considerably with respect to objectively neasured individual

conver si on factors...30 Sever al t hods..an rot ocol s have been
suggested to al'ﬁ\%‘gﬁ%ﬁ g-g@p;:%}tgeature_ °§§'§3¥?§§%Hs\ﬁi§-’f‘ﬁy Eﬂeggﬁ'it‘%toreqr Pes and
data correl &ti cacoystems@aaldljhat_ggreRepresentatim:Sbaigeads rgceived inemeallisteriagl
Measur ement fr QiRvileAmdrds RO PRRBLdimension28a§pdte. | NFhisUT®NAchievdd -by#2. No.
3, 1991, pp. 12-%%@. Ifbmeﬁgr many.lof. 35 # tCESgSE %Eot ocol s have no rzﬁe}t been
wi del y accept ed"eRTROMEING; the varoys Jiltsfing effects, g1, LoRM AcQUstich BMesP d
Real - Ear Measurabsetptiog Rivpading iqsseinteravral delay, anchepecfratstaping of exterdat o
efficiency of tdag dHPRASLELDY SHeRfO IFor bXarfplbNa fidteningceRdition representing a
10 teacher-talker in classroom is digitally synthesized and acoustically

delivered via the ICP to a child to assess his/her unaided and aided listening

ability in a classroom environment. Spatialized competing signals

representing school children noise is optionally presented in addition to the

spatialized primary speech signal, i.e. the teacher, to assess further the

.15 | child’s speech discrimination ability in the presence of background noise.

The unaided evaluation method involves both ears in the listening
experience similar to the way humans normally hear sounds, with each ear
receiving a portion of the acoustic energy according to the relationship

20 between each ear and the various virtual audio sources. In contrast,
conventional audiometry methods present intracranial acoustic stimuli to
each ear individually.. for example, speech to one ear, and competing noise
in the opposite ear. ' |

25 = The simulated aided assessment of the VEA system is accomplished by
incorporating the electroacoustic performance of a desired hearing aid into
the unaided digital synthesis of acoustic signals. The simulated hearing aid
electroacoustic parameters inciude microphone and receiver transfer

. functions, and amplitier and filter characteristics. '

30
Specific or generalized acoustic models are digitally presented to the input
of the simulated hearing aid process. Specific acoustic models represent
listening scenarios that are important to the individual under evaluation and
that may be selected and manipulated by the operating clinician, for

35 example a teacher-talker source model in a classroom environment model
with a specific source-ear relationship. A typical goal in such a specific
scenario is to maximize speech intelligibility by optimizing the
electroacoustic characteristics of the simulated hearing aid. Generalized
acoustic conditions represent listening scenarios that are associated with
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20 realistic Ilstenln
vari ous tones, speech, and noise stinuli-to each ear individually and

thus are not In aedifieh) etl'iéc VEN%?éie@ﬁtdfféist&&néﬂ\@dvbﬂuﬁéas&nhbn@akr@ls
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virtual acoustic conditions for an individual.

BRIEF DESCRIPTION OF THE DRAWINGS

20 Fig. 1 is a block level schematic diagram shbwing the major components of
the VEA system, including dual ICP prostheses inserted in the ear canal of
an individual; a probe microphone system; and a computer system including
a digital audio synthesizer module, a digital audiometer module, and a

» virtual acoustic space measurement module according to the invention;

25 ' .

Fig. 2 is a block level schematic diagram of a digital audio synthesizer

module according to the invention;

" Fig. 3 is a block leve! schematic diagram of a digital audiometer module
30 according to the invention;

Flg 4 is a block level schama’nc dlagram of a virtual acoustlc space
measurement module accordmg to the lnventton

35 Fig. 5 is a block level schematic diagram of a virtual acoustic space
measurement system according to the invention;

Fig. 6 is a perspective view of an adjustable chair used for positioning a
patient’s head during virtual acoustic space testing;



inability of such nmethods to assess accurately and objectively, in absolute
physi cal ternms such as dB SPL, the hearing function of an individual with
respect to the inside of the ear canal to correl ate unai ded eval uation
results to hearing aid requirenments. One exception is the

pr obe- m ke- caky 30 fitting system devel oped by Ensoni whi ch anly
addr esses tes'ltvlbﬁggﬁ%g@uracy (see Gauthier, E. A, Rapi Sggpp_sssﬁ;lzgw A
Threshold is a Threshold is a Threshd®d. ., or is it?: Hearing

I nstrunents, vol. 43, no. 3, 1992). Furt hernore, conventi onal

audi onetry instruments and net hods are not 35 capable of sinulating the
el ectroacoust i c Fikrf & Aeselematic sliagram shaveng speakproarsangsmenidars ngrualds and
assessi ng t hei r asousticadpade frigesur@mentnsyisfem,| intiuding transke@esiiase epeditars,ons
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and ' 80s, i nvol kesmpaRtibRat tigsfrbﬁet:ra{s?équﬁaioﬁsmba&@@d @Ngbtnw iy to

s in o R B v ORRC e PlaRorccoing RphBInleries Ver oba ar

al (U S Patent 5 #4,759,070, Patient Controlled Master Hearing Aid, Jul.

19, 1988) dfsCrFRee is a schematic diagram showing an example of realization of a realistic
listening scenario for unaided hearing evaluation conditions, and in
particular showing a teacher-talker/child-listener scenario including direct
acoustic paths PRt and Pr 1 and'early reflection paths PRz and P2 to

the right and left ears of the child-listener according to the invention;

15
' Fig. 10 is a block level schematic diagram showing an example of realization
of a realistic listening scenario for unaided hearing evaluation conditions,
and in particular showing a process representation of a teacher-talker/child- -
listener scenario during unaided evaluation according to the invention;
20 '

Fig. 11 is a paftially sectioned, perspsctive view showing an intra-canal
prosthesis {(ICP). for an ICP-ITE representing hearing aids for shallow ear
canal placement according to the invention;

25 Fig. 12 is a partially sectioned, perspective view showing an intra-canal
prosthesis (ICP) for an ICP-ITC representing hearing aids for deep ear canal
placement according to the invention;

'Fig. 13 is a perspective view sh'owing an intra-canal prosthesis (ICP) face-
30 plate end, including face-plate. probe tube hoiders and probe tube
placement according to the invention;

Fig. 14 is a pantially sectioned, side view showing an ICP core module for a
two-part ICP configuration according to the invention;

35 . '
Fig. 15 is a partially sectioned, side view showing adjustable vent inserts
and an ICP-ITE sleeve for an ICP-ITE configuration according to the

invention;



a patient controlled hearing aid nodule that is inserted into the ear canal
and connected to a test nodule which offers nmultiple signal processing
options, e.g. analog circuit blocks, to the individual. Hearing aid
characteristics are determned by a tournament process of elimnation,

while 10 the he@pimgrs npaired person is presented with real - pgfgdsiagidgds
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fitting of the hearing a e'entire fitting process is based on
t he subj ective response of the hearing inpaired person. Cearly, nost
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envi ronnent Vi apiper .g%pbamé é&l&ngadf.aaﬁﬁé%ﬁowmg a hmgeémaéwaﬁeéthe

S gnal's t ES& ar BClly Ghtnlna mathod e 4R 1oP s iHeInG girpey acouslié CBlpfE Vi ©

an acoustic coupler method according to the invention,

Fig. 21 is a partially sectioned, side view showing a hearing aid and direct
acoustic coupling method to an ICP, including a programming and acoustic
20  coupling interface according to the invention;

Fig. 22 is a partially sectioned, side view showing a hearing aid and acoustic.
coupling to an ICP via an acoustic coupler tip according to the invention;

25 Fig 23 is a block level schematic diagram shoWing an example of a fitting
process provided by the virtual electroacoustic audiometer system according
to the invention;

"Fig. 24 is a gréphic computer generated display showing a reference
30 - measurements module according to the invention;

Fig. 25 is a graphic computer generated display showing an unaided
evaluation module according to the invention;

35 Fig.26isa graphnc computer generated display showmg a predicted aided
- module according to the invention;

Fig. 27 is a graphic computer generated display showing a simulated aided .
evaluation module according to the invention;



acoustic nodifications due to speaker characteristics, speaker position
with 35 respect to ear/head, and acoustic characteristics of the room
i.e. wall refl ections and acoustic absorption. Wthout factoring in
all of the specific acoustic nodifiers in the transm ssion channel

bet ween t he tW}ffﬂgzgﬁI? and the individual's ear, a realistic |listening
condi tion cannot” D& ‘achi eved with Veroba or any such s 96/13126

Furthernore, Veroba is not capabl e of -18- WO 97/ 23117

PCT/ US96/ 13126 -11-
mani pul ating the acoustic condition fromits recorded form e.g. by
proj ecting Fig.a@8aisdiao gsanhic ecamputes [genefated| disptayoshawing mna aided

three-di mensi onavaR@A&s dtule accordBds heinvBntiorsPeCi fic acoustic boundary
condi tion. 5 Another hearing aid sinmulator, the |ITS-hearing aid

si mul at or devel gped by _ Br eakt hrough, Inc. offers conputer. digital
audi o pl aybaek &¥9.dQii¢ # line graph miettinglithe vasiebilitn of mMeaguredh SRIuversusof
\éar I ﬁus hegr I nE di}ﬁta’l'&:e( fesrobd $ip from tympare@richtbréns! ic W’;ﬁh@ﬂnﬂl@ﬂ?&ﬁes

rochure, Breakthr : : : . recordi ng segnen
represents a spzci#‘P@Bgy&ggtaibﬁgﬁ%ﬁé)f?,ﬂ??ﬁlg?@mmg scenario, 10 hearing aid
nodel , and hearing aid el ectroacoustic setting. The recording

segnents requi r Eigre30n sy a gaR(taph (PIRing thed mvastred SPLAOr Gt KIgZ andov® kHe" s
of menory S§§r AgGridly phdbeaavaHGilg 3t 6 HINRA tythodhid FRMkHMNY “dXB8RIRg to'heS

invention;

Fig. 31 is a bar graph plotting the measured SPL for 5 kHz and 15 kHz
| during probe advancing at 5 mm from tympanic membrane according to the
15 invention:; '

Fig. 32 is a bar graph piotting the measured SPL for 5 kHz and 15 kHz
during probe advancing at 4 mm from tympanic membrane according to the
invention;

20
Fig. 33 is a block level schematic diagram showing an example of a teacher-
talker/child-listener scenario using predicted aided evaluation for the right
ear according to the invention;

25. Fig. 34 is a block level schematic diagram showing an example of a teacher-
talker/child-listener scenario using simuiated aided evaluation for the right
ear according to the invention;

' Fig. 35 is a blo_ck level schematié diagram showing a simulated heéring aid
30  with directional microphone according to the invention;

Fig. 36 is a block level schematic diagram showing an example of the
realization of realistic listening scenarios for aided hearing evaluation
conditions according to the invention; and

as |
Fig. 37 is a block level schematic diagram showing an example if the
prediction and simulation of oscillatory feedback of a simulated hearing aid.



di gi tal -recordi'ng- based approach renders inpractical the arbitrary

sel ection of a hearing aid, hearing aid setting, and input stinulus
for a hearing- 15 inpaired individual, when considering all the possible
conbi nati ons. Furthernore, the effects of hearing aid vent sizes, and
associ at ed occlweivvasiny affect, insertion depth, and indi w,,@ﬁj Exdisd nal -
ears, cannot be sinulated with t he Prg osed hearlng aid sinu Fator
because it relies on conventional transducers, i.e. headphones and

i nsert earphones. 20 DETALED rﬂéS’GRIP?ﬂWSQFWE% QNUBNTIQNTEr Ci al | y-
avail abl e master hearing al systens, do not have the ability to

sinmul ate accurately a hearing aid in a realistic listening

environment . Fur FREMvPeSes: dlcthie daacriptien derein: thentaliowing def'“'“@ﬂﬂ shali be

measur enment net hedasitentigwppligak i ng sinul at ed ai ded versus 25 unai ded
condi ti ons. F?r t hese and other reasons, virtually all dispensed

hearing ai ds oda are fitted w thout the use of master hearing aid or
hearing indeNn at drefersde agraphical area displayed OB qampuigr scrgay. that
equi pnent al | ovvs rdpresarnis ta*mil@&iomﬁ@mmmw;em, Iotry fieldsp carrEplotsa shatearent s.

The acoustic. st | BloeBEadh SRbloInd ¥R I WAL mamngr. REM equl prrent

itself and deliv via a Speake y poSitione
azinmuth, or with two speakers p05|t|oned at 45[err] azinmuth, with the

respect to 10 lcohizetr anRefersdo phativeowiridow thatdid shdwe as @spcors elts display
nmeasurenents, - gishbRd b 'rﬂag{1 ?rhatb'iécf S? ch@@ﬁgtérﬁﬂ!%f fgﬁn fatnfHe ?&np
ransfer

essentially one |nen5|ona ey onfy provide a single
function per earS¢R€2 particul ar speaker - ear rel ationship, and are

t hus not capabl e of establishing a nmulti-di nensional profile of the
real -ear responsgy ?(g}é irprent
and net hods theel ac %ecﬁgg ﬂgtggﬁﬁm‘}gte:‘:m?”ﬂggﬁ@éd %Mm ls a %?Hr

most REM equ %meﬁ‘tSt UReg 1 @r”sﬁGr theRearing aesesymentind %unalded simulate :

aided, and aided conditions. The VEA also offers new methods for hearing
aid fitting and analysis using a combination of digital synthesis of realistic
acoustic stimuli and in-the-ear-canal response measurements throughout
~ the assessment and fitting processes. '
20 : ,
Fig. 1 shows the main components of the preferred embodiment of the VEA
system 15. A pair of intra-canal prostheses ({ICP) 22 is inserted in the ear
canal 21 of an individual for delivering acoustic stimuli 25 in a manner
- similar to that of a hearing aid. Each ICP. contains a receiver, i.e. a speaker,
25 for transmitting acoustic signals to the tympanic membrane 26. The ICP aiso
~ contains a probe tube 24 for measuring the acoustic response that resuits
from the unique interaction of the receiver-produced acoustic stimuli and the
ear-canal characteristics of the individual. A probe microphone system
.~ consisting of a probe tube 24 and probe microphone 23 measures acoustic
30 signals from the ear canal 21 and provides electrical signals representative
of the acoustic signals. A response keyboard 27 is provided to register a
response from the test subject 20 during various hearing evaluation tests.

.  Each ICP recsiver 22 is electrically connected to a digital audiometer
35 module 19 that provides an interface.to various audiometric transducers
including the ICP receiver 22 and probe measurement system 23. The digital
audiometer module is connected to a digital audio synthesizer module 18

and a virtual acoustic space measurement module 14 via various inter-
module cables. The virtual acoustic space measurement module includes an
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speech- noi se and ot her speech-like stinuli. These stinuli ~do not expl ore
responses to particular speech segnents that may be inportant to the

heari ng-i npai

2l vi dual during unai ded and ai ded conditions.

5 .
Recent devel opnments relating to el ectroacoustic hearing aid PEARpAY26
i nvol ve the testing of hearing aids in noré&0realistic conditions. Real

speech Si
wer e enpl oyed.

e A L I T TR

i ndi cating tenp®edules may beicoptaingd @t orawithip & stapdardizersenal semeuiaidP
SPL versus frequenhyt esd déhtaimenstandsrd’ eombeateri attessstidsnpudh \e@r Memariit put

(see Jam eson,
Measures, JSLP.
prot ocol i nd u

. . | . ; .
Sorac SR 17, 2 giggiafHidithor 1B RRBAME 12 AR Fbise' €3
emory,fioeageLiayiresiage celigctivgly aefarred to as pysterpanespery; 7. ed

delivery nethod via a speaker to a hearing aid in an . encl osed

ooty naicayeet Nat B o gy S AR Ber i iRy o

di sconfort.

virtual Beaustic, spaee magsyeamatBrdviesAreIshewp ip Eigsd

sound presentation vi a headphone transducers (see Wghtnman, F.

Kistler, Djygl.

15

20

25

' InTRELREMBRry embodiment of the invention, the digital audio synthesizer,
digital audiometer, and virtual acoustic space measurement modules are
connected to the personal computer system via the Industry Standard
Architecture (ISA)-bus interface 34 and [SA-bus 39 of the personal computer
(see, for example Fig. 2). Digital data representing audio sources are
retrieved from the system memory via the bus interface 34, and are digitally

in-dB

oposed
sound

dness

noridohal

L.,

processed by a digital signal processor 33 within the digital audio

synthesizer module 18. The digitally processed data are then converted to
analog form using an digital-to-analog converter 35 that typically operates at
conversion rate of 44.1 kHz, or at another rate depending on the desired
signal bandwidth required. '

The digital audio synthesizer module also receives analog signals

representing ‘audio signals vig its input connector 31 from external audio
sources such as tape or CD players (not shown). Received analog signals
are converted to digital signals by the analog-to-digital converter 32 for
signal processing via digital signal processor 33.

Multiple digital audio synthesizer modules (not shown) may be used to

" “enhance the system’s digital signal processing capability. This is particularly

30

useful for parallel real-time binaural signal synthesis. Multiple digital audio
synthesizer modules are cascaded by connecting the output 38 of one digital
audio synthesizer module to the auxiliary input 30, or input 31 of another
digital audio synthesizer module. The internal and auxiliary signals are

- combined within the module at a summing node 36 prior to output. In the

35

‘preferred embodiment of the invention, two digital audio synthesizer

modules are used. Each module employs a Motorola DSP56001 digital
signal processor clocked at 40 MHz.



20 Simul ati on of Free-Field Listening. |I: Stimulus Synthesis, JASA. vol.
85, no. 2, 1989, pp. 858-867; and Wghtman, F. L., Kistler, D J.,
Headphone Simul ati on of Free-Field Listening. Il: Psychophysical

Val i dati on, JASA. vol. 85, no. 2, 1989, pp. 868-878). These

t hr ee- di mensi ogyad okf@ct s are achi eved by recreating thepcrusosasize
I n-t he-ear-canal acoustic response to free- E eld signals via 25 eadphones

or speakers (see U S. Patent No. 4,118,599, “Stereophonic Sound
IRepr odtict I |0_n S%/Stl'ﬂmgg@ltag- ?Lﬁ%utlté%?@ém lthe?'dighz?gt &gdg% %patﬁésﬁérgnééﬁte 130 is rofiednd
mage Local i zatign ntro em . Aug. .. : .Patent No, °
5. 173,944, Head fRINGBierssa fog %&%W@?&Wgﬂ'ﬁ i %V?-%@”?ﬁ'
1992; U. S. Pat ent42NoAnallpgﬁﬁl,dR28ign8Isgm_BivadcﬁtdbSidigltém'a { meteremdme,a@g?g_;
30 ?”d UdS _ Pa][ ﬂ?{:eld\bia_ ﬂix@??ir&i‘iﬁ45,pﬁﬁ1bﬁﬁ%levihrﬁ1 gadieramg@iffier c#éuit 488&hd Thi s
involves digital .filtering of source signals. . , .
head-rel at ed- raﬁg?_ _ncet rﬁatclpﬁciépg (Sﬂ”tfﬁ%?l’—‘ﬁa_."q'?ﬁéﬁgﬁ%&m%g?gﬁ?'fczﬁrf)y % gﬁl - ear
unai ded responseapfigmRtric transducenrivterfacaepissuih49. s fAuwuts Joaapdigfirtfiey
dﬁpgnd_ent anpl i ttrdﬁsdmﬁrst inBRde I%Ps ¢l (alscml LabwaT Nand lrnfurthes detasl Below), head
shadowi ng, pi nna n a ar ca
externalization 8?’?6’@&%"&5‘?5@%&%&){"@ Qﬁead%%%‘%pmggfg%ﬁeansﬂ aﬁ‘glrs
that are processeenvantienahroEthesisostidetivering sounds kg thessasof gntipdividual 1 i ef d
l'i stening expgrience according to the controls of the si gnal _
gg’_/caggg?% ﬁgganﬁfn%'iiﬁed signals from the altfd AL 46 are also sent to the digital
audio synthesizer module input 31 from an audio buffer circuit 47 output
connection 48. The mixer circuit 45 also includes connections for receiving
audio signals from ICP microphong:-s 55, an operating clinician microphone
15 56 (not shown), and a patient microphone 57 (not shown), via a microphone

amplifier 58.

External line-level signals received at input connectors 53 are also amplified
 viaan amplifier 54 and sent to mixer circuit 45. A response keypad interface
20 circuit 60 is employed to interface the system to the response keypad via a
connector 59 to register an individual's response to acoustic stimuli- during
various audiometric evaluation processes. The operating clinician
microphone, connected to .the digital audiometer module, allows the
operating clinician to communicate with the 'patient via the ICP pair. The
25 patient microphone allows the patient to communicate back to the operating
- clinician during certain audiometric tests that require verbal responses from
the patient. The patient microphone is also used in occlusion effect
measurements, as are described in more detail below. ' )

80 The digital audiometer module also includes a PC-BUS connection 43 and
PC-BUS intertace circuit 44 that link the digital audiometer module to the
VEA to coordinate module operation at the system level.

The VEA also includes a virtual acoustic space measurement system (Fig. 5)
35 that is used to evaluate the individual's acoustic transfer function set. A
block diagram of the virtual acoustic space measurement module 14 is
shown in Fig. 4. The virtual acoustic space measurement module receives
electrical signals, representing various acoustic signals, from the digital
audio synthesizer module output connectors 38 via a set of input connectors



- 13- Present research and devel opment efforts in three-di nmensional

audio is mai nly focused on commerci al mnusical recordings, playback
enhancenent . and human- machi ne i nterface enhancenent (see Bagault,

D. R, Call Sign Intelligibility Inprovenent Using a Spati al

Audi t ory Di splwp.oz245¢$ Research 5 ‘Center, NASA Techni cal ﬁgfsé‘&%?
104014, April 1993; and Begault, D., nzel, E., Headp

Local i zati on of Speech, Human Factors, 25 (&), pp. 361-376, 1993) and

A ol g ot 5 0 comROSACE
Inc., Revision, 5?{%%\9‘3 aﬂ&gé‘j’?”‘fﬂg’%ﬁﬁf‘é@%f a@%gﬁeghgrergytinglgnd it | onal
audi o systenms h&cuiddi. | The ewputtof the vinual aequstictspace oredisurement madui@isess i n

an_appr oxi mat e \théridedoupRRIs WaRo ekt SHHEREES ifiid$pbak@ array 16. | ndi vi dual i zed
HRTF set is ‘gypi cally éﬁpl oyed. The application gf t hr ee- di nensi onal
audi o in objéctive in-the-ear-canal 15 assessnment of- hearing in. the

unai ded, si nul atT@g dnualdacoustic spaiesi measuremam dnoduie alsinclides aaPE-BUSf i cant

gﬂ mé :{ r (ejF mEITﬁ Eh ebphedtiofl BB Ehd PE-BUSThterface clrbGVVB7 A&t IRIREthe ivi‘rtdaf%?&éﬂées-
el ect r oacoust i CQE%%\@&%E\%Q? gd%?%#p%:lgﬁg t%nw%;&éé‘g?@ﬂﬁﬂé?&’e?%@h@ :
assessment of hifuBYBERm i lavel u ofogrdinatienuingiugieg, processing| infarmadionai ded,
alnd ai:l dieg tccrb]gd L lridih‘ative/bfnﬂtiénp?eémb?ﬁﬁ?sbaﬂmﬁmé@Kd&g@{@gﬁihmorg 8 gatsi?\'iitrem .
R gge pr obe ma?%?ae}%%sﬁﬁ&s}%ies%nsggrvﬁ gl Fé/'%%é%‘lr ? Qda'll'% & Iﬁ’ggiﬁ%ﬁ',ngnﬁWes t'.he
i n- t he- eaFﬂMICiﬁcéﬁﬁﬂnse conditions near the tynpanic nmenbrane
during all heari ng eval uation, thus providing a common reference point
for correlatingan agjustable chair 78 is preferably used to ensure proper ear positioning
15  within the measurement space, as shown in Fig 6. A vertical adjustment
lever 79 adjusts the vertical position of the individual on the chair. A back
" adjustment knob 81 adjusts a chair back support 80. The head support 82 is
adjustable to support the head of the individual seated on the. chair. ‘An ear
position reference arm 84 provides a target reference by pointing a set of
20 ear canal opening pointers 83 to the individual's ear canal openings. The
ear position reference arm 84 is preferably removabie from the ear area via
a reference arm vertical adjustment knob 85 to minimize acoustic reflections
into the ear area during transfer function measurements. '

25 ~ An infrared tracking method (not shown) may aiso be used to position and
maintain the head in the proper position with respect to the speaker array 16,
Fig. 5; 89-94, Fig. 7). A light- reflective target object (not shown) placed just
below the ear tobe of the individual, may be used to reflect the infrared light

: ‘from the incident infrared light emitter. Proper ear placement is indicated by

30 refiected light which is detected by the positioning sensor interface 69 (Fig.
4).

The virtual acoustic space measurement system generates various sets of
* transfer functions that are used during the hearing evaluation process.
35 Generally, a transfer function of a linear. system defines a complex function
H(jw} having magnitude and phase characteristics that are dependent on
frequency (w). Once a transfer function H(jw) is determined, a system's

response to an arbitrary input signal can be predicted or synthesized.



responses in the unaided, sinulated aided, and ai ded eval uation conditions.
- A uni que nodul ar hearing aid defined in accordance with the results of
such 30 hearing assessnent is al so provided that includes highly

confi gurable el ectroacoustic and el ectroni c signal processing
el ement s. woO9iA3igr unai ded eval uation, the system perfor mpcpridddisple’ | C
tests, such as - pure tone threshol ds, ungonfortable |oudness |evels

(UCL), speech 35 reception threshold, and $¥éech discrinination. These

(P} Coats, ovallgumnsid ficton 88t the vARacHSIE Sicehaditiurh ey Bieht 201 10
acoustic st | mul i °#%§2?fi gﬁ"‘n@éfﬁ ofeacou[sﬁcé Sp ﬁﬁﬁh?"é&rr@%‘SP%%rﬁ' r?oégi§8§§§'£%sound
pressure | evel ($wep-dimensional space. The preigrresl speakey setup is an array of six

PCT/ USt9'6/ 13|126t _ speakers 89-94 positioned at an equal dis’;a_nce (d) trom 4- patient hétﬂl) i ke
conventional gti [ e - e

terms. gAng%Hﬁlgrn\egi%ﬂ]@?b%%%ﬁ@gﬁfﬁi%%‘ ggféﬁg tﬁhéh?‘{eké;&é 51 %ﬁétyé 0

synt hesi ze, or cHgtired as the poigtbigesting the dinalieiningshe Leaters gt e oRERINgsolof

si gnal s recei vedthdedragdnal 26t eni ng environnents i-n a -
t hr ee- di nensi onal space. This is achieved by I ncorporating the

various filteri n% effects of room acoustics, at m)sipheri c
our of the speakers, i.e. #1 (89), #2 (90), #3 (91), and #4 (92) are located in

10 the transverse plane 95 containing the head reference point 88. Speakers 1
through 4 are positioned at azimuth angles 0° 45° 315° and 270°,
respectively, as shown in Fig. 7 at A. Three of the speakers, i.e. #1 (89), #5
(93), and #6 (94) are located in the sagittal plane 96 containing the head
reference point 88. Speakers #1, #5, and #6 are positioned at altitude

15  angles of 0°, 45°, and -45°, respectively. as shown in Fig. 7atB.

A set of transfer functions for the six-speaker configuration shown in Fig. 7

allows six pairs, i.e. right and left ear measurements, of frontal

measurements where the head is facing speaker #1. An additional six pairs

20 of back measurements are preferably. taken where the head is facing

opposite (not shown) to speaker #1. Accordingly, a complete transfer

function set consists of 12 pairs of measurements that represent finite points

in & sphere of a radius (d). Of the twelve paired measurements, eight paired

measurements are in the transverse plane and six paired measurements are

25 in the sagittal plane. Two paired measurements are common to both planes.

~ Paired measurements contain not only individual transfer functions for each

ear, but also contain the interaural phase relationship with respect to each
speaker. '

30 A transfer function measurement set with a pair of probes placed near the
tympanic membrane in the unocciuded ear canal is referred to herein as the
unaided transfer function Hyg (pn, jw ). where pp is the location of speaker n'

- defined by polar coordinates d, 8, and o, where d is the distance between
the speaker and the head reference point as shown in Fig. 7 at A.; € is the

35 azimuth angle of sound incidence with the respect to transverse plane as

- shown in Fig. 7 at A.; and a is the altitude angle with respect to the sagittal
plane as shown in Fig. 7 at B. Hya (Pn, jw ) represents the acoustic transfer
function that results from sound propagation from a speaker #n to the
tympariic membrane when various acoustic factors are considered, including



absorption, spréading | oss, interaural delay, and spectral shaping of

external - ear, and other body effects. For exanple, a |listening
condition representing a 10 teacher-talker in classroom is digitally

synt hesi zed and acoustically delivered via the ICP to a child to
assess hi s/ henygemsdpd and aided |istening ability in m
envi ronnent . Spatial?ged conpeting signals representing‘c@kjﬁ!gld'zlﬁﬁé8
children noise is optionally presented in #dition to the spatialized
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resence o
The unai ded evaPBhfRR, WERB mWBW@saBiFHg@%lﬁér [MP]ARBECE-i st eni ng

experience simlar to the way humans normal |y hear sounds, with each ear
receiving a por tr4 | | L hip 20
bet ween eachsear %&r%é?ﬁ%&\?f’%ggi&sﬂs ﬁﬂ&'\g’ mﬁﬁ?ﬁ%?ﬁé&&éﬁ%ﬁkﬁs@%
convent i onal ° audlf yIRER pRda-iese meastiemanty aJsiriigdloliaranias to
each ear indivi élialAny, imowhishaaplessniisectcansfer netiarafromam gpeaikaretn tyanoi se
|n the opposit ergRrplate?fip) B the IOM! (BisEllssiorimbRs BEEMMYIOR], dihg 10€iohy St em
I's acconpl i shed e?/ ) |nf%répor.at| n&fthe igl ectro cous{?léé: ger ormance of a
desi red heari ng"HrgseMative o frHierogndie BASTHPY iR "aSAPIR OF B Fimuaiss: i ¢
signals. The si hearng:8didneari ng aid . electroacoustic paraneters include
m crophone #md receiver transfer functions, and anplifier and filter

t fore N rer L a
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feacher- Lol ker sl Mgk o, 4 AT sohite & inyeféelfiobrional to
: 15 distance in normal atmospheric conditions. Furthermore, a transfer function
of a point in space can be approximated by the weighted average of the two
nearest measured transfer functions. 'Fig. 8. shows an example of an
approximate transfer function H(ig ,jw} interpolated in the transverse plane
at point /3 from transfer functions H (i1, jw} and H (i2, jw), which are also
20 interpolated from transfer functions H{m1t , jw)and H (mg2, jw) measured
with speakers #1 (89) and #2 (90). '

Thus;_
25 - H{ig.jw)=[H(mq1,jw)+H(mz,jw}]/[2 " Lat (W) ] ) [1]

where Lzt (jw) is the atmospheric loss transfer function due to atmospheric
absorption and spreading roll-off of sound. .

30 Similarly, interpolation can be used to approximate any transfer function at
an arbitrary point in a three-dimensional space from the weighted average of
the nearest set of measured transfer functions. The accuracy of interpolated
functions can be improved if additional measurements are made with
additional speakers and/or speaker-head orientations. The preferred

35 embodiment of the invention employs a practical compromise between the
number of speakers, e.g. six in the embodiment of the invention described
‘herein, and individual orientations, e.g. two: a front.and a back orientation.
Furthermore, non-linear weighting for transter function interpolation may be



with a specific source-ear relationship. A typical goal in such a specific
scenario is to maximze speech intelligibility by optimzing the

el ectroacoustic characteristics of the sinulated hearing aid. Generalized

acoustic conditions represent |istening scenarios that are associated with
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normative response data. An exanple of a geﬁgral i zed nodel is an

Dol S " s eVt o suaacs s st oot
u . 3 .
nornati ve data S{ug?@éﬁ%easure 8, Fs[wgar%gsr{uﬁe ié r@ﬂa@ 5 The VEA

system al so sinulates other hearing aid effects that can not be

si mul at ed by t heOthegittapsiesiuntlicts MefdUPeE by tHELEA aystbm inclugste ef fects of the
I ndi vidual eag. These include the occlusion effect, venting size, and
oscillatory feed otential. The occlusion effect is a phenonenon that

ck ) L
10 results in cﬁgﬁ'bee i@mfacr@’)déﬁﬂﬁéﬁfvféﬂcmm Wﬁﬁeﬂgs 8\9_ er?_cr?&{e&‘iit@iual 's
?wn ddi Voi Cﬁ inkthe-caheandirelégtrralcolisticongnsisiefinetidr) &5 measired B d.probe
n addition, t £. . vari ous
I ndi vi dual i zed :‘g?)(us @&Fﬁgﬁgg'ﬁgﬁ%uﬁctﬂgtg%gg?%lg%ﬁgéy@?%nsi onal space,
10 (2) the Hjcp-mic (jw) transfer function, representing the electroacoustic
transfer function from an ICP speaker to the microphone of the hearing aid

used during the hearing aid evaluation; and

(3) the Hicp-fo(jw) transfer function, representing the acoustic leakage, i.e.
15  acoustic feedback, from the receiver of the ICP measured at face-plate of the
ICP.

The transfer functions Hyg (pn. jw), Hip (Pn. W), Hicp-rec (w), Hicp-mic (W),
and Hicp-fp(jw) are employed in various combinations to digitally synthesize
20 acoustic signals, representing unaided, simulated aided, or aided listening
conditions, with realism that is not possible with conventional evaluation and
© fitting methods.

In Fig. 9, for example, a teacher-talker 101 and a child-listener 102 acoustic

25 environment 100 is created as follows: direct acoustic paths pry and p11,

~ and reflection paths pR2 and pr2 . for right and left ears of the child-listener

102 are represented by transfer functions iﬁterpolated from previously
measured transfer functions of the child.

30 The acoustic realization of the environment of Fig. 9 is shown in Fig. 10, in
which a digital audio file 107 that represents teacher-talker speech ‘is
retrieved from a system memory 106 and digitally processed by digital signal
processor 114. The digita! signal processor performs signal processes Hyg
(PR . jw) 108, Hyua (pL1 ., jw) 110, Hua (pR2 , jw) 109 and Hya (oL2 . jw)

35 111, which represent the paths pR7, pL1.PR2 . and pt2 , respectively.
Right and left ear path processes are summed at summing nodes 112 and
113 and are turther processed with inverse transfer functions, 7/ Hjep-rec-Rt
(iw) (116) and 1/Hicp-rec-Lt (jw} (104), for right and left ICP receivers
119/120, respectively. '



15 which are incorporated during the various synthesis processes to create

virtual acoustic conditions for an individual. BRI EF
DESCRI PTI ON OF THE DRAW NGS 20 Fig. 1 is a block |evel schematic diagram
showi ng the maj or conponents of ~the VEA system including dual ICP
prostheses ingRyd,p8s4yn the ear canal of. an indi vi dual ; a{lﬁ)robe

m cr ophone system and a conputer system i ncl uding - a o'T%r 13381 o
synt hesi zer nodul e, a digital audiometer #8dule, and a vi rtual
acoustic space neasurenent nodul e according to the invention; 25 Fi g.

2 is a block-level schematic diagramof a digital audio synthesizer
nmodul e accor di A§etiBvEIRe transten funrgiions are proviged tagcarceh the sequstisdeansitfhermat i

g i agr Zm} of abfjihgictiah tieat dicouire etweaitbaCRGecsiosndrt the rléﬂdlhéwoiu_’rWé?Bf ihen;

I g. IS a € : { e

measur enent rmgﬁrgég%lc%sr ﬁg‘g@@ fshgé'?%f/eg{rﬂ ?&ﬁap%é%sléaﬁf%ﬁ Q‘#:‘%i %ﬁaéigﬁ%ck

| evel scheniti SI90RIEAFR RN capverted taenaleg sianals Wp acdigital-to-apaiag GPBYRMAT system
accordi ng to th&Sandeoutedno right and Bt gCP$6 viasarmapdiomptrict inteefave eincuif 1 8N

ZS’O ust ?tg' '&322*{‘3 gfg%sfsoaf AOREAP R Vie? audio inhie Y listeRE2S: 4vahR@ar 1t ual
point in a %iree-dimenSional space, such as teacher-talker speech to a child-
_ listener, is referred to as spatlalization.

10
Alternatively, live-voice signals from the operating clinician via the operating
clinician microphone can be used, instead of digital audio data, for
spatialization and delivery to the listener wearing the ICP pair. The virtual
position and volume of the spatialized audio source are under the control of

15 the virtual audiometer system of the present invention, as is explained in

more detail betow.

Transfer function measurements of linear time-invariant systems, such as the
transfer functions Hyga (on, w), Hfp (on, jw). Hicp-rec (iw), Hicp-mic (w), and

20  Hicp-foljw). typically employs discrete or swept pure tone acoustic stimulus.
Other stimuli include speech-noise, white-noise, and other speech-like noise
signals. Pseudo-random noise sequences and other signals have also been
used to reduce the time required to compute the.transfer function.
‘Computational methods include Fast Fourier Transform (FFT), Maximum-

25 “Length Sequence (MSL), and Time-Delay Spectrometry (TDS) (see Rife. D.,
‘Vanderkooy, J., Transfer-Function Measurement with Maximum-Length
Sequences, J. Audic Engineering Soc., Vol. 37, No. 6, June 1989, pp. 418-
442). The advantages of MSL and TDS measurement include reduction of
room reflection effects on the transfer function. One important component of

30 measured transfer functions used in the present invention is the direct path
transfer function. '

In the preferred embodiment of the invention, the VEA’s probe microphones
are calibrated at the head reference point when the VEA is first installed in its

35 clinical setup. These calibration data, stored in the system memory, are
subsequently used during transfer function measurements to correct for the
unique frequency response characteristics of each probe microphone used
and the uriique characteristics of room acoustics.
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7 is a schematic diagram show ng speaker arrangenent in a virtual

acoustic space neasurenent system including transverse pl ane speakers,
and sagittal plwoerapenkers according to the invention; pCriugos/3ites a

schemati c di agram showi ng an exanple of trapsfer function
interpolation at a point i[err] fromtransfe “functions, measured at points
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t eacher-tal ker/ clnl ICPI Sbnelaﬁrlmmrrepreseﬁﬂmgilmndgradt for deepasaxueama:l
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15 Fig. 1o*ﬂ@@mfmwlatembe§uh@naﬁecs anagmﬂ ts'h@maﬁgmant & § of

r ea: i z ?_t ion i a_pzfmalyrmhoﬁéd %tdel ViéW rshowirstc &m IR chrermoduae fsrch twerpang
eval uatl on condi n r S
!d;,g ? @He?“‘% al k% ? gpg % ﬁéﬂlgﬁy %&%@%ﬁé?s@%gﬁgﬁl %ho in

representation o
unai ded eval uat i Bﬂluﬁ@@!ﬁ Menignsastst flee an r\QErﬁrﬁoE ig. 26 is a partially sectioned, side

10  view showing an ICP-ITC sleeve for a two-part ICP configuration; Fig. 17 is a
partially sectioned, side view showing a compiste two-part ICP-ITC
assembly; Fig. 18 is a partially sectioned, side view showing an ICP having a

" programmable vent; Fig. 19 is a partially sectioned, side view showing a
hearing aid and direct acoustic coupling method to an ICP, including direct

16 acoustic coupling via a magnetic attraction method; Fig. 20 is a partially
sectioned, side view showing a hearing aid and direct acoustic coupling
method to an ICP, including direct acoustic coupling via an acoustic coupler

- method; Fig. 21 is a partially sectioned, side view showing a hearing aid and
direct acoustic coupling method to an ICP, including a programmijng and

20 acoustic coupling interface; and Fig. 22 is a parttially sectioned, side view
showing a hearing aid and acoustic coupling to an ICP via an acoustic
coupler tip, all according to the invention.

In the foregoing figures, those elements of the invention that are common to

25 the various embodiments have a common numeric designator. For example,

~ the ICP of Figs. 11 and 12 each have a receiver 136, while the housing 129

in the embodiment of Fig. 11 is different from the housing 152 of the
embodiment of Fig. 12.

30 The intra-canal-prosthesis (ICP), shown in Figs. 11-22, consists mainly of a
receiver 136, a receiver port 189, a probe tube 133 inserted in probe tube
canal 134, vent inserts 128 inserted in vent canal 130, a probe microphone
181, a face plate 122, and a housing made of a flexible material, such as an

- acrylic. The ICP is generally designed to represent physical and

35 electroacoustic characteristics of a desired type of hearing aid with the
exception of the signal processing and generation, which is performed by
the audio synthesizer board of the computerized virtual electroacoustic
audiometer system. Figs. 11 and 12 show ITE and ITC ICPs that represent
hearinQ aids having shailow and deep canal placement, respectively.



Fig. 11 is a partially sectioned, perspective view show ng-an intra-canal
prosthesis (ICP) for an ICP-1TE representing hearing aids for shallow ear .
canal placenment according to the invention; 25 Fig. 12 is a partially
sectioned, perspective view show ng an intra-canal prosthesis (1CP)

for an | CP-1 TgaRsAsENt i Nng hearing aids for deep ear canal cr/usgsfﬁhi‘@e”e”t
according to the 1 nvention; Fig. S a perspective view show ng an

i ntra-canal prosthesis (I1CP) face- 30 pl a? end, including face-plate

probe tube holders and probe t ube pl acenent according to the
n si d ew showi ng an | CP

I nvention; - lally sectio sh

core modul e f orTréF tebeive \kég [5’3?8 %Fre&u?'ﬁ??‘ﬁrﬁeﬁtc@c}ﬁﬁ iPFRpSRE InvRAt
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configuratiqn accci q r]_ge g ‘ 117

PCT/ US96/ 13FP26 ava able hearing aids, as well as ltS very low noise output chﬁactenstlcs
ICP receiver variations from simulated heanng aid receivers are stored in the
VEA system memory as a correction transfer function used during various
simulation processes. The probe tube 133, preferably made of a silicone
rubber material and having a diameter of approximately 1 mm, is inserted in

10 the probe tube canal 134 of the ICP as shown in Figs. 11-22.

A vent canal 130 is preferably provided for pressure equalization in the ICP-
ITC versions that have deep canal insertion depths (Figs. 12 and 17), and to
accommodate vent inserts for the ICP-ITE version having shaliow canal
15 insertion depths (Figs. 11 and 15). In the ICP-ITE versions, a vent canal
allows the insertion of various vent inserts into the vent canal to achieve
~ desired in situ acoustic characteristics. For exampie, a vent insert of
réiatively large diameter may be used to reduce the occlusion effect that
results from increased perceived volume of the individuals own voice. On
20 the other hand, a smaller vent insert may be used to eliminate acoustic
' leakage from the receiver via the vent insert. A miniature connector sockst
. 138 and connector plug 123 electrically connects the ICP to the VEA system

via attached connector cable 125.

25 The VEA system, in conjunction with the probe microphone system, permits
" measurements of the occlusion effects versus ICPs and vent types, as is
explained later. The ICP also contains two probe tube holders 124 and a
placement handie 126 for placement of the probe tube, as shown in Figs. 11,
12, and 17. Fig. 13 shows a more detailed illustration of a face plate 122,
30 including the face plate tube holders 124. In the figure, a ICPATC sleeve
166, and a hearing aid microphone position 132 are also shown. This
configuration is used when measuring acoustic leakage feedback and face-

plate transfer functions. '

35 The ICP housing (129, Fig. 11; 152, Fig. 12) is preferably made of a soft
fiexible material with acoustic baffling effects to provide comfort and acoustic
sealing. Several versions of the ICP-can accommodate a variety of ear
canal sizes. For example, a small housing version is more suitable for
pediatric populations, while a larger version is suitable for adults who have



Fig. 16 is a partially sectioned, side view show ng an | CP-1TC sl eeve for a .

two-part | CP configuration according to the invention;: Fig. 17 is a
partially sectioned, side view showi ng a conplete two-part |CP- 5 ITC
assenbly according to the invention; Fig. 18 is a partially.
sectioned, sidaygigg¥é;phow ng an | CP having a pr.ogr anmab g rXRM13126
according to the invention; 10 Fig. 19 i2<9 a partially sectioned, side

vi ew showi ng ‘a hearing aid and direct "e¥%acoustic coupling method to an

| CP, including diygRGdar BEAAIS! T1fe KPIRhDRA i Fiys211 and 1278 BRAEIaBIyAdiS fekabIeON
met hod according to the #nv.entlofn; it idual |“%. h20 |.3 ?tleﬁart'al I% secti oned,
si de vi ew showi i @YoR&Enaminatiqn tom indiyidyals wiig haye igjettet €25 GBI Ry net hod to
an | CP, including direct acoustic coupling via ~an acoustic coupler
met hod accor di ngad QalidefateNéfibodffent of the Ihv@ntidd proviidsaat iwblparsack oned,

si de view shaw n “hearin I d _and..direc . i, C i hod
to an I CP, i %cl L_I%Pﬁ%“rﬁ 126} ér%‘ﬁmjdﬁ . 13&@05‘%108[6261&?!%%6E'Phgaf1§tl§%r§?;
according-to thdnianvasiety ohdisposable sieewes 127, as shor in dfigss Yeand dfedhissi de
vi ew f_hovvn ng ? fvpfibn agwmeédaaﬂéi:_ o?%ﬁh@t‘ ? afternative t&ﬁdl@bhﬁ@rﬁﬁbrﬁﬁhdﬁiwi?&aﬂ
acoustic coupl er,t ccor di o,the invention;, i | c

| evel schematic 1(]I %P%u&&wﬁ%&eg@e&mp&ﬂ%#t lﬁdﬁp???%l ) %h%%or%lpggglsag
provi ded by t he iviencapsulatedcinra frotective matariaimpreferabjy hamingceepitfiexble

to the invenbi oproperties. A decoupling capacitor 167 may be used to filter extraneous

electromagnetic signals that cause audible noise.

The sleeve part shown in Figs. 15 and 16 is typically made of flexible
material, such as a soft acrylic, such that the ICP fits comtfortably into a

15 variety of ear shapes and sizes. Fig. 16 shows a sleeve suitable for deep
canal insertions, representing ITC and CIC hearing aid types. Also shown
in Fig. 16 is an acoustic baffle system 186 that provides an acoustic seal
while the ICP is inserted in the ear canal.

20 Fig. 15 shows an ICP sleeve for shallow canal insertions representing ITE
hearing aid types. The ICP core is inserted in the sleeve cavity 179 of any
ICP, including those shown in Figs. 15 and 16. The specific size of the ICP
sieeve selected by the operating clinician depends upon the test performed,
individual canal size, and hearing aid simulation requirements. An example
25 of the combined parts of a core {CP and an ICP sleeve are shown in Fig. 17,

which represents an ICP-ITC assembly.

Fig. 18 shows a variation of the vent mechanism where the size of the vent is

“electronically controlled and adjusted {see Zdeblick, K., A Revolutionary

30 Actuator For Microstructures, Sensors Magazine, eb. 1993}. This is

accomplished by employing programmable micro-vaive 193 (such as the

NO-300 manufactured by Redwood Microsystems of Redwood City,

California) which contains a silicon diaphragm 194 which is to regulate the

size of the vent attached to the vent canal 197 via the micro-valve port 195.

- 35 Typical vent size range is between .032 and 1.5 mm, according to the

voitage level supplied from the virtual efectroacoustic audiometer modulfe in
response to operating clinician test selections.



Fig. 24 is a graphic conputer generated display showi ng a reference 30

nmeasur enments nodul e according to the invention; Fig. 25 is a graphic
conput er generated di'splay showi ng an unai ded eval uati on nodul e
according to the invention; 35 Fig. 26 is a graphic conputer generated
di spl ay show & I cted aided - nodul e according to the invention,;

Fig. 27 is a graphrc computer generated di sa.l ay showing a si RETH8%E346ded
eval uati on nodul e according to the inventi-8%: WO 97/ 23117 _
Fi g.

26 15 a gt aph o ISE: 5,150 4pd,in P APYS) WRY 19, 1551, "Rl PG hearing aids
eval uati on noduRdaRied otadiinigrieee tige thenJem: i ah;showrs in (figs. 19-22 aUnlike graph
plotting the vasoraieintivhyl aban®g it eahdRlide® eating evaludiish anetods thagbe tip
from tympani ¢ nEgREM Sty ?:ﬁlzieifggsi&g’nm&%?? to deliver acoustic signals
5 into the hearing aid microphone, the ICP of the present invention presents

acoustic signals directly to the microphone 211 of the hearing aid 214. The

acoustic coupling of the present invention spans a minimal distance typically

less thax_n 15 mm.

10 Figs. 19 and 21 show an embodiment of the invention in which acoustic
coupling is accomplished via a magnetic attraction method. In such method,
the ICP recsiver 136 is coupled to the hearing aid microphone 211 via
magnetic attraction between a magnet disk 206 on the receiver end of the
ICP and another magnet disk 209 near the hearing aid microphone port 210,

15 and which is part of the face-plate 218 of a hearing aid 214, as shown in Fig.
19. A sealing ring 205 provides acoustic sealing to minimize leakage in the
coupling. Also provided are a hearing aid battery holder 221, a hearing aid
volume control 219, a hearing aid circuit 212, and a hearing aid vent canal
217, all representing conventional components of a hearing aid device. -

20 : -

' Additionally, the embodiment of the invention shown in Fig. 21 provides a

programmable hearing aid circuit 253 that allows dynamic ITE testing via

control signals routed from the VEA over a programming cable 257. Fig. 21

shows an electrically programmable hearing aid with a programming cable

25 257 connecting the hearing aid circuit to the VEA of the present invention.

. These hearing aids contain circuits that are programmable or adjustable,
typically via electrical signals. The shown programming interface at the face-
plate is via the battery holder which is adapted to route programming

_ electrical signals to the hearing aid circuit. The programming signals and

30 interface methods are typically unique to the hearing aid model as provided
by the specification of the hearing aid circuit used. These programming
signals and interface methods are known to persons skilled in the art of
hearing aid design. Other programmable hearing aids currently
commercially available employ ultrasonic or infra-red signals with the

35  appropriate signal interface circuits within the hearing aid. ' '

Analternative acoustic coupling method couples the ICP receiver 136 to the
hearing ajd microphone 211 via a acoustic coupler 243, as shown in Fig. 20.
The extended microphone port 242, unigue to the present invention, also



for an individual according to the invention; Fig. 30 is a bar graph
plotting the neasured SPL for 5 kHz and 15 kHz 10 during.probe advanci ng
.at 6 mm from tynpani c menbrane according to the i nvention;

Fig. 31 is a bar graph plotting the nmeasured SPL for 5 kHz and 15 kHz
during probe aovwasming at 5 mm from tynpani ¢ nenbrane accor di pgriisesnBeels

I nventi on; Fig. 32 is a bar graph pI_%LIt_i ng the nmeasured SPL for 5

kHz and 15 kHz

during probe advancing at 4 mm from tynpani ¢ nenbrane

accordi ng to theacts as aihanemttb 9aiiitate insertion Bh@ refdval of hedirmrdid| 2Meduring

schemati c di agra

gan exanpl e of a teacher-

talker/child-listener scenario using predicted aided evaluation for the
ri ght -ear according to the invention; 25 Fig. 34 is a block |evel

schemat i ¢ di agr arnsther agbedimentpitRe diventiopacishown in Fig. 22, employs an
tal ker/chil d-§i sheaed

right ear a
schemati c di agra
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m showi ng an exanple of the realization of realistic
l,os. . for aided he | uati on ns accordi ng

> diti
Angmr acoustic cc:upif?jrgI nqgthgg ?not shown) employ(égg a'su'cﬁon-cup ring

to couple the ICP receiver to existing conventional hearing aids that are not
equipped with special interface parts.

- One major advantage of the direct acoustic coupling of the present invention

15

20

is to improve the signal-to-noise ratio at the microphone of the hearing aid
while the aid is being adjusted or évél_uated. This is primarily accomplished
by acoustically isolating the microphone of the hearing aid from ambient

room noise via its coupling to the ICP. '

Hearing aids of the present invention also employ a probe tube canal to
allow for probe tube insertion and subsequent in-the-ear-canal acoustic
measurements via the probe measurement system as shown in Figs. 19-22.

The conventional method of in-the-ear-canal measurements with hearing

25

30

aids involve probe placements beneath the hearing aid which subjects the
probe to pinching effects, thus affecting the accuracy of the measurement.
Furthermore, placing the probe tube beneath the hearing aid creates an
acoustic leakage path which causes oscillatory feedback. The probe tube
canal of the present invention also provides an improved method of
advancing the probe while the hearing aid is placed in the ear canal.

The sequence of these phases'as outlined in Fig. 23 represents a typical

fitting process unique to the system of the present invention. The fitting

35

process offered by the virtual electroacoustic audiometer system in the
preferred embodiment of the present invention is implemented in five
phases: (1) reference measurements 264, (2) unaided hearing evaluation
265, (3) predicted aided evaluation 266, (4) simulated aided evaluation 267,
and (5) aided evaluation 268. However, individual phases or a components
of sach phase can be admi‘nister_ed individually, or in other sequence as
Suitable for the individual under hearing evaluation. Each process phase is
implemented in a graphical module, as shown in Figs. 24-28.



35 Fig. 37 is a block level schematic di agram show ng an exanple if

t he predi ction and sinul ation of oscillatory feedback of a simulated
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measurements of vanous transfer functions that are used later throughout
the fitting process. -

The unaided transfer function Hyg (pn . jw) described above, is measured
10 when the 3D-REUR (3 Dimensional Real-Ear Unaided Response) option is
selected. Measurements are obtained from the frontal {facing speaker #1) or
back (facing opposite speaker #1) orientations, depending on the Front/Back
option selected. Plots of right and left ear transfer functions can be displayed
in either transverse or sagittal plane_depending on the Transverse/Sagittal
- 15 option selection. Fig. 24 shows a set of 8-paired Hya (pn , jw) transter
functions in the transverse plane. The measurement is performed by
positioning the individual centrally to the speaker array (discussed above)
and placing right and left probe tubes in their respective unoccluded ear
canal.
20 _
Ancther novel feature of the invention is the ability to measure and quantity
the occlusion effect of the simulated hearing aid, as well as the fitted hearing
aid. However, before the occluded measurement is taken, a reference
' measurement with the ear canal unoccluded must be taken. The procedure,
25  briefly described here, is to request the individual to utter a vowel, preferably
. a-vowel with high .energy' contents in its low frequency spectrum, such as
“ee.” A measurement is taken with the probe positioned near the tympanic
membrane. The occlusion effect reference measurement, j.e. unoccluded, is
: _. saved for occlusion effect measurement with the ear canal occluded using
30 either the ICP or the hearing aid, as is explained below. The occlusion effect
reference measurement is performed when the occlusion reference optron is
selected.

The face-plate transfer function Hfp (pn, jw) (plots not shown) is measured

35 when the Face-Plate Response option is selected. The ICP is placed in the
ear and the probe tube tip is placed in the microphone position 132 of the
face-plate as shown in Fig. 13.



ai ded, and ai ded conditions. The VEA al so offers new nethods for hearing
aid fitting and analysis using a conbination of digital synthesis of -
realistic ~acoustic stimuli and in-the-ear-canal response measurements

t hr oughout the assessnent and fitting processes. 20 Fig. 1
shows the mai n wospeslents of the preferred enbodi nent of the Yeohwsderisize
system 15. A pair of intra-canal prosthesesgglCP) 22 is inserted in the ear
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measurements. The new method of the invention involves acoustic
presentation of a dual tone, one at a low frequency in the range of 1 kHzto 5

15  kHz, and a second at a range of 15 kHz to 20 kHz. The acoustic response to
tone signals delivered either via a spéaker or the ICP receiver, depending
on measurement, is continuously measured by microphone probe system
and displayed on the monitor, as shown in Figs. 30-32.

. 20 A plot of the acoustic response in an ear of an individual for each tone,
shown in Fig. 29, indicates a characteristic rise in the low frequency
response and a notch in the high frequency response as the probe is
advanced closer to the tympanic membrane. This notch occurs at
approximately 5 mm from the tympanic membrane for the 15 kHz tone.

25 Monitoring of the relative response characteristics during probe insertion
 provides a visual and computer-assistéd method ta indicate proper probe
positioning as shown in the spectrum plots of Figs. 30-32. The end of this
procedure is' generally indicated when a significant notch, typically
- exceeding 15 dB as shown in Fig. 31, followed by a significant rise in the

30 high frequency, i.e. second tone, response.

The low frequency, ie. second tone, response shows only a small increase,
within 3 dB, as the probe is inserted closer to the tympanic membrane.
Although probe tip to tympanic membrane distance approximation is
35 possible with this procedure, the object of this procedure is to position the
probe such that minimal standing waves are present at frequencies of
intergst during transfer function measurements. For example, if unaided
response measurements up to 6 kHz are desired, advancing the probe until
detecting a notch in 15 kHz response ensures measurement errors not to
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11 that al so

Bl ock di agrans

- 20- out put

termnal 16 for connection to a plurality of ‘test speakers. These _

nodul es may be contained at or within a standard personal conputer (PC)
3f\s standard conputer accessories such as rrerr,ﬁﬁr?y

storage devices 17, a display nonitor 10, a keyboard 12, and® 4431243,

5 Menory storage devices are collectivel y34eferred to as system nenory 17.
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20

d)rgtpt:g Histance to the tympanic membrane. e appropriate probe position
is referred to hereafter as the probe reference point.

The second phase, unaided evaluation, is implemented by an unaided
evaluation mod'ule, shown in Fig. 25, which consists of an unaided analysis
window, shown open in the figure; a spatialization window, also shown
open; a signal mode! window, shown iconized; and an audiometric
evaluation window, also shown iconized.

The unaided analysis window allows for various in-the-ear-canal
measurements and displays for hearing evaluation in the unaided condition
while the ICP is inserted in the ear canal. Measurements and plots include

- Audiogram spectrum, Distortion, Time Analysis, Spectrogram, and 2-CC

25

curves. Acoustic stimuli, measurement methods, and associated plots for
these tests are known to persons skilled in the arts of audiology and signal
analysis. However, the Audibility Spectrogram is a new feature that is unique

- to the present invention as described below.

30

35

The Audibitity Spectrogram is a spectral plot showing the audibility of a
signal with respect to the hearing profilte of the individual and the critical
audibility features of an acoustic signal. The audibility spectrogram is
essentially a three-dimensional matrix represented in a two-dimensional plot
that indicates signal dynamics (time) and Critical Audibility Regions (CAR)
versus frequency, as shown in Fig. 26. CARs, shown as the outer contours,
are specific to each signal segment that is selected from the signal model
window. CARs of a speech segment are defined by the critical sound
features, such as the energy of significant formats in vowels, the energy of
fundamental frequency of voicing, the energy of aperiodic frequency sounds,



representing audio signals via its input connector 31 fromexternal audio
sources such as tape or CD players (not shown). Received anal og signals 25
are converted to digital signals by the anal og-to-digital converter 32 for
signal processing via digital signal processor 33. Mul tiple digital
audi o synt hesi agH offpdit €es (not shown) may be used to enhgpeRishd?B126
systems digital signal processing capabili §¥_ This is particularly 30
useful for parallel real-tinme binaural signd synthesis. Miltiple digital

audio  synt hghd Zfer BN kndWh 16 tert AfleMYibRR RAbHIA, OhfashtiRlfiosS of
one digital -~ %l?ldldo sxntthes.l zq&ﬁé&gul ﬁ{o he ‘auxiliary input 30, or
i nput 31 of anot fighending o the signa 55@ 8%si zer nodule. The internal and
auxiliary signals are cormbi ned Wi thin the nodule at a summi ng node 36
g_r I _0{ f 0 ogt put . The Audbifty Spa&ﬁég?ahﬁsio@r&recaémaa %cdﬁbﬂ'lig@_;éﬁééﬂdqmm%%
i gital audiqg. sy nodul e used. Eac 0
Mot or ol a DSP5600 ﬁ%?g‘%% gfgnals ang i?ﬁ'&?g ﬁﬁﬁ%s%%éj PLy cEE%gﬂ%ﬁﬁg%g\{gmg
WO 97/ 23117 computed and compared with the measured hearing profile of the individual
PCT. { uSo6/ 331363 at the CAlas. CI}I\/_!ea_sureld spegt_rogram values that fall behl)wiiﬂe thresho!d'Big
anal og. out put 3 e, digital audio_s i rmﬁ” .
to the m xer 458'(1)%&"%%?{] 8']% g]dt'v %qoq@t %?s\f%%ﬁﬁ%zgém(llf eg%"}lgvéaz.ré?égh?
~ connector values\rwinigh ‘definieotha gutarscerionr vegiom wilin dhgi CAR; awbilenet er
nodul e are 10 measured spectrogram values that exceed the threshold of hearing within
CAR are assigned Above Threshold (A-Thresh) values which define a region
within the Below Threshold region; and measured spectrograms values that
exceed the uncomfortable loudness level (UCL) of the individual are
a;signed Above-UnComfortable Loudness level (A-UCL) values which
15  define the inner-most contour regions.

The resulting color-coded plot is typically contour shaped for speech signals.

However, any type of acoustic signal can be assigned CARs and a

corresponding audibility spectrogram based on the individual’s measured

20 hearing profile. The objective of the 'Audibility Spectrogram plot is to provide

a quick graphical means of indicating the audibility of dynamically received

acoustic signals by taking in consideration the individual's hearing profile

and the critical audibility features of a signal madel. This plot is particularly

. important in hearing aid fitting optimization processes during predicted
25 aided, simulated aided . and aided evaluation. - '

' The spatialization window permits selection of signal presentation mode,
either in Spatialized or Intracranial modes. Spatialized mode presents
“selected sources and background signals to be delivered to both ears via
30 inserted ICPs according to the selected spatial relationship of head, sources,
background, and boundaries, as shown in Fig. 25. Spatial relationships
include the distance between the audio source and the head reference point

(0), azimuth angle (6), and altitude angle (o).

35 Various individual and calibration transfer functions are employed to
synthesize audio signals with realistic listening effects. Signal sources and
corresponding levels are selected from the Signal Model window (not
shown): ‘Intracranial mode. on the other hand, offers the conventional sound



mixed via mixer circuit 45, anplified'via an audio anplifier circuit 46,
and 5 inpedance nmatched and routed to various audi onetric transducers

via an audi onetric transducer interface circuit 49. CQut puts to
audi onetric transducers include I CPs 50 (discussed above, and in
further detai M@ﬁvﬁ% bone vibrators 51 (not shown), a headphone 52
(not shown), 7 r conventional methods of dellver?%'-’%ﬂi’\’&é to

the ear of an individual. 10 Anpl i f i-88F signals fromthe audio
anplifier 46 are_al so.sent to t nt hesi zer nodul e
i nput 31 from a[?{eﬁ?fit%mbm‘*@d E’F?'@tﬁé’eﬁ?doﬁpﬂﬁlﬁ anddco"eé\éﬂﬂ%'egl'ﬁ‘f?'ﬁgre The
m xer circuit spliyesed withadut spatiatizativedoiopaoriboth earsei vi ng audi o
signals from|CP m crophones 55, an operating clinician m crophone 15 56

(not shown), a a cro hone .5 no Vi a crophone
anplifier 58. Fhe? S%"él%dﬁg 'qdio AU thé %fﬁ%ﬁi'gn\%csgp r}ﬂ WF Bund
“connectors $§3 a@ignais eod anpesdondihg level. Seurae selestipn maydre szbwadommpet 0

m xer circuit r S yed to
et ace the ;b‘%e;éé%] Wg, 1S&r Eﬁ Onsﬁdl“&ﬁéb%ﬁgé&! éigrﬁxﬁéﬁﬁceGOBéékgg%r iﬂ*ﬁ d)to
register an i ncf’Y gr yplggl{[y fAWPE ”%ﬁéggf"l'ce Y'fmqm%fu'??'ﬁﬁ' and othgr, . ; s
audi onetri c ev#igngl wwwsslgmﬁ&m&:‘rﬁﬁ teyet lof isignain selected iff theophone,
connected to tbpaﬂalmddainoaudsweﬁe%bl ldB?SP@J tAiFatb@ao 1 metenonerrﬁihélg

i cr ophone |21 | S, 7 e el {1} HE%%H% albahl pili pafop 7'

clinician duri r?@ef@é#ttlmmsndwdoweﬂﬁ §Pi-e%ﬁ @qu é’qdﬁ?d’fﬁéﬁmlcmmses

from' t he spsteirent . The patient m crophone is also used in occlusion
ef f ect rreasurerrents as are described in nore detail below. 30 The
digital audio nmodul e al so.includes a PC-BUS connection 43 and

PC-BUS interfa r!ﬁ jrirgetanial magles SPYrRR anFLasgIouRe signgisodfetrertadlauiaitt o t he

15 left, or booth ears as in conventional audiometry. The level of signals
- selected in the intracranial mode is preferably in dB SPL. The Hjcp-rec (jw}
transfer function measurement via the ICP calibration procedure described
above permits level selection in dB SPL. Furthermore, measurements via
the probe microphone system can be made as needed to ensure that the

20 probe and the ICP remain properly positioned in the ear canal. -

A specific selection of source and background signal type, levels, and
spatialization mode is defined as a signal model. One or more signal models
can be selected, saved, and retrieved by the system for presentation and

25 analysis purposes. A signal model can represent any individual or a
combination of acoustic signals/scenarios, including speech, background
noise, music, pure tone, maskihg noise, composite signals, and other
audiologizally significant signals.

30 The audiometric evaluation window, shown iconized, altows for various
conventional audiometric measurements to be taken. This includes
threshold audiogram, most comfortable level (MCL), uncomfortable loudness
level (UCL), speech reception threshold (SRT), and various other
audiometric measures known to persons skilled in the art of audiology.

35 However, unilike conventional audiometry where transducers are calibrated
in various acoustic couplers and measurements are measured in relative
hearing level {(HL) terms , the preferred method measures the in-the-ear-
canal response in absolute sound pressure level (SPL) terms.



VEA to coordi nate nodul e operation at the system| evel. The VEA al so
i ncludes a virtual acoustic space neasurenent system (Fig. 5) 35 that is
used to evaluate the individual's acoustic transfer function set. A

bl ock di agram of the virtual acoustic space nmeasurenent nodulée 14 is

shewn in Fig. 4vodf@ii rtual acoustic space measurenment nodul gctesRigRs

el ectrical signals, representing various aggéstic signals, fromthe-digita
audi o synt hesi zer nodul e out put connectors via a set of input connectors

\Ignggl?J/S Sg /1127%126 Ancther feature of the invention relates to the modes of audiometric signal o1

| nput signal | e\,pé'Ps%m?m rﬁgﬁes&ﬁt&eq 3’81?%5"?@“58%85{55"?5@8@’\?%%"5’%%?3 .
circuit 65, an Sfiededifsam the Spatiakizstion ogindawdnat oplyaftact the tAragertation
interface seleédtgd!frbmithe Sihreal Mbdel irtdfow, bat is6 thAudioniéiic Evanaten
nmeasur ement d | C ' 1 rSgpi N a
speaker arr a?o 1%&{‘:‘%@ as well. F?h Q@'ﬁﬁ%%%@éﬂ&s? Peéﬂ;? %ggw%&zﬁssﬁr%gﬁgﬁ '?rgaul e
al so includes a PorMi€2, commensed nconvestignaicsangsh audiemgty, EAPRR t 67

t hat dl i nk thedv:prréyaheddﬁuhéi@nventiondﬂﬁﬁ@crﬁﬁmlm:imlrdr @wﬁhﬂvélp.dtrhmé/EA to
coordi nat e nodu t] : t. ystem | evel . Such coordination
I ncl udes pr ocesss?)ﬁga?r’??odrugn% ?’I‘)’ﬂue icbthei ’ﬂg‘?@éﬁi ve of patient. head position

connected to the nodule froma patient
10  The signal process of a spatialized unaided evaluation involves the unaided

transfer function Hyg (pn . jw), interpolated based on selections of the
spatialization window, and the H jcp-rec (W) transter function. A signal
process implementation of a particular spacialized unaided evaluation is
| shown in Fig. 10. ) :

15
The third phase, the predicated aided evaluation, is implemented by the
predicated aided evaluation module. This module, shown in Fig. 26, allows
the operating clinician to select a hearing aid and predict its performance
without the involvement of the hearing-impaired individual. The module

20  consists of a Hearing Aid Select/Adjust window, shown open; a Predicated
Analysis window, shown open); a Signal Model window, shown iconized; a
Spatialization window, shown iconized;and the Audiometric Evaluation
module. The Signal Model, Spatialization, and Audiometric Evaluation
windows are essentially identical to-those described in the Unaided

25 Evaluation phase.

The Hearing Aid Seleci/Adjust window permits hearing aid selection and
subsequent adjustment. The predicated results of the selection/adjustment
~are shown on the selected plots of the adjacent Predicted Analysis window.
30 Hearing aid selection can be automatic or manual, ldepending on the
hearing aid selection Automatic/Manual option selected. Automatic selection
involves selecting one or more hearing aids based on the fitting algorithm
selected, and various other criteria selected by the hearing-impaired and the
operating clinician. Conventional fitting formulae and methods, such as

35 POGO, Berger, and NAL-ll, are provided. | :

The preferred fitting method is the dynamic audibility method which employs
a rational such that Audibility Spectrogram is aptimized. This corresponds to
plots that maximize the Above-Threshold (A-Thresh) contour areas while



head positioning sensor via a connector 70 and a positioning sensor
Interface circuit 69. An adjustable chair 78 is preferably used to
ensure proper ear positioning 15 within the neasurenment space, as shown in
Fig 6. A vertlcal adj ust nent .lever 79 adjusts the vertical position
of the indivi Qg 4 he chair. A back adj ust mrent knob_381 ad usts a
chair back support gb The head support 82 is adjustabrgnp Qaﬁﬁort
the head of the individual seated on the. "88rair. An ear p05|t|on

f {
canal Copening. pormidhdShefloh®hitEbndf RGENBeRY S84 Aboe Brttinfbnatle
ear position ré?%‘f"@?ée‘-%\’?h(pswqi% cpniape pEFSy Hearpg aid @W?@ﬁhqtm,esemat@n ea via

a reference ar rtheeselscted critetjasrerautemétivaly Bri¢vedirom thezsystaro wsmory.
reflections into the ear area during transfer function nmeasurenents.

25 An infrared frackl ng met hod (not shom&ﬁ)rra%/ al so be used to position
and i ntAllemativelycmanyal selectionopan be, srade) Ry GhOeSINGseRR 0Tt HOfhe
speaker array Iaring aid nkodgls fromStheOdvailkbig. list Jof nfodaig heamiid aid modiel ar get
obj ect (not Sh(&ﬁﬂhrrﬁ’é af tﬂré’ﬁ?cassa Iy FE@hB%&J%ﬁc ‘?%rrarh&gﬁseﬂ{at e u's?g syt dual .

may be used to reflect t I n I nfrared

light enmitter. gqr@[},g,rocéeglsm@ &&ﬁ@ﬁ? I mg Fh&’h@areé&r"%yp% s'g’r’%'fﬁ”'eﬁ?%ﬁjafq ght
whi ch is det ectusddlip thdaePrednsieﬁl Amalygis svindow fornareaiysis ané Pidifing purposes4) .

The virt Uahoacﬂbﬁri Srd???&é Sfr%“ge@“ﬁfneﬁgﬂﬁrﬁﬁrﬁ&% d’é}rér%uﬁgﬁrﬁie% of

transfer functions re used durin ar eval uat1 on process.
General ly, a traé’ﬁ%'f‘ cq ¥n o i BAN YA, dep 65‘|n959§t the g‘é\“f'ﬂﬁsa'g agiystragnt
function AutemhaticiMiangaloptjon eod ¢heafitting meetieod belected.er i stics that are
dependent on frequency (w). Once a transfer function H(jw) is

el tog o s B aig contfal PR Ster 3o Bpicay Unlaue"R e héiiihg SR °°
15 'model selected. in the example wrndow shown in Fig. 26 with hearing aid

model DigiLink 100 selected, the control parameters are: volume control

(VC), Low Frequency Cut (LFL), compression Threshold Knee (TK),
Microphone type (MIC), Receiver type (REC), and Vent Size selection which

reflects vent size of the ICP inserted. If a different vent size is selected, either

- 20  manually via the vent insert selection, or electronically via the programmable
micro-valve vent selection, a new Hjcp-spkr (jw) transfer function is

preferably measured to improve the accuracy of the anaiysis.

The predicted analysis window is essentially identical to the unaided
25 analysis window. described above, with the exception of the signal
processing model that inciudes the measured face-plate transfer function
Hip (pn. jw ) (292, 293; Fig. 33), hearing aid transfer function Hpg (jw) (294;
fig. 33), and the measured ICP receiver to real-ear Hicp-rec (jw} transfer
function for the aided ear (295; Fig. 33). The hearing aid Hpg (jw) transfer
30 function is typically non-linear and varies depending on the hearing aid
selected. The total heéring aid transfer function Hpa-t (jw) typically includes
transfer functions of the microphone Hmijc(jw), hearing aid circuit Hpa-rec
(jw), and the receiver Hhg-rec (jw). The transfer function Hpg (jw} differs
from Hpga-¢ (jw) by excluding the hearing aid receiver and, instead, including
+35  a receiver correction transfer function HRec-corr(jw). that defines the
difference between the predicted hearing aid receiver and the ICP receiver
employed. This correction transfer function HRec-corr (W) is typically a linear
transfer function and is supplied by the VEA system.
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transfer function set in the virtual acoustic space neasurenment systemis

obtained froma set of acoustic sources, such as speakers, positioned in a
t hree- di nensi oveb 9p3are. The preferred speaker setup is an arpeyusds 13126

speakers 89-94 positioned at an equal distagce (d) froma patient head 5
ref erence point 88, as shown in Figs. 5 and 7. The head reference point 88

i's def i nedhaspretietqubaidéd Ahaipsis prigess eorl amaidpairighneart 4l grezidied fefiof t he
openi ngs of -~ t @ty £ . fiool . #1
(B9). #2 (90), ﬁ%@ﬁ@ Ch ey onar ks Sl s JPDIEFE 20, The,

pl ane 95 cont ai APFHitS:%fdhe gigital signal Braces arsstogest mdhe systed memory 106 #efough 4
are positioned anablysisrarichdigplgy.es O[err], 45[err], 315 err], and 270[err],
respectivelys as shown in Fig. 7 at A Three of the speakers, i.e. #1 (89),

#5 (93), d #6,(94). are located in the sagittal plane 96 cgntaining
t he head %ﬁ@r’@h&@ %!dhﬂtprsélptes&aé«m the,qyste ,m%‘ﬂ'e#'@"éqees HsbHitYoned
at altitude 15 aanbisis a$ ddseribpd dbpee.r [Thearmlottihg, inclagest aweAydibilityshown
In.Fig. 7 at B. Spectrografh ﬁ%ﬂicaﬁé?ﬂﬁ{ﬁ?ﬂi%%%&”éf ﬁé’lbwtﬁﬁeﬁidf%,sﬂs ro
configuration s an | Fi g. % 0 Sl X R_alrs, ,.e. mﬁ tt ER | eft
.ear Measurement ,rqﬁho gpégépove-UCL with respect to critical audibility regiofis {CRAs).

10 Fig. 26 shows improved audibility in the predicted aided condition versus

unaided condition shown in Fig. 25, i.e. increased Above-threshold contour
areas.

Another prediction measurement uniqué to the present invention, is the

15  measurement of occlusion effect caused by the insertion of the ICP into the
ear canal that is characterized by the percei{/ed amplification of the person’s
own voice. The present invention provides a method of measuring,
subjectively and objectively, the magnitude of the occlusion effect. The
subjective method is performed by asking the individual wearing the ICP to

20 evaluate his own voice when speaking. If the response is objectionable to
the hearing-impaired candidate then -an alternative ICP, representing a
different hearing aid, may be considered.

The objective method involves the measured response via the probe system
25 in the occluded ear canal and subtracting the occlusion effect reference
~ measurement, ie. unoccluded ear-canal measurement, as described above.

The patient microphone 57, external to the ear canal, is typically employed to

tecord the individual's own voice during occlusion effect measurements to

30 ensure constant intensity level during both unoccluded and occluded ear

canal measurements (see Mueller, H.G., Hawkins, D.B., Northern, J. L.,

Probe Microphone Measurements: Heari id Selection and Assessment,

1992, pp. 221-224). A unique feature of the present invention is to eliminate

- not the only requirement of constant voice intensity, but also constant voice

35 spectral characteristics. This is accomplished by adjusting the calculated

~ occlusion effect measurement by the difference in the spectral characteristics
of the individual’'s own voice. ' |



measurenents where the head is facing speaker #1. An additional six pairs
20 of back neasurenents are preferably taken where the head is facing
opposite (not shown) to speaker #1. Accordingly, a conplete transfer
function set consists of 12 pairs of neasurements that represent finite

poi nts I.n aH%sohere of a radius (d). O the twelve paired
measur enent s, &PJHEPhi r ed measurenents are in the traRS&T&IS8EI3N6 e
and si x paired nmeasurenents are 25 in the-4Rkgittal plane. Two paired

measurenents are, co n to both. planes. . Pai red pneasurenents contain
o onty i ndivi St KPS e fin [ rudigloay,tiat deep REERNG CAIE taeeBRebnt ai n
the interaural ghhstentislyaedoceshihe odciusioncsiiect: paricwadhat low freguendies in - 30
A transfer funcipdnga HHSBER! 1660 HY. [Thalefdfd,” a YmdlePIEP, RbaRENtI®ga t he
t ynpani ¢ .nenbr ane ha he i 0 F‘l uded ear canal is ;fef erred totheraﬁ' 1, as t he
unai ded transfers"WﬁEtsi"BHaEﬂcg ??"’C%[aé‘irﬂ",ayj%,”sﬁﬂ PE Sﬂf’g??‘jeq SR Lat i on
of speaker n5 phases.i ned by polar coordinates d, [err], and [err], where d
is the distance between t he speaker .and the head reference point as

hown in Fig. 7 Al is the 35 azi | e~gf NG
W th the T eapec TP gersiE stipacfealol Teo eSS B2 09) FoBimeuicPATET R ce
[err] is the al shewadn thegplet of Fig. 23sPus plat indieptess a gignifigant occlugien géests
shown in Fig. 7deé tB.ihéliePHTE(RESIS the IOR-ICRRISCSS Mdvitlg. TnBUStdpettcanst er

Lympant ¢ e s oREcnils GETTE HEledn PORE, et bl O el RERARR 5 ckBbieh; g

effect is known to be directly proportional.

The advantage of ICP measurement at the probe reference point is that all
‘measurements taken are independent of the ICP selected or its placement in

15 the ear canal. However, 10 present accurate spatialized sounds to the
individual, the Hjcp-rec (jw) transfer measurement is required whenever a
new ICP is selected and inserted into the ear canal of the individual.

Another measurement unique to the invention is that of acoustic feedback

20 caused by acoustic leakage from the ICP receiver, when simulating a
hearing aid receiver, to the face-plate of the ICP, which simulates the face-
plate of the hearing aid. The transfer function Hjcp-fb(jw) (338: Fig. 37), e.g.
amplitude and phase response, is measured at the face-plate as described
above. The opening created by the removal of the probe tube from the ICP

25 probe tube canal is preferably plugged during the feedback measurement to-
exclude acoustic leakage due to the probe canal.

_A significant épplication of the feedback transfer function is in the simulation,
and thus prediction, of osciliatory feedback of the simulated hearing aid.

30 This undesirable oscilatory feedback manitests itself in the form of whistling,
which interferes with the normal operation of the hearing aid. The prediction
and simulation of the oscillatory feedback of a simulated hearing aid having
a selected setting is accomplished by incorporating the ICP feedback
transfer function Hjcp-fo(jw) 337, as shown in Fig. 37.

35 - . ._

Oscillatory feedback can be audible to the individual wearing the ICP via the

ICP receiver. The oscillatory feedback can also be measured via the ICP

microphone system in conjunction with the VEA system. This feature aliows

the operating clinician to adjust the settings of the simulated hearing aid,
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at nospheri c propagati on | osses, effects of head, torso, neck, pinna,
concha, ear ctanal, tynpanic nmenbrane, and m ddl e ear inpedance.

Transfer functiveneymasurenents with a probe tube placed on thgctassnBizt e
5 of the ICP may al so be made. These rreasurerrents are referred to herein
as Herr](plerr], jw, which represent the transfer function froma

Egleg\lfv)er ﬁtn ; ol gc pamcuraﬂyaw@gﬁharr ’Q"B%’étéé. Vdnag drrawrﬂsrz@uw%ﬂtgaﬂogmnaao@eg ﬁ';
face-plate of a 2?%?@?8'6 &% minimizbd r‘?ézﬁT tggd é"i%%yn} E&] 5&?&/&%’]’ b

transfer functi ofMAigyed, (e select eaurtqmanqauy an aiieraaip heafing pisl gr alternate

plerr],[err],[ernbatimg aid paraﬁfé@@resétt soew st esctitdly fbedbidek ignfinihized]orcan
be |nterpol atgd Buﬂiﬂa&é‘be set of measured transfer functions as shown
in Fig. 8. For exanple, I s known t hat the sound pressure from an

audi o source is inversely proportional to 15 distance in nornal
at nospheric condrrheomedrct'w ERd BASlysi8 Wirklow alsof imolidesnother anatyisisa apdi nt

in space can be g eﬂﬁ@ ftﬂgd‘g\%&htcggoﬂ%ﬂr e %angﬁ téﬁf%]g:tro%ram

near est rreasured an ex

appr oxi mat e trangff’é‘r P(M@ct frbﬁsﬂ(ﬁf?eﬁ*ﬁfj‘d?ﬂbzeprﬂ"éﬁ}tfﬁﬁ‘@é& F“HdtMQtSt hatArer se
pl ane W0 pkmown td persbné skied methefat of hewringaeienties iahd teghnolggy) Thed H

Glerrl, iw, vy Ea 91 Morfly il HUAIGH o ARAA ISR
#2 (90). s]tan %@? [CQHP']F-" cupyes-using real-egr-1o;3; °PQ’H err],

jw /[2*L[ er r] (] V\gt(]mversron formulas Btdndard signal models, such as pure tones, are
typically involved in the 2-cc coupler measurements (see Specification of
15  Hearing Aid Characteristics, ANSI-S3.22-1987, American Standards
National Institute). Other evaluation methods conceived and well within the
means of the invention include the Articulation Index (Al) measures for
unaided, predicted aided, simulated aided, and aided conditions.

20 An objective of the predicted aided module is to predict objectively the
performance of a selected hearing aid according to the selected signal
model, selected hearing aid parameter set, and the individual’s hearing
profile, without the invoivement of the hearing-impaired individual.

25 The fourth phase, simulated aided evaluation, is implemented by the
~ simulated aided evaluation module, as shown in Fig. 27. This module allows
the operator to select and optimize -one or more hearing aids and simulate
their audible characteristics. The module consists of a Hearing Aid
- Simulation window, shown open; a Simulated Aided Analysis window,
30 shown open; a Signal Model window, shown iconized; a Spatialization
window, shown iconized; and the Audiometric Evaluation module, shown
iconized. The Signal Model, Spatialization, and Audiometric Evaluation.
windows are essentially identical to those described above. T!_f\e'Simulation_
Aided window is essentially identical to the Hearing Aid Select/Adjust
85 window of the Predicted Aided Evaluation module. Similarly, the Simulated
Aided analysis window is essentially identical to the Predicted Analysis
window.



where L[err] (jw) is the atnospheric |oss transfer function due to

at nospheric absorption and spreading roll-off of sound. 30
Simlarly, interpolation can be used to approximate any transfer function
at an arbitrary point in a three-di nensional space fromthe weighted
aver age of wo oidgnearest set of neasured transfer functi T
accuracy of interpolated functions cg be inproved if g%??‘@%’fl‘
nmeasurenents are nmade with addi ti ona“speakers and/or speaker-head
orientatfons. TRndbelilbidhto 3pincSkioPalocalovaianbl iRRI R AOMANIS

Brbodi ment of " HRIY focuieszaeuBHlatadiaidsd conRions and g wiaesry the Audible
orientations, gegults imthehéanng-ingaired ihdividuat.i Antlari significant differehberisior e,
non |7} near 7wei bt BRall 8 b PRASHG by i hfiuld bBSRPLA B URRY, Miher than
PCT/ US96/ 13f26 predicted, data. The measured response is obtained via the mjeyophone _
][mr e appropri atprobé nt&asarexﬂer&ﬁysteﬁmbwiﬂl ttfca m‘bggal"pdulmfe@ ai b e prodd rgehrence ansfer
uncti on neasur n nper of 1 ndl vl dual s. er
transfer funct ipc?r@' %rgggfg?ée%a%%o?ﬂe VEA system i ncl ude: 5
: An example of a simulated aided signal process, shown in Fig. 34, involves
10 the transfer function of the hearing Hpa (jw) that includes the HRec-corr (iw),
and the face-plate transfer function Hfp {pn, jw) for simulation of the aided
ear. The results of the process are converted to analog signals via the
digital-to-analog-converter 115 and routed to the right and left ICPs, 119
and 120 respectively, inserted in the ear canals of the individual.
15 '
If the microphone of the predicted hearing aid is of directional type, then
separate microphone transfer functions, representing its directional
properties are employed, as shown in Fig. 35. A digital audio file 107 is
retrieved from the system memory 106 and processed with face-plate
20 transtfer functions Hip(p1.jw) (310; Fig. 35) and Hfp (p2, jw) (312; Fig. 35),
where p7 and p2 represent two points in a three-dimensional space. Signal
paths from p7and p2 may represent direct and primary reflective paths,
respectively. Secondary reflective paths p3, p4 ..., pn {not shown) can be
similarly represented in the digital signal process. '
25 |
* The results of each face-plate transfer function step are further processed
with the corresponding microphone transfer function 318, 320 for each
signal path from points p1, p2, ...on. The results are summed 326 and are
_ processed by the hearing aid circuit transfer function Hpg-cir { jw ) 322,
30 HRec-corr ( jw ) 324, as shown in Fig. 35. The resulting _digitally processed
~ signal is then converted to analog signal via the digital-to-analog converter
115 and routed to the appropriate ICP within the ear canal via the

audiometric transducer interface 117.

35 The simulated aided analysis window includes measurements and
corresponding plots of Audiogram, Distortion, Time Analysis, Spectrogram,
Audibility Spectrogram, 2-cc Curve, Occlusion Effects, and Feedback
Analysis. These measurements are essentially identical to those described
above for the predicted analysis window. This process is based on the



(1) the Herr] (jw transfer function, which represents the ICP receiver to
I n-t he-ear-canal el ectroacoustic transfer function, ‘as neasured by a probe
when the ICP is positioned in the ear canal of the individual; 10 (2)
the Herr] (jw transfer. function, representing the el.ectroacoustic
transfer functiwosbenirr an | CP speaker to the mcrophone of thechriedREeai d
used during the hearing aid eval uation; and (3) the Herr](jw
transfer function, representing the acoustic |eakage, i.e. 15 acoustic

f eedback, from tbfstém%eabrmy 18 fcolipitd SMeBRAG Wi Bredicripfirebadedt 6n af sdidsted

Herr] (1w, ”H‘Fe'g cr'p*’é‘nc*orr?@ﬁ/ﬁhnaﬁ Nt hé%g“%zé&% Sl |

combi nations to @7 |"P%i-|' syasglyzeskang @lgtted Wéi oRfsWitBowt GRain¥olveBENL 86 the ng

unai ded, si nul at keekringdiethairet iadididdall | st eni ng conditions, with realism
that is not ppssible wt h conventional evaluation and Fitt] ng
nmet hods. In Fig , for exanple, a teacher-tal ker 101 and a

child-1istener 109 09&%9.0& thes simuiated raidadk MOduIRis; 19 entislze Phigctively and -
direct acoustic suijectivel\gr rthe aatfopinanté of a selectaadwararmbeau accqrdings te[ err]

and plerr], for r'th&%reé”i +h&lhr-& aﬁn:ﬁEbé *}E%@H 02 1SRRG of the sbitetdd ©

r epr esent ed by unct ons from

measured tr ansf e?'g'??] {BedQ)nReasing 3id parameter sefp the ﬂ’f’é"“ﬁ@éﬁé’??@“ﬁ%h?ﬁ%g on of
t he environriént pbfiBi gnd Subjectivecespdnses-tgthelfiresented audibledigndl a digit al

audio file 107 that represents teacher-tal ker speech is retrieved
froma system ne 106 and, digitally, processed I t si_gnal
processor 114. edie@t'frgl ugjqygafo ﬁLﬁcE@’?BT"O%eH y?%sa% ngﬂ esthe
H err] characteristics of a simulated monaural or binaural hearmg al_d system that

produces natural sound perception and improved sound localization ability

15 to the hearing impaired individual. This is accompiished by selecting a
simulated hearing aid transfer function that produces, in conjunction with the
face-plate transfer function, a combined transfer function that matches that of
the unaided transfer function for each ear. The matching requirement
typically involves frequency and phase responses. However, the magnitude

20 response is expected to vary because most hearing impaired individuals
require ampiification to compensate for their hearing losses.

Once the hearing aid selection and optimization processes are completed
via VEA system simulation, the characteristics of the simulated hearing aid
25 are translated to hearing aid specifications for manufacture/assembly.
~ Manutacturing specifications include: hearing aid components simulated by
- the VEA system, including the microphone and receiver; shape and size of
hearing aid according to the ICP selected; hearing aid circuit blocks and
" circuit components; hearing aid parameter setting; and vent type/size. An
30 objective of the VEA system is to provide a detailed specification to the
manufacturer/assembler to manufacture/assemble a monaural or binaurally
matched hearing aid system that closely matches the preferred simulated
hearing aid. Ordering of the actual hearing aid is performed from the Order
menu shown in Fig. 27 which provides a printout of detailed hearing aid

35 specification.

The final step in the process, aided evaluation, is represented by the aided
evaluation module as shown in Fig. 28. This module consists of an Aided
Evaluation v_vindow, shown open, an Aided Analysis window, shown open;



(p[efr], jw) 108, Herr] (p[err], jw 110, Herr] (p[err], jw 109 and Hua
(p[err], jw 35 111, which represent the paths p[err], p[err], pl[err],

and p[err], respectively. Ri ght and | eft ear path processes are.
sunmmed at sunmm ng nodes 112 and 113 and are further processed with

I nver se transgﬁ fﬁﬁ gtlons 1/ Herr] ~ (jw) (11.6) and 1/ Herr] (jw
(104), for Y71 eft 1CP receivers 119/ 120, r espRGT/HAIEA3126
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PCT/ US96/ 13126 he

i nverse transf " AHARMEHE §P’§’”}9F'BU| wingom, %%%I'C?WG“:'%C&@QQ?HM&’H% er
function that ovodew, shawmeisonized: dndha rS@aaaN@t:oawdnddm shewindioahized| Thee of

t ihgital ear Qé‘t'féﬂth?é;&ezﬂ?ﬂﬁg‘ﬁ%e\élierﬁﬁ anﬁaa{ tgfﬂ?%%lﬁq é%‘?@dl&tb@fhtadé’d“d left
digital -to- anal‘%ﬁﬁ‘@g anpegmulat ad ﬂfﬁ’ ‘f?ﬁf“qt@ﬂt‘@ﬁ PYSy ?%@'%GY%P?“Q'CPS vi a
an audi onet bi c windewf peenits rejectrorit 7adjustmentTioé maoutaturet! peafiegt Bitg a

virtual audio lpﬁ?é!ﬁetbﬁs as In tﬁé%@@é ofk p’l‘o@%ﬁinhéb!é Abaring alcit gl‘?%vm in Bigd21,

hr ee- di n q:
stener 1'a. + OF <AV B SUdened Patimals? seging” 1R cdsk, At anyaty
|l i ve-voice si gﬁﬁl@tﬁdﬂ@ﬁ'ﬂfm@!@pahawn m’gFIQL 2ﬁ4 cian via the operating

10 The aided analysis window is similar to the analysis window for unaided,
predicted aided, and simulated aided evaluation process steps, except that
the measurements and corresponding . plots reflect the response from the
actual hearing aid inserted in the ear canal of the individual rather than
predicted or synthesized signal, i.e. simulated aided, response analysis.

15 | | |
Synthesized realistic acoustic signals are presented to the hearing aid by
coupling spatialized sounds directly to the microphone of the hearing aid, as
shown in Figs. 19-21. The face-plate transfer function, Hfp(on, jw ), and the
supplied ICP receiver-to-microphone tranSfer function Hicp-mic (jw) are

20 employed in the digital synthesis process, as shown in Fig. 36. A digital
audio file 107 representing an audio source at-location pp in space is
retrieved from the system memory 106 for processing with the free-field-to
face-plate transfer function Hfp (pn, jw ) 340, 342 for right and left ears,
individually. Other parallel processes reflecting filtering'of additional ‘audio™ "

25 sources or filtering of retflective paths, shown collectively in the dashed
rectangles 341, 343, are summed with the right 112 and.left 113 summing .
nodes. The outcome of summing nodes is further processed to equalize the
ICP receiver to hearing aid microphone coupling effects by applying the
inverse transfer function 7/ Hicp-mic (iw) 344, 345. The acoustic signals

30 suppiied to the microphones 350 of the hearing aids 351 représent
spatialized signals with characteristics selected and controlied by the VEA
system operator via the Spatialization, Signal Module, and Audiometric
Evaluation windows. |

35  Electroacoustic testing of the hearing aid, coupled with the ICP as described
above, may also be performed external to the ear canal, for example 2-cc
coupler measursments can be performed by connecting the receiver output
of the hearing aid to the 2-cc coupler input. The ICP, in conjunction with the
signal generation capability of the VEA, can produce various acoustic stimuli



clinician mcrophone can be used, instead of digital audio data, for
spatialization and delivery to the |listener wearing the ICP pair. The

vi rtual position and volunme of the spatialized audi o source -are under
the control of 15 the virtual audioneter system of the present invention,

as is explainequhdypzy nore detail bel ow. Transfer fpRpgtkRisize
nmeasurenents of linear tinme-invariant systejs, such as the transt

functions Herr] (p[err], jw, Hp (p[err];™w. Herr] (jw, Hcp-mc
U3, 1515, el gy kg Sl sniinsoiy o
and ot her speec tﬁvﬂuﬁgmf‘roisé'@“ar{ 'Z'ccs?%‘?é?'@ew&fﬁgﬁgf Hg?ﬁ ﬁ%ﬁf%rguétﬁﬁgﬁces,
and ot her si gnallEPhie.ca simulatétbbearing aid, hyseanneetinghie cecaivas autprs of BieuiCPed t o

conput e the trartsftmgfcgla,ggﬂgmnput Comput ati onal net hods include Fast
Fourier Trangform (FFT), Maxi num 25 Lengt h Sequence (MsL), and
Ti me- Del ay Spectronetry (TDS) (see Rife. D, . Vander kooy, J.,
Tr ansf er - Funct i diheMsyentionaet: only deakbsiielivelyewig today's digggoeticcasd fittingaudi o
Eggl nteerl ng ]§»OC- rob{edn-sT&R- ald® prévidds/ t'aepééh?%r Abw 18488 that are Kdologdibaily
avanagesor\/élhﬁtf neasurenent i.nclude.r s pin .
reflection effe H%n{ %grte?cgwg{eelthq ﬁ%%?'%'c?né.&%zgg%h?@é%tre%ig%(#gggﬂcof 30
‘measur ed transf &onditines.i kath simulated, aided padaitded. icAD &n MeRd ias M EUGHIPRCL
path tn gnsfreﬂiat'filuﬂtiﬂé R0l where a Hdﬁrﬁxb&mpai@éteﬁstedingrﬁhﬁdyrtemhpm‘vetmfs'/d
I nvention, the St JYl Cr ONESm i natinrfll LRk at
reference point Y’\ﬁﬁ‘éa%t'?%g%'i S!R%h‘lﬁgtéqpr%zg?téqrfégeﬁﬁla}ﬂpé g@ga@%cll H_ggsa ) %et-up.
These cal i br at | GFesERted wWithosratiafized isignalss that, rRRIRSEYE speken words i folRYent | y
used during trabatlegrotm cEvernthoagls she weonds mightder aediblef as detesmined frami que
frequency respowa‘aamﬁvW¢§Péﬁa\t9farﬁaﬁgtﬂaoeb§e§aisé@ry%os, te’d words and
t he uni que %Ear acteristics. o _r%?m acoust-i cs, . . e
might not be intelligible for the untrained hearing-impaired individual.
Depending on the verbal response, or registered response via a response
keypad, the VEA system can provide audible or visual teedback to the
hearing impaired ‘individual that indicates the appropriateness of the
response. The object of this new test is to teach the hearing-impaired how to

20 improve speech perception and intelligibility beyond mere audibility.

er

Ancther test made possible by the invention determines the individual's
ability to localize a sound in a plane or in three-dimensional space. An
example is the detection of minimal audible angle (MAA) test whereby the
25 individual’'s ability to detect, in degrees, the minimal angular separation of
' pure tones versus frequency (see Mills, A. W, On the Minimum Audible
Angle, Journal of Acous. Soc. of Am. 30:237-246, 1956). Furthermore, a
comparison of the individual's localization ability can be compared across
- unaided, simulated aided, and aided conditions.

30 , .
The invention also makes it possible to determine the individual's ability to
detect sound movements in a plane or in a three-dimensional space. For
example. a sound object can be synthesized to represent movement in a
particular geometrical and frequency pattern. The individual's impaired
35 ability to detect the movement can be assessed. Furthermore, a comparison
of the individual's ability to detect sound movements can be compared
across various listening conditions in the unaided, simulated aided, and

aided conditions. -
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PCT/ US96/ 13126 _ -27- Fig.
1 1is a partially sectioned, perspective view show ng an intra-canal
prosthesis (1CP) for an | CP-ITE representing hearing aids for shallow ear
canal placemewbo7la@y 12 is a partially sectioned, perspect |@(r_q.,ly§9@,y§1§gnovm ng
an I CP for an ICP-1TC representing hearing €| ds for deep ear canal
placenent; Fig. 13 is a perspective view SH5wi ng an | CP face-plate end

I ncl udi ng face- M'tk?dt@hpﬂhghﬁvédﬁaﬁ @QiéiEfnﬁe@Héré‘M AR ferdrendi ?&iﬂ@aﬁefef g 14

t t
![\?\IO part % Pl I@wcﬁlﬂgg "I’fl @e Tg Y"E‘Pé%‘ﬁ P ?BP[V'@&Cﬁ%ngtg'erm gtra :
vi ew show ng apphcatmgsusa;abeesubemutadnfsemqsersﬂt famth herein Withogt departings a
partially sectiffmethe lﬁteand]&o e\f Bivé ﬁ?&é‘éﬁﬁﬁv%zohcﬁdﬁ@ﬁdlfﬁlﬁé ifvahtién

two-part | confi rtially sectioned, side
vi ew showi n 598H%I %ﬁ%b?\}ﬁ"tﬁg yt%%ld'?“ﬂ% included ﬁélggnbl y: Fig. 18 is a
partially sectioned, side view showing an | CP having a pr ogr ammabl e
vent; Fig. 19 is a parti ally sectioned, side view showi ng a heari ng

aid and di rect acoustic coupling nethod to an ICP including direct 15
acoustic coupling via a magnetic attraction nethod; Fig. 20 is a partially
sectioned, side view showi ng a hearing aid and direct acoustic coupl i ng

met hod to an I CP, including direct acoustic coupling via an acoustic

coupl er - nethod; Fig. 21 is a partially sectioned, side view showi ng a
hearing aid and direct acoustic coupling nmethod to an I CP, including
a programm ng and



d

20 acoustic coupling int ' n F-rc Is a partially sectioned,
si de vi ew showi ng a | JHG SHER! @rarfé ustic coupling to an ICP via
an acoustic coupler tip, MEPLACEBrdinglto the invention. I'n

the foregoing figures, tho e invention that are common to
25 the variouswenpesitnent s have a common nuneri c desi gnat or. pEvUsSstBIgs €,

the |&P—ef—F+igs—3il-—and-12 each have a recejger 136, while the housing 129

in the enbodinent of Fig. 11 is different fromthe housing 152 of the
embodi mnwﬂﬂ _ " IEII 30 The intra-canal -prosthesis (1 CP), shown in

Fi gs. Je Wainly of a AERGMAEr 136, a receiver port 199,
a probe tube 133 inserted in probe tube ™ canal 134, vent inserts 128
inserted in vent canal 130, a probe m crophone 131, a face plate 122,
and a housi ng nade Afsyateit fax ablezssmaniofithé heatighfuastiamin humans acomppiiising: The
|CPis generably desi gngtubp eidioaBSMltc MUHGHRbSRr eloctheCshiiBeas Sof ©
characteristics of a desi redrft?/pe 0 ear | ng al thl t he id exceﬁtlon of
the signal proce8SPYRIGRGngSHar 20y & haghingndirgnostice o PRAIING, @id Prescrigiion, ; o
synt hesi zer boar 8esfing bie simniatior randeeavingtaidh fittiegeand oacousti c :
audi oneter system Fi g3 intlacafitbrb&nsbevdr eiRehd Teiol &80hsid 8foneRPAARS K

heari ng ai ds having shall ow a canal pl a nt, respecftlvely.
9 me%surmg m-%ﬁe—ear—cana pacousﬁac réjsponse near theet‘y panic merXbrane

10  during hearing evaluation.

2. The system of Claim 1, further comprising:
means for performing said assessment in terms. representing absolute

sound pressure level.

15
3. The system of Claim 1, further comprising:
means for performing hearing aid simulation by incorporafing
etectroacoustic transfer functions into the digital synthesis of an acoustic
signal.
20

4. The system of Claim 3; further comprising: |
means for applying a hearing aid transfer function during syntheses of
audio si'gnals. including primary audio signals comprising pure tones and
speech, and secondary audio signals comprising 'background noise and
25 other competing sources.

5. The system of Claim 3, further comprising: _
means for synthesizing audio signals, including primary audio signals
- comprising bure tones and speech, and secondary audio signals comprising
30  background noise and other competing sources for hearing evaluation with
" any of a hearing aid and a simulated hearing aid.

‘6. The system of Claim 1, further comprising: )
means for simulating any of a hearing aid occlusion effect, venting
35 size, and oscillatory feedback potential.

This Sheet Has Been Replaced
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\ . _
Eﬂe?%%?g n theprlmullJmluutuull‘MLt of the pres-eﬁts-i_riventionThe

(rrerrofaTtorEd—by-The Knowl es* Crpt of Itasca, Il1inois) was chosen for its
acousti c char sy emiasizi cs, which are simlar to receivers us%*[ﬂs%ll3126
commercially 5 available hearing aids, gs well as its very | ow nolse
out put characteristics. | CP recei ver Variations from sinul at ed
hearing aid regei IpcSsysfef SAGARF1 | finh&&omprising/EA system nenory as a
correction transfer functdon used dei ng.vari grus.-f ” tsi %ati%n .
processes. The probB BB 38PPYING 8 iy &agpien UG, Hy Synthesize  pher
material and hapatigfizad dicausticesignals apg coedteunealistic listeningi envirosmentsd ina 10

the probe tubenfitiiaimdniforal atdlitib GBad® shown in Figs. 1 1-22. A vent
canal 130 ig preferably provided for pressure equalization in the iCP-

| TC versions that have deep canal insertion depths (Figs. 12 and 17), and
to acconfod&@esystem of Glgior 1 sfuttber aampris: | TE ver si on havi ng shal | ow
canal 15 insertionadritahgudids@ifthedid nitiliclfal gehératifgah GBolistle sighai ons, a
vent canal allows the insertion of various vent inserts Into the vent
canal to achieve desired in situ acoustic characteristics. For

exanpl e, a ven®. iThgesttemofCIaim1.rfurthenmgri5ir@¢ ge dianeter may be used to
reduce thetmccl usi of dififaeatidibMdter module 66 Bbinmunicalihg Rebesieinidtavagiohved

‘nsert my be hsifv%"?%ﬁ ] et ank"Fai Ukl MRy dhRYET o "

via the vent iR4EPMOEL i ni at ure connector socket 138 and connect or
plug 123 electrically connects the ICP to the VEA system via attached

connect or cabl ¢g17Re sydem oT'@ﬁaiMQA‘fﬁrYﬁér%B}npiriQinﬁpnj unction with the probe
m cr ophone éyst em é)e}(m ts o : ' .
1 virtual acoustic space measurement module for generating at [east
one acoustic transfer function to allow synthesis of spatialized acoustic

signals.

11. A system for assessment of the hearing function in humans, comprising:

20 an intracanal prostheses for measuring in-the-ear-canal acoustic
response near the tympanic membrane during hearing evaluation; and

a virtual electroacoustic audiometer for selective synthesis of acoustic
signals representative of realistic listening environments in a multi-
dimensional space for any of hearing diagnostics, hearing aid prescription,

25 hearing aid simulation, and hearing aid fitting, said virtual electroacoustic
“audiometer including: _ _

a digital audio synthesis module for generating an acoustic signal,
including means for performing measurements in terms representing
absolute sound pressure level; _ '

30 - means for performing hearing aid simulation by incorporating
electroacoustic transfer functions into the digital synthesis of an acoustic
signal; _ -

a digital audiometer module for communicating acoustic information
between said intracanal prostheses and said virtual electroacoustic

35 audiometer; and ' .

a virtual acoustic space measurement module for generating at least
one acoustic transfer function to allow synthesis of spatialized acoustic
signals. -
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ocl usion effects versus | CPs and vent types, as is

expimﬂmmlummlm}m | CP al so contains two probe tube holders 124 and a
pl acemert hanBl et 126 for pl ace ube, as shown in Figs. 11,
12, and 17. Fig. 13 shows a no JH O 1 o4 g‘ ation of a face plate 122,
30 including weekase plate tjbe hoRERALE t he flgure,,,@r,b@/,_l,{gg:
sl eeve 156, and a hearing m cropho position 132 are al so shown.
Thi s configuration is used when.neasuring acoustic | eakage feedback
fﬂd flgge-F_ 12;2&t'¢hé§?§ﬁé‘rﬁf %{)lcfawﬁqgl ﬂﬂgwerc&ﬁ?nsT | CP housmg (129, Fig. o

; , Fig: i s ef er.a e o eri Wi
acoustic bafflin eff 'ls tf% [5’%5{;& @@%Wgﬁg éﬁ'd s%"é‘&bgﬁc 'nggépé)éﬁa']r'ﬁg
Sever al. ver si onselig¢traacousitpiransfon funsiions dnte the digitatsyntilesisaef an acoysticl
si zes. For exarrrJé1gma|a smal | housing version is nore suitable for

pediatric pogulations, while a |arger. ver5|on is suitable for adults who

have VD 97/ 23117
PCT/ US96/ 13126 13- The system of Claim 11, further compyrising: _29- Iar ge

~ear canals. The | CP, nsdumeriod dpdz ahbhrxﬁgdxdﬁansierﬁmétiunetblsynmesmww

Lo avol d contarm aatd e dGARY LAMaF, Sl iR DY B4Rl Bal boBd arrdiledn,

An alternate enb nment
and secondary audio signals compnsmg background noise and other

10 competing sources.

14. The system of Claim 11, further comprising:
means for simulating any of a hearing aid occlusion effect. venting

- size, and oscillatory feedback potential.
15 - B |
15. A system for assessment of the hearing function in humans, comprising:

a virtual electroacoustic audiometer for selective synthesis of acoustic
signals representative of realistic listéning environments in a multi-
dimensional space for any of hearing diagnostics, hearing aid prescription,
20 hearing aid simulation, and heanng aid fitting, said virtual electroacoustic

audiometer rncludmg
a digital audio synthesis module for generating an acoustic signal,

- including means for performing measurements in terms representing
. absolute sound pressure level;
25 means for performing hearing aid simulation by incorporating
" electroacoustic transfer functions into the digital synthesis of an acoustic
signal; _ _
a digital audiometer module for communicating acoustic information
- between said intracanal prostheses and said virtual electroacoustic
30 audiomster; and
' a virtual acoustic space measurement module for generating at least
one acoustic transfer function to allow synthesis of spatialized acoustic
signals. :

35 16. The system of Claim 15, wherein said virtual acoustic space
measurement module measures individualized transfer functions that
include any of an individual's acoustic effects of body, head, extemal ear,
and face plate on incoming acoustic signals from a multi-dimensional
acoustic space.
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shown in Figs. 14-17. A core part 169 (Fig. 14) is
|nse "1 ilﬂm "l"ﬁiﬂarl ety of disposable sleeves 177, as shown in Figs. 15
and tio mcal alternative to the -
conflgur ation shown in Fi|l J#iS SHEET HAS-BEENoEcause only the sleeve conponent
i's di sposabl e. e part lmLACED i's ncapsul ated in a rotective
materi al , pref‘g(-rggﬁﬁq/%aw =f+exBre 10 properties. S ie i

capaci tor 167 may be used to filter extran®@us - el ectronagnetlc

signal s that cause audi bl e noi se. The sl eeve part shown in Figs. 15
and 16 is typi callx made of flexible material, such as a soft
acrylic, such tWat Assistemdor assessaient &rthe beeringfusctionis hupeanse cymatisingr

_shapetS_ and SI zes. Fig. wrl@al_sl_él@bﬁoé‘ccﬁlsﬁﬁvéuélbhiea&l forf @BledE9® synthesewmmal

i nsertions, in
g 16 1 an Fouelt sifalsrpiy i@&%% BERAiRf: by B o aRs Y Rusk .
whil e the | & i4dmensiopakspace fenbeasing diagnastics.diparipg gid pressHptien. Hiearioy

sl eeve for shaldiosimalatdn, idndeisariag aid g et i ng | TE hearing aid
e T .01 i Skl o= bAREnG e KIS LR and g,
sl eeve sel ect ed"BgSUIRE 'B'[S'é#‘&@"‘@'ﬂ}j‘aé ?PW%‘F&ESER!E@H@@V e lympanic Bembsane or ned,
i ndi vi dual canaurinigzearingcbvaiatiomg ai d sinmul ation requirenments. An exanple

25 of the seorbi et i, QegtoGhfs b ootk SRy s " 7 O

17, whi ch represen ) shows™ a
variation of t HBERRESMARLWIHN A edrsapal 'Pﬁ?@h? TRRANIGHE ng.g

el ectronically controll ed and adj usted (see Zdeblick, K , A Revolutionary

20 ot SRS L MG 7, RAGRA SallHGa g ord SRl <
NO- 300 nanufactcﬁ'mgﬁorb f%&ﬂ'\% intneAs A ValRanR me Q

t he
rllq, alf p%ases of
15 hearing ald fitting to directly correlate measurement data.

19. A method 'for selecting and presenting binaural acoustic stimuli in
spatialized mode for hearing diagnostics and rehabilitation, comprising the
steps of: :

20 synthesizing "audio signals, including primary audio signals
comprising pure tones and speech, and secondary audio signals comprising
background noise and other competing sources;

controlling spatialization parameters of said audio signals, including
the position of each source in space in terms of any of distance, azimuth, and

25 altitude; acoustic boundary paramsters inciuding room size, reflection
propetties, reverberation, atmospheric absorption and spreading loss roll-off;
and . |

presenting such spatialized stimuli to an individual.

30 20. The method of Claim 19, further comprising the step of:
presenting such spatialized stimuli to predict performance of one or
more hearing aid systems.

21. The method of Claim 19, further comprising the step of:
35 . presenting such spatialized stimuli for simulating a hearing ald
' system.

22. The.method of Claim 18, further comprising the step of:
presenting such spatialized stimuli for hearing aid evaluation.
—
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Cali tains a silicon di aphragm 194 which is to regul ate the
, SI z “I“H I r"ll ngched PHINSHEENHA N [197 via the mcro-val ve port
. 85¢ Typi tals vent si ze rangqagpm Ween .032 and 1.5 nm according to

the vol tage | evel supplied e\l ual- el ectroacousti c audi onet er
nodul e in woesntige to operating clinician test sel ecti ongeruseerisize

WD 97/ 23117 - : 51-- -

PCT/ US96/ 13126 - i - 30- The | CP

is also used in a novel way to test a new type of hearing aids

S bl bR e POl 0 B i o

typi cal |y enpl oyt Pé @fy® posi ti oned speakers to deliver acoustic signals
5 into the hearing aelbctivaly SRifiig didtroaChustic pdremprensend hbanwaidoRith

Eé:??ggsal d ?14%%ﬁ6élceﬁac9r§§%%§s? S@%’ﬂé‘e&%t%?dp%@cgggsent"glée&nm%%n spans

a mnimal distarieeuding; cal |y less than 15 nm 10 Figs. 19 and 21
show an enbodi ment ofa. kigal preeadsiny) arﬁmdﬂét%hm@mrfgt bdin, frequenepuedponde] S

acconpl i shed vi %ﬁt S met hod, t he
| CP receiver glltlggH@ él@"ﬁ%héﬁ‘é{"lﬁr?g)r ilﬂé&#' dnlﬁw' gf %ﬁ one 211 via
magnetic att ract i on l?etﬂﬁ@@ﬁm‘aoﬁf?@?ﬂiﬁrsdl@www Wtﬂgeeﬁ%@éﬂ {nsertigiy dgpth he
10 effects, oscillatory feedback potential, and occlusion effects; and
' simulating physical parameters of a hearing aid with an intracanal

prostheses, said parameters including hearing aid size and comfort.

24. A method for assessment of the hearing function in humans, comprising
15  the steps of:
synthesizing acoustic signals for hearing diagnostics, hearmg aid
prescription, hearing aid simulation, and hearing aid fitting; and
delivering said acoustic signals and measuring in-the-ear-canal
acoustic response near the tympanic membrane with an intracanal
20 Dprostheses.

- 25. The method of Claim 24, further comprising the step of:
measuring in situ the occlusion effect due to the insertion of a
smulated hearing aid.
25 .
' 26. The method of Claim 24, further comprising the step of:
fitting a hearing aid based on subjective response and in situ
measured response to signal models that are spatialized according to
“spatialization parameters and according to an individual's transfer functions.
30 . : -
27. The method of Claim 24, further comprising the step of:
directly coupling acoustically said intracanal prostheses to a hearing
aid microphone for hearing aid evaluation and in situ aided hearing
~ evaluation. |
35 : . .
28. The method of Claim 24, further comprising the step of:
predicting and simulating the occurrence of oscillatory feedback.
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| CP and anot her Wﬁ H di sk 209 near_the BEEN ng aid m crophone p-Ort 210,
15 a i : f thertaee ] Nl a hearing aid 214, as shown
AN TR e s o :

in Figl ’ l'ing {pCepi des kcoustic seating to mnimze
| eakage in the coupl i-ng. ' are a hearing aid battery
hol der 221, a Wweakhigsaid vol ume control 219, a hearing, &l (.Gl it

' qm?()‘%\?%k{l?%nal

212, and a hearing aid vent canal 21;2 all representing
conmponents of a hearing aid device. 20 ™M=7 Additionally, the enbodi nent

of the inventi Shpanmi | & CIdi oW Bai i (N hng aid
circuit 253 t"h;.t.gg | | \gnv\gbgloﬁadr}n%lghr%gf Wh@?éin%a_xd predidhg Hrid ro 'fﬁ”gﬁ?f’g

t
routed from t he"PRROMRIRS 2 Messy ﬁgg@f%@g’éﬁ%’?s@i fﬂn&%' shows an

electrically progranmmable hearing aid with a programm ng cable 25 257
connecting the Hearhd thetidd &iCIA 34, ¥onridiToMiphisf thd1Steplopsent i nvention.

These heari ai ds. ain.circults that are programmbl e or adj.ustable.
Lypical Iy viea ol ect dreviing rEabRy ed sbedhielions HsB i N ianBh RREHS A, e
face- pl at@haracigrigtics ethadt ate yinteragtivelyhidevelopeddapde @ptimizedt by

DT 001 AT NG Si cm e Bl B g B eI ™e e

i . | - [ uni qu

Iﬁea?i ng aig rmg%‘i%lugg@ Béri‘ cpar he\%ﬁgpﬂrﬁ%n’%ﬁéﬁq‘ca{%n of yt he ﬂeari ng aid
circuit used. These programm ng signals and interface nmethods are
known to peosors. Tkilrhétfod 8f Clafn 24} futher compish®y theGtap 6F: desi gn. Ot her

rogrammabl e hearing_ai t. rG i
5I t ?asoni c or inf rag‘r"@ﬁf@ é@%@%h 3 Hgawg@ps%%wr ?(’Q@éads’{’%g‘laﬁ% ﬁ?‘lgﬁ_/ace
circui ts wit hi rfOURE RASGEAtiAG by matching in sy Aqoustikiespense shafecteristieppf ng
met hod coupl es sl He@ringearl ¥pstedSo ttat ket an undide iregpatisé M & epligne 211
via a acoustic &@ggggﬁa,_?a%gus@zsqgﬁgw in Fig. 20. The ext ended

m crophone1gort uni que € present invention, also

32. The method of Claim 31, further comprising the step of:
testing said hearing a&id in a synthesized realistic acoustic
environment.

20 33. The method of Claim 24, further comprising the step of: _
évaluating and optimizing an individual’'s ability to detect movement of
sounds in a multi-dimensionat space.

34. The method of Claim 24, further comprising the step of: .
25 evaluating and optimizing an individual’s ability to localize sounds in
a multi-dimensional space.

35. The method of Claim 24, further comprising the steps of:
) measuring acoustic response of an individual's own voice in an
30 occluded ear _canal via said intracanal prosthesis; and
subtracting an unoccluded ear canal reference measurement

therefrom; '
wherein an objective measure for occlusion effect is calculated.

35 36. A method for measuring the occlusion effect on either of a simulated
hearing aid and a hearing aid, comprising the steps of:

measuring acoustic response of an individual's own voice in an

occluded ear canal via either of said intracanal prosthesis or said hearing

aid; —_—
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WO 97/ 23117

- PCT/ mﬂm “!Ll | ‘m -31- act's
as a ate ins of hearing aid 214 during
its normal use Anot her entRER e invention, shown in Fig.
22, enpl oys an wo%72Mtoustic &€ 290 adapted for insertiorcr/usss/13126

m crophone port 299 of the hearing ai_g§3214. The m crophone port 299
is recessed to accommpdat e an acoustic coupler tip 291.

Anot her acoustic coupubtrgctieg haml Gmoxdchedexivgareophaly exfsrenceuahéasurement i ng
10 to couple t ht‘ﬁel'e@%n‘i eﬁﬁ%réﬁr arl 8b {%%Wé MHhsERMNPRcLIasBh et ié“Salébﬂfed‘« hat

are not ‘a(?ped with special Interface parts. One nmj or
advant age of the rect acoustic coupling of the present invention S
to inprove the signaladiustingasaioulated caclusine effectrmedrurement myhiherditierenee ai d

15 while the alﬁthésaéétfwcﬁﬂh&ah%s% aAviabivalg oW vSicd s primarily

acconpl i shed by acoustically isolating the m crophone of the hearing
aid from anbi ent roomnoi se via its coupling to the |CP.
Hearing ai ds of 3heAmpresssaforifitinga hearing aid, comyprisingghe stepe of:ube canal to 20
all ow for probe tube p@ﬁgﬁﬁghbg%%@mgg%ﬁbn{;n-t he- ear-canal acoustic

performing an unaided hearing evaluation;

10 performing a predicted aided evaluation;
performing a simulated aided evaluation; and
performing an aided evaluation.

38. A method for assessment of the hearing function in humans, comprising
15 the step of: :
providing audibility spectrogram plots that show on one plot the
audibility of a particular acoustic signal according to critical features of the
signal and a hearing profile of an individual.

20 39. The method of Claim 38, further comprising the step of:
interactively fitting either of a hearing aid and a simulated hearing aid
by selecting, adjusting, and optimizing parameters on said hearing aid
and/or said simulated hearing aid based on said audibility spectrogram. .

25  40. A method for hearing assessment in an individual, comprising the step .
- oof | |
directly coupling an acoustic signal to a hearing aid microphone for
hearing aid evaluation and in situ aided hearing evaluation.

-‘This Sheet Has Been Reilace




measurenents via the probe neasurenent systemas shown in Figs. 19-22.
The conventional. nethod of in-the-ear-canal neasurenents with hearing
ai ds involve probe placenents beneath the hearing aid which subjects the
probe to pinching effects, thus affecting the accuracy of the nmeasurenent.
25 Furt her nDy@,074@%1 Ng the probe tube beneath the heari ng parses/eatées an
acoustic | eakage path whi ch causes oscillatory feedback. The probe tube
canal of the present invention also provides an inproved method of
advanci ng the probe while the hearing ﬂzﬂfLs placed in the ear canal. 30
The sequence-of these phases as outlin CTe ts a typlcal
fitting process unique to the system of the*ﬁresent AEEE??%%\&The
process offered by the virtual eIectroacgas%igégggiggggzﬁgg%%?
preferred enbodi nent of the present |nv§? v _
E?Sghalded heari ng qg%{lon 35
si mul at ed alded
vakuation 26 ver, i ndivi.dual pha;:;g
conponent s dﬂ?@ e can be |stered |nd|deua||y, wkm-
sequence as uSUltab e for the indiZdual under hear i‘fig evaIQatT

' duleﬂmﬂgaého

phases: (1) reference measur enents 264

265, (3) predicted éged eval uation 26

267, and (5)

Each
process phase is I npl emented in 3
. 24-28. WO 97/ 23117 20—~

PCT/ US96/ 13126 - 0. -,@_\ Y |
15 X R 201
St 24
t .:. = N \
L e T 23

STORAGE DISPLAY

17" 1
| COMPUTER | -
11 A

2~ | DIGITAL -

— - AUDIOMETER
MODULE RESPONSE

KEYBOARD [ - ' KEYPAD

DIGITALAUDIO | \27_
—  SYNTHESIZER |
MOUSE |- T mobue |\
' 18
\\*’13 ~14
VIRTUAL
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- 32- The" first phase, i.e. reference neasurenents, is inplenmented
by a reference nmeasurenents nodule (Fig. 24) that contains a

ref erence measur enent - wi ndow (shown. open in Fig. 24) and a signal
model wi ndow (shown 5 iconized in Fig. 24). The reference neasurenent

wi ndow al | ows f@y9m231z7 neasurenents of various transfer funcRGRARIAHAE are
used | ater throughout the fitting process. The unai ded
transfer function Herr] (p[err], jw described above, is nmeasured 10
when the 3D REUR (3 Di nensional Real - A%q:al ded Response) option is

sel ected. Measurenents are obtained fro e frontal (facing speaker #1) or
back (facing opposit ggpeaker #1) orientations, depending on the Front/Back
option sel ected. Pl right and left ear transfer functions can be

di spl ayed infeither transverse or sagittal plane depending on the
Transver se/ Sagi ttaIRE‘S‘-o'p'rrmT'S'el‘etran‘"Fi‘g"2ﬂ"§h‘0‘V\E‘ar§é't"6’r"8" paired
H[ err] (p[ err] ] _ functigons.in-t-he p| ane. gge
measur enent is perflor ned by posi tioning the indivi uaI entrdl |y to
t he speaker array SCUSSed above) and placing r ft[|yor obe
tubes in their res ktlve ‘unoccl uded ear canal 20 not her
novel feature of Gﬁﬁ-me%ébOi—l—s—} &y e—ariS
the occlusion effedt! of mul gt ted
" hearing ai d.eé'F'ﬁ\T\éW i or% Sy (1€ 0 Jent | akep, a
ref erence aspur errep-t’ W t h33he/r anal unoc\;\nged nmust aken
The procedure, 'orl id y descrihbed £.__is to request tB& +ndiyidual to
utter a vowel, pﬁdf e,r ably /—a vovpb_wg hifjgh energy contents In its
| ow frequency spect r:um suc§4as INTERFACE ;
- i
_ . ' |
o e ‘I_‘I ___________________ )
_ PC-BUS K
Pig.2 3 18
16
ST — “1
I
: I '
| ——
Ri —
\ . Speak i
Ot f— > Speaker L 5
L1 Mixer - Aﬁgi.’ilf?er : Routing &]
o=t , — | Interface T
68 65 66 ! >

L, PCBUS | o Sensor
! Interface {__ interface T~ —gg
[
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b
i
|
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"ee." A neasurenent is taken with the probe positioned near the tynpanic
menbrane. The occlusion effect reference nmeasurenent, i.e. unoccluded, is
saved for occlusion effect neasurenent with the ear canal occluded using 30
either the ICP or the hearing aid, as is explained bel ow The occlusion

=
47
46 I
_
-3
FEN

PC-BUS
Interface

ef f ect I Y&éARe@ neasurenent is perforned when the occlpsiosye3ne
ref erence option is sel ect ed. . The face-plate transfer
function Herr](p[err], jw (plots not shown) is neasured 35 when t he
Face- Pl ate Resj ptd S selectedBi ICP i | aced in the ear
and the probe f I's placedv+n am si t%on 2 ofcthe
face-plate as $ n Fla ]ri\ f-h FK 17 & .
PCT/ US96/ 1312 (] ' 1 L3§- * JThe
| CP-receiver ft¢o efar (Dr g pr funkt En:J-I ) i mefsur ed
when | CP Cal iab: orgi ge_ged Rl s=¥ t.5H |probe tubg to be
Inserted in t [ upe ¢p ,:Qfg 1e"¢laCP8' O tﬁ] h@ t upe near
t he tynp nprane]| L2 H © =5 TEfzciIiEte t B peg% cement
of the probe i r %n >UHJrEn‘g C © Elell o &
O oliS % 2 % ||Bllallac
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vari ous response and calibration neasurenents, a novel nethod is
enpl oyed to optim ze such probe placenent within the ear canal, and
specifically to mnimze the effects of standing waves present in the ear
canal 10 due to wave reflections-fromthe tynpani c nenbrane. The
frequency g Epent standi ng wave patterns are well chacawssvi3rad and
known to VWB ﬁgﬁ s skilled in the art of acoustics and particularly
real ear acoustic nmeasurenents. The new met hod of the invention
i nvol ves acoustic presentatlon Q&gasdual tone, one at a | ow frequency
in the range of 1 kHz to 5 15, a second at a range of 15 kHz to
20 kHz. The acoustic response to tone signals delivered either via a
speaker or the |ICP receiver, depending on neasurenent, is
continuously neasured by m crophone probe system and di spl ayed on the
nmonitor, as shown in Figs. 30-32. 20 A plot of the acoustic response i-n
an ear of an individual for each tone, shown in Fig. 29, dicates a
characteristic rise in the | ogw-f+equency response and a ﬂ@? h in’'the
hi gh frequency response ¢ as~fhe probe SN advanceu—slgser to tNe
tynmpani ¢ menbrane. Thi g “notch occurs a \ apprex-nnt el mm frjom t he
tynpani ¢ menbrane for the 15 kHz tone ‘? Itoring o he™xel a¥i ve

t provides a%isual and

D L-GTRE

response characteri/stics during prgbe |nser
posi t\oniYg as shown
in the spectrun1pfots of Figs. 30-32, The erid of \this

conput er - assi sted et hod to indicAte proper
Jh prycedure is
‘general l'y indicated wherra signid hcant 'ch-,\typhcal |y

exceadi ng 15

dB as shomm in Flg’ 31, &ﬁé a S|sn|f|cang\r|se in tRe 3§ hi gh
frequency, i.e. éecond t , . The Now frequency, {.g. second
t one, response $hom5 only a s m‘V 'm -1 3 dB, \as{tnhe probe

is inserted cloﬁer to the t /Al t hougk probeltfip to

tymmmcrmMan%Lma

78
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35 possible with this pfocedure; the object of this procedure is to

position the probe such that m nimal standing waves are present at
frequenci es of interest during transfer function neasurenents. For
exanpl e, if unaided response neasurenents up to 6 kHz are desired,
advanci ng the w&% il detecting a notch in 15 kHz repgnussnsnsur es
measurenment errorsS not to : WO 97/ 23117

PCT/ US96/ 13126 - 34- exceed

2.5-dB at 6 kHz. |nproved accuracy can57?E§chieved by selecting a

hi gher frequency for the second tone, afthough this increases the chance of
advanci ng the probe too far, resulting in touching the surface of the

t ynpani c menbrane, an occurrence that is generally safe but that my
cause 5 disconfort. O her conbi nations of tones, including a
single, triple, conposite, and ot her signals can al so be used to

i npl enrent the above procedure of continuously measuring the response
to various acoustic stimuli and detecting an 10 appropriate stopping point
during probe advancenent, with little regard to a3 probe di 8#a to the
tynpani ¢ nenbrane. The appropriate probe position IS referrzgfto
hereafter as the probe reference point.

S %A.’ . :“: N
:-:é-«‘a;fg‘.e;,ﬁ. . et
Nl n‘\:g;'l\f.%s:' VLR

8
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The second phase, unai ded eval uation, .is inplenented by an unai ded 15

eval uation nodul e, shown in Fig. 25, which consists of an unai ded anal ysis
wi ndow, shown open in the figure; a spatialization wi ndow, also shown
open; a signal nodel wi ndow, shown iconized; and an audionetric

eval uati on W ng@y¥r2341$0 shown iconized. 20 The unai ded analrcIssImIgow
allows for various in-the-ear-canal nmeasurenents and di spl ays for
heari ng eval uation in the unaided condition while the ICP is inserted
in the ear canal. Measurenents and pl g/28ncl ude Audi ogr am spect rum
Distortion, Tinme Analysis, Spectrogrant and 2-CC curves. Acoustic
stinmuli, neasurenent nethods, and associated plots for 25 these tests are

known to persons skilled in the arts of audi ol ogy—atfé~sj gnal anal ysi s.

However, the Audibiljty Spectrogr am new Teature thanNis uni que to
t he present inventi¢n as describeg”bel ow The Audi biity Spectrogram

is a spectral plot ghowing the aydibility of a 30 signal With respect to
the hearing profile|of the indiy dual and t Speakeri#sl udibility
features of an acouftic sign The audibilit ectrogrami s

essentially a threejdi mensio

trix represgntied’ n a two-dimensihQnal
pl ot t hat indi gates sjgnal E@rcs (tine] an89critical lbdibill y

Regi ons ( CAR) ersug” frequen as shown gn Fig. 2 J ¥ shown ‘as
the outer contours,}35 ‘are specif to each signal segnmpoy that is
selected fromthe s|gn nodel window. CAl f a sPdek

e
defined by the crit cal cspebker#Sfeatures spclé aw spe er ?g&gg?%t

significant formats owel s he energy\ of fu ganment al frequency of
voi ci ng, the energy of aperi gl c frequency /E

Speaker#4 21 \Z

k\/x a8 /

(\ .

Speaker #5

R
) / 5 Speaker#1\

ST

89
\\\.\. \
\ YA
4
K, Speaker #5
\. A |
96 — TN
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WD 97/ 23117 : _
PCT/ US96/ 13126 - 35- and

other criteria known to effect ihtelligibility, detection, or
i dentification, dependi ng on the signal nodel selected. - The

Audi bility Speghhogdigm pl ots are derived by conbining spectr @graisss/3s2e 5
anal yzed signals and defi ned CARs, and probe neasured spectrograns
conmput ed and conpared with the nmeasured hearing profile of the individual
at the CARs. Measured spectrogranlvahygg hat fall below the threshold of
hearing for the individual are assigned-to Bel ow Threshol d (B-Thresh)
val ues which define the outer contour region, wthin the CAR while 10
measured spectrogram val ues that exceed the threshold of hearing within
CAR are assi gned Above Threshold (A-Thresh) val ues which define a region
W thin the Bel ow Threshol d regi on; and nmeasured spectrograns val ues t hat
exceed the unconfortable | oudness | evel (UCL) of the individual are
assi gned Above-UnConfortable Loudness |evel (A-UCL) values which 15 define
t he i nner-nost contour regions. .~ The resulting color-coded plot is
typically contour shaped for speech sigmﬁfL i However, any type of
acoustic signal can be assi gned CARs_and— corrFsponding audibility
spectrogram based on the indiviguel™ s meagured 20 ~keg& ing profile. The
.objective of the Audibility aectrogran1pqot isfto prow de a quick
gr aphi cal neans of indicating the audibilijty of dynafr ca recei ved

_ by ’

/

-
~
~
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acoustic signals by taking in consideration the individual's hearing
profile and the critical audibility features of a signal nodel. This
plot is particularly inmportant in hearing aid fitting optim zation
processes during predicted 25 ai ded, sinulated aided . and ai ded

.eval uat i on. wo 97280 spatializati on wi ndow permts sel ecti opcpiswmngnal
present ati on node, either in Spatialized or Intracranial -nodes.
Spati al i zed node presents sel ect ed sources and background signals to
be delivered to both ears via 30 insefy§§3ICPs according to the sel ected
spatial rel ationship of head, sources, background, and boundaries, as
shown in Fig. 25. Spatial relationships i ncl ude the di stance between
t he audi o source and the head reference point (d), azimuth angle
([err]), and altitude angle ([err]). 35 Various individual and
calibration transfer functions are enployed to synt hesi ze audi o
signals with realistic |istening effects. Signal sources and

correspondi ng | evels are selected fromthe Signal Mdel w ndow (not

shown). Intracranial node on the other hand, offers the conventional sound
WD 97/ 23117 PCT/ US96/ 13126
- 36- presentati on|nethod WNhere selected signatrs ang corregpondi ng

| evel s are ' ' 101 ‘

100

102
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delivered w thout spatialization to one or both ears. The Si gna

Model wi ndow permits the selection of source and background 5 signals
and corresponding | evel. Source selection may be of pure tone type,

speech, nusic, or any signal of audiological significance. Background

signal s are twabemsiy conpeting speech, environnental noi se, PGRUSSIPEE
signal s of audiol ogical significance. The |l evel of signals selected in the
spatlalized node is preferably in dBEaEhacalibrated to 1 meter fromthe 10
source in free field. The neasured i -ear-canal acoustic response is '
preferably di splayed in dB SPL as neasured by the probe m crophone

system : In the intracrgpi gl npdegsource and background signals are
routed to right, 15 l eft, otzbeoth—saﬁg as in conventional audionetry.

The | evel of signals Selff%‘iawlr the intracranial node is preferably
in dB SPL. The Herr](jw ansf functi.on neasurenent via the |ICP
calibrationjprocedure described
SPL. Furtherdnore, neasurenents v[o

t he probe m crophone sysﬂen1can be
probe and the I CP remain pnoperly

positioned ifn the ear canal. = peci fic selection of sourceland

background dignal type, |eveld . spatialization node is defined as
a signal nogel. One or nore siancqgﬂb-els can be sel ected, saved, and
retrieved by the system for 'presg&i on and 25 analysis purposes. A
signal nodel! can represent any in@ vidual or a conmbi nati on of acoustic
si gnal s/ scepari os, incl-uding spelke Ja round "noi se, nusicj) pure
tone, nmasking noi se, conposite si Epd ot her audiologic#lly

si gni ficant {signal s.
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30 The audionetric eval uati on w ndow, shown iconized, allows for various
conventional audionetric neasurenents to be taken. This includes

t hreshol d audi ogram nost confortable | evel (MCL), unconfortable | oudness
| evel (UCL), speech reception threshold (SRT), and various other

audi onetric negﬁﬁgﬁslgnomn to persons skilled in the art of a¢thsemizé 35
However, unlik 3% dht i onal audi onetry where transducers are calibrated
in various acoustic couplers and neasurenents are nmeasured in relative
hearing level (HL) ternms , the preferred nethod neasures the in-the-ear-
canal response in absolute sound presﬁgy’gs evel (SPL) terns.

WO 97/ 23117

PCT/ US96/ 13126 _ ' : - 37- Anot her
feature of the invention relates to the nodes of audionetric signal
presentation. As described above, spatialized or intracranial |istening
nodes sel ected fromthe Spatialization wi ndow, not only affect the
presentation . sel ected om the Signal Mddel w ndow, but also the
Audi onetri ¢ Eval uation w ndow asxwel | . For exanple, a standard
audi ol ogi cal word list suth g 6 or W22, comonly used in
conventi onal speech audi gne presented in the conventiona
intracranial node, or al fierfié spatialized node uni que
to the invention. ' :
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10 The signal process of a spatialized unaided eval uation involves the

unai ded - transfer function Herr] (p[err] ,jw), interpolated based on
‘sel ections of the spatialization window, and the Herr](jw transfer
function. A signal - process inplenmentation of a particular spacialized
unai ded eval uaivig332sR7 shown in Fig. 10. 15 - The t IaT@USeEEN2S t he
predi cated ai ded evaluation, is inplenented by the predi cated ai ded
eval uation nodule. This nmodule, shown in Fig. 26, allows t he

operating clinician to select a hearl |/ ggl and predict its performance
wi t hout the involvenment of the hearing-fnpaired individual. The nodul e 20
consists of a Hearing Al d Sel ect/Adjust wi ndow, shown open; a Predicated
Anal ysi s wi ndow, shown open); a Signal Mdel w ndow, shown iconized; a
Spatialization w ndow, shown iconized;and the Audi omet ri ¢ Eval uati on
modul e. The Signal Model, Spatlallzatlon and Audi onmetric Eval uation

‘W ndows are essentially |den ical to those described in the Unaided 25
Eval uati on phase. ing Ald Sel ect/Adjust wi ndow permts
hearing aid sel ection sequent adj ustnent. The predicated
results of the sel ectifon/ ge ~are shown on the selected plots of
t he adj acent Predicted i Hearing aid selection can be
automati c or manual, hearing ai-d sel ection -

Aut omat i'c/ Manual opt| ‘ \ tijc sel ection i nvol ves
sel ecting one or ,' n-the fitting algorithm-
sel ected, and vari ous Jotjhe "f R ted by the hearing-inpaired and

fitting fornul ae and net hods,
provi ded.

t he operating clj
such as 35 POGO,

Dig. 1.2
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The preferred fitting nethod is the dynamc audibility nmethod which enpl oys
a rational such that Audibility Spectrogramis optim zed. This corresponds
to pl ots that naxim ze the Above-Threshold (A-Thresh) contour areas
whi | e ' WD 97/ 23117 , : _
PCT/ US96/ 13128y 97123117 - 38€T/US96/13126

m nimzing Bel ow—'?hreshol d (B-Thresh) and Above-UnConfortabl e

| oudness Level (A-UCL) contour areas. Hearing aid nodels that best match
the selected criteria are automati caglr?'/bzat rieved fromthe system nenory.
5 Alternatively, manual selection c € nmade by choosing one or nore
hearing aid nodels fromthe available |ist 786 madels. A hearing aid nodel
contains all of the necessary el ectroacoustic paraneters that are used for
signal processing of a signal nodel. The r s{of th¢2#i gnal process are
used in the Predicted Anal ysis w ndow for \anal ysi ssNgqnd/gl ot ti ng pur poses.
10 Hearing aid paraneters of a selected Rgaring aidg are adj usted
automatically or manual |y depending on the [ di-ustfi@nt

Aut omat i ¢/ Manual option and the fitti n% net hodssel )} oS A hearing
aid control paranmeter set is typicallyl3ieue tO ZN\g aid 15 nodel
sel ected. In the exanple w ndow shown in Fig. 26 w tHtieari\kg ald

130 — 133

Dig. 13

FINISH THIS
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nodel DigiLink 100 selected, the control paraneters are: volume contro
(VQ., Low Frequency Cut (LFL), conpression Threshold Knee (TK),

M crophone type (M C), Receiver type (REC), and Vent Size sel ection which
reflects vent size of the ICP inserted. If a different vent size is

sel ected, eithgpodRsrzymanual I'y via the vent insert sel ecti on,PCOTUS96/13126

el ectronically via the programmbl e m cro-val ve vent sel ection, a new
Herr] (jw transfer function is preferably neasured to inprove the
accuracy of the analysis. The @ F2Bct ed anal ysis w ndow is
essentially tdentical to the unaided 2 anal ysi s wi ndow, described above,
with the exception of the signal processi ng nodel that includes the
nmeasured face-plate transfer function F&err] (pl[err], jw (292, 293;
Fig. 33), hearing aid transfer function ﬂye? ?-(jmb (294, fig. 33),

and the neasured ICP receiver to real-ear Her
for the aided ear (295, Fig. 33). The—he '
function is typically non-linear afig
sel ected. The total hearing aid trag
i ncl udes transfer functi’@% o fefmety err] (j W), hearing aid
circuit -Herr] (jw, and the i etpid efr{ (jw). The transfer
function Herr](jw differs _ j by excl udi ng the hearing
aid receiver and, instead, incfAliding"3 t8Brection transfer
function Herr](jw) . that defffies the di fference between the predicted

13Qy) transfer functi on
i dflgerr] (jw) transfer. 30

ependi ng onthe hearing aid

e

hearing aid receiver and the ACP recejner npl oyed. This correction
transfer function Herr] (jwW"is typﬁ?Z’ a;(' ear transfer function
and is supplied by the VEA system . '
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WD 97/ 23117

PCT/ US96/ 13126 - 39- The
predi cted ai ded anal ysis process for an aided right ear and unaided |eft
ear for a child-listener/teacher-tal ker scenario is shown in Fig. 33. The
results of theygigghiad Signal process are stored in the syst EETRSHBI3Y26106
for anal ysis and di spl ay. 5 The anal ysis of the predicted
data in the system nenory includes audibility anal ysis as descri bed
above. The plotting includes an Audi bi /gg3 Spectrogram that i ndicates
audi bility contours of Bel ow Threshol d, ove- Threshol d and
Above-UCL wth respect to critical audlblllty regions (CRAs). 10 Fig. 26
shows inproved audibility in the predicted aided condition versus

unai ded condition shown in Fig. 25 __j.e. increased Above-threshold contour
ar eas. _ Anot her predicti measurgnent unique to the present
invention, is the 15 measurnment of ocgl usion effect caused by the
insertion of the ICP into t ear capal that is characterized by the
perceived anplification of the/ own voi ce. The present
invention provides a method|off subj ectively and

obj ectively, the magnitude df gkt . The subj ective
met hod i s perfornmed by  askin 4ring the 1CP to 20

eval uate his own voi ce when $ponse i s objectionable to
t he hearing-inpaired candi dgt tve | CP, representing a
different hearing aid, may .

125
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The objective nethod involves the neasured response via the probe system 25
in the occluded ear canal and subtracting the occlusion effect reference

measurement, i.e. unoccluded ear-canal neasurenent, as described above.

The patient m crophone 57, external to the ear canal, is typically enployed
to recor@olgd@smpdi vi dual ' s own voice during occl usi on ecfrarsvsn13126
measurenmnents to 30 ensure constant intensity |evel during both unoccl uded
and occl uded ear canal nmeasurenents (see Mieller, H G, Hawkins. D.B.
Northern, J. L., Probe M crophon surenments: Hearing Ai'd Sel ection
and Assessnent, 1992, pp. 221-224)". A unique feature of the present
invention is to elimnate not- the only requirenent of constant voice
intensity, but also constant voice 35 spectral 5‘!?cterlstlcs This is
acconpl i shed by adjusting the cal cul ated occ?ﬁi on effec 2Basurenent
by the difference in the spectral characterist2¢g |%|dual
own voi ce. WO 97/ 16817

PCT/ US96/ 13126 \ 136

known in the field of audiolpgy/that deep hé%%ln;

substantially reduces thg ‘-u_.-~x-+ﬁ4twt,

in the range .ﬂ'» . TH

representing a 0 1RTT --------

subsequent eval u
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5 phases The occl usi on effect created by two types of ICP, i.e.

| CP-1 TC and |CP-1TE, is ' shown in the plot of Fig. 27. This pl ot
i ndi cates a S|gn|f|cant"occlusion ef f ect due to the I CP-1TE versus
the 1CP-1CP for an individual. This is expected 10 since the ICP-ITE
creates a greatgr of.89 f dual volune, to which the occlusion prcT/O§96AB81261 S
known to be dlrec? y proportlonal _ The advant age of | CP neasurenent
at the probe reference point is that all measurenents taken are
i ndependent of the |ICP selected or itiﬁﬁement in 15 the ear canal.
However, to present accurate spatiali unds to the i ndi vi dual
the Herr] (jyw) transfer nmeasurenent is required whenever a new | CP
is selected and inserted into the ear canal of the individual
Anot her neasurenent unique to the invention is that of acoust Se¢gdback 20
caused by acoustic | eakage fromthe ICP rece|v§P when 5|nul ing a

gt ates t he

hearing aid receiver, to h -face-pl ate
face- pl ate of the ri aid. The tZEnsf
(338; Fig. 37), e.g

- Fig. , e.g. - anplrtude and phake orls A at the
face-pl ate as descri bed -«r~—1'nuf%%§§¥3mhgu=,‘ d by the_lg-r,é»fof
the probe tube fro 5 0

i = L
Fasurenment to BxXCT Ude” g60us eakage due to

t he probe canal . A significant app|I299IO’/Of th geedback transfer
function i's in th# simlation, and thus prgedicti 7 of oscillatory
f eedback of the/r mul at ed hearlng aid. 30 This undeS|rabIe oscillatory

ng, which interferes
e prediction and

f eedback nanif-:fs itself in the formof whistl
wi th the normal operation t he hearing aid.
simul ati on of the oscilla ee of a si

Predicted
Aided
Evaluation

Unaided
Evaluation

Reference
Measurements

Simulated | Aided

Aided ]
Evaluation Evaluation

O

267 268
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a selected setting is acconplished by incorporating the |ICP feedback
transfer function Herr](jw 337, as shown in Fig. 37. 35 Gscil latory
f eedback can be audible to the individual wearing the ICP via the | CP
receiver. The oscillatory feedback can al so be neasured via the |ICP

m cr ophone sys‘lvﬁr;]”'&ﬂrponj unction with the VEA system This f egrnssesiisons
the operating Clinician to adjust the settings of the sinulated hearing

ai d, WO 97/ 23117
PCT/ US96/ 13126 17/28 - 41-
particul arly-the gain, frequency response, and vent size, such that
oscillatory feedback is ndniol Mol ot MEA
system can be | PN Taex an—at-termate—treail hg
aid or alternatfe, > et bdt essi I4atprl
f eedback is m rfrm zdg :)@9@ ct A ail A
anal ysi s w ndow a| sqj i ’cejres;gncli d{ Bl pt s
of Audiogram Distorffio 5i s, Sps 24c nve
These are standarfi 2pd|fre@ Rd pl o A=A B 210 kﬁ_:wrigfc»
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response to standard 2-cc coupler curves using real -ear-to-2-cc coupler
conversion fornulas. Standard signal nodels, such as pure tones, are
typically involved in the 2-cc coupler neasurenents (see Specification of
15 Hearing Aid Characteristics, ANSI-S3.22-1987, Anerican Standards
National |nstijddhs X her eval uati on nethods conceived and weirysokidike t he
means of the invention include the Articulation Index (A) neasures for

unai ded, predicted aided, sinulated aided, and aided conditions. 20 An
obj ective of the pr edl ct ed ai ded modui 8 ggto predict objectively the

per formance g~ hoot i no—ai d-—ascoi-thag—+g-+tho—co
nodel , sel ect éti harl ngj &ifd paraneter set, and t he{i ndi vi 3 i
pr of i I e, W tHou vement of the heari ng- i [ di ﬁ';q.yal b
The fourth pHasg, rt-¢d ai ded evaluation, is i d %ﬁ e
si nmul at ed ai ded| eyal uat}l on nodul e, as shown .in Fig hi s &ile al|iphs
t he operator [tofse¢l ect optTMTzZeomeT o MoT g TTgd ) s @i mulHE p
their audi bl § chafjacterf s Bty of a I i prre—rAi—eh
Si mul ation wijndpwj sho )aé;e_’i?t. 'Sllrru{_,al,:_ébl LA_dR ﬁnal ysis i ﬁ%)@ %0_ DWN
open; a Signgl Model :G/v_mg vn i clttizedl; ! ﬁggat i pLizat| ong S Svindol
The Signal Mide| - |Spat i) E;E‘"""*"’ g BBt o 5 & =i alE
are essential|l y} i _ ...,Hc}s',e' b oed a{@ve TR SO0 O
Ai ded wi ndow|i s| e¢senti y;:l,‘mqr:nt: aHPHOFhe - Hdh gknq‘_ d __ 5
wi ndow of the¢ Predicteg il eghn) P UPQULGB pm Larly, tige Siml gted
Ai ded anal ysijgMW ndow i <3§Egﬂ'£“_‘ el § I he ®r edi ct gj Anal,ydilis
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WO 97/ 23117 : '

PCT/ US96/ 13126 - ' -42- A

maj or difference in the sinul ated ai ded eval uation nodule is the nodule's
ability to synthesize sinulated aided conditions and to present the audible
results to thegh L 9- 1 npai red individual . Another significrarusisfibwéence

s - that analysis is perforned by the nodul e based on neasured, rather
t han 5 predi cted, data. The neasured response is obtained via the
m cr ophone probe neasurenent syE@¢B8vth the probe tip placed at the
probe reference point, as discussed above, _An exanple of ¢
si mul at ed ai defdy $i  process, snown 1N Flg. g0l Ves—8 t ransfer
function of th hg Herr] (jw) that inclufles the
and the face-p ansfer function Herr] (plerg of
the ai ded The results of the processi_.a‘e?ga
signals via th Lgi -10- = LEr 1 i@ Quit ed - ti@t t he
right and |eft | -@ct vely ; ar
canal s of the f %crophone 0 .
hearing aid is| of P ¥ separ at o] d|[t ransfer
functions, repres h N = prio@erti as
shown in Fig. B5 QS alratr
‘system menory [10 @ atle 2§ tr
Herr](plerr].|] L § (IR, ) |
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where p[err] and p[err] represent two points in a three-dinensional space.

Si gnal paths fromp[err] and p[err] may represent direct and primary
reflective paths, respectively. Secondary reflective paths p[err],
p[err] ..., p[err] (not shown) can be simlarly represented in the
di gital signal 639?ﬁ§;. 25 The results of each face-pl gegubssansiser
function steng rther processed =~ - wth the correspondi ng m crophone
transfer function 318, 320 for each signal path frompoints p[err],
pferr], ...p[err]. The results are qg 326 and are . processed by
the hearing aid cir transfer f (jw 322, 3
324, as shown i . 35 The resultlng di gi t grry—pre
then convertedTro |l og signal via the digital-to-an
115 and route?—%o ‘ approprlate | CP within theag_,
audi onetri c t{ansdficqr—rtertace—tF—35—The ?pll
w ndow i ncl ugled &renents and ' corresr
Distortion, Tine [ ' kel "',
Curve, Cccl usior Ahal ysi s. &5
are essentially i ed aboye |{®
anal ysi s wi ndpw. L he) [ 'g
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- 43- system's ability to conpute a hearing aid prescription based on

a sel ected fitting prescription forrmula/rational. The sel ected
hearing aid can be adjusted and results analyzed and plotted with or
wi t hout the invol venent of the heari ng-i npai red i ndi vi dual . 5

An obj ective ofntehs ﬁ'?rrul ated aided nodule is to optim ze, olycanisesredrys and
subj ectively, the pertormance of a selected hearing aid according to
measured in-the-ear-canal probe response as a function of the selected
signal nodel, hearing aid paraneter st /28e individual's nmeasured hearing
10 profile,+~and. subjective responses t0 the presented audi bl e signal.

One feature unique to the invention is the ability to conpute the

characteristics[Qf arshmuratedt notadrar o b Naal - Near g —ar oy m tjhat
produces nat ur al—$ou per ception and i nproved $ound | h litly
15 to the hear ifpai red individual. This is ac%ce)g]) ting a
simul ated hearijngjailfl gransfer function that pr¢du , wijt h
t he face-jpl ateff t fansfer function, a conbi hisd® &ah t hgt
mat ches t hat of the unai ded transfer fan
mat chi ng requi rienmgnt Wi gal ih 1 pyol vigd firequency,
responses. Ho , ffhelr Pege-BRL-Kbslpa@e |i s expec pecayse
most hearing inpalr i pemerdualls unt 1 ired@re amghifi pengat e
for their hearijng|l e rijngf gd s
optim zati on prjoces 3 a VEAgsyst : , the
characteristics of t 825 pEe tr earijng
ai d-specificatijong f e e = vieN :
speci fications jincl rﬁsﬁ imgated b VEA
system incl udi %‘ t h & Elsha@® and sigze of..
~ - 3] e _ B
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hearing ai-d according to the I CP selected; hearing aid circuit blocks and
circuit conponents; hearing aid paraneter setting;, and vent type/size. An
30 obj ective of the VEA systemis to provide a detailed specification to
t he manuf act urer/ assenbl er to manufacture/assenbl e a nonaural or

bi naural |y %ﬂ]’ed hearing aid systemthat closely matchepnukbeizize
preferred si m'Q hearing aid. Ordering of the actual hearing aid is

performed fromthe O der menu shown in Fig. 27 which provides a
printout of detailed hearing aid 35 '8ification. The final step
I n the process, aided eval uati on, iszzl;ﬁ sented by the aided :
eval uation nodule as shown in Fig. 28. This nodul e consists of an A ded
Eval uati on w . p— 1 ' ' ” r—OpeTT;
a3 T b Variability of measured SPL versus distance of probe ;ié?from o
Audi onetric Evymapp&mﬁmﬁ,e f?ﬁm; égﬁii E%&szt%}%snfﬁr bt vidual. w nglow,
shown iconi zed; Br—a—Spaid-dtizaid-oh—W-Rdow—showr—~eori zed. The
| atter threefw ndo arge essentially iden iocal to thosg=in the predictefl
ai ded bval yphief®nd o Ml ated aidedevaluation W ndows. The ai defl
eval uation 5 w hdow perw el ectroni_c adj ustment off nmanufactured
hearing aid | g _5.9aramater \ D & case—ef@ programmabl e hearing ald,
shown in Fi gxeil, '

B-10}

o

2

§-151

a .

T 20}

25 -=— 5 kHz Tone

- 15 kHz Tone

Distance (mm)

Hig. 29

Measured SPL for 5 kHz and 15 kHz during probe advancing at
' 6 mm from tympanic membrane
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or di spl ayi ng the suggested paraneter setting in the case of a manually
adj usted hearing aids, shown in Fig. 20. 10 The ai ded analysis w ndow i s

simlar to the analysis wi ndow for unaided, predi cted ai ded, and
sinmul ated ai ded eval uation process steps, except that t he

measur enent s %,g%{ﬁspondi ng plots reflect the response frgprilensize
actual hearing aid inserted in the ear canal of the individual rather than
predi cted or synthesized signal, i.e. sinulated aided, response anal ysis.
15 Synt hesi zed realistic acous 'ﬁgfsgnal s are presented to the
hearing aid by | coupling spati & sounds directly to the m crophone

of the heari . - . er
function, H ¢rr] err Md) . & he suppl.ied | CP .
‘receiver-to-#icr o%ﬁé‘rkpﬂ@r gﬂﬁﬁ%-?ﬁﬁ 18 E'Fig]é)'{']'r\}@ ProRe Agvancing &ed | n
the digital $ynthesis process,5 gyndramtympanigo membrangi gi t al audjo

file 107 repjesenting an audi o source at |location p[err] in space is
retrieved frpm system nmenory 106 for processing with the free-fieldfto
face-plate tyansfgr function Herr] (p[err], jw 340, 342 for right and
| eft ears, & 25imdi vi dually. Other parallel processes reflecting

filtering of g'tic.(l 25 sources or filtering of reflective pajhs,
shown col | ec i rectangl es 341, 343, are sumed W th
the right 11Ema{|1g MO IS\ i ng nodes. The outcone of sunm ng
nodes i's furffe o kexd {% equalize the | CP receiver to hearing
aid m cropho iﬁ g efkegts by applying the i nverse transfer
function 1 / (M 342{ 345. The acoustic signals 30 supplied tp

t he m crophopes Lof\ t\hey hgaring ai ds 351 represent spatialized :
signals w th] cha existhcsfsel ected and controlled by the VEA syptem
operator vi g theg tidl dzAatilon, Signal Modul €77 ionmetric .
Evaluation wndows. 5000 10000 15000 20000

Frequency (Hz)

Big. 31

Measured SPL for 5 kHz and 15 kHz during probe advancing at )
4 mm from tympanic membrane
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35
descri bed
exanpl e 2-cc
recei ver out put

above,

coupl er :
of the hearing aid to the 2-cc coupler input.

El ectroacoustic testing of the hearing aid,

may al so be perforned externa

i n conjunction whbfedhipe
produce various acoustic stinuli

PCT/ US96/ 13126

input to the hearing aid durlng its 2-2p4

si gnal

canal

coupled with-the ICP as
to the ear
measur enents can be perfornmed by connecting theé

The | CP,

for

generation capability of b&@mgﬁﬁmﬁan
WO 97/ 23117

-45-

8p! er - based hearing aid

Simlarly, 2-cc coupler neasurenents can be perforned on
ICP, i.e. a sinulated hearing aid, by connectlng t he receiver output
| CP to the 2-cc coupler i nput . 5
effectively with fitting prohl egs
provi des a basis |[for_new tools that are audiologically S
For exanple, the |system sl ability to synthesize realistic acou
condi tions, both |si i ded and ai ded, can be used as an
rehabllltatlve tdolf whiere~a jhearing inpaired listening ability
by i nt eractji t aégi g. In such application, the hearin
person is dr ¢ ijt h spatialized signals that repres
wor ds in noi sy und. Even though the words mght b
determ ned from

eval uati on.
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the audibility neasurenents and net hods descri bed above, these words 15

m ght not be intelligible for the untrai ned hearing-inpaired individual.
Dependi ng on the verbal response, or registered response via a response
keypad, the VEA system can provide audible or visual feedback to the

heari ng i npai r\pg ohasiyyi dual that indicates the appropriat eneperafsod/ise2e
response. The object of this newtest is to teach the hearing-inpaired how

to 20 i nprove speech perception and intelligihility beyond nere .
audi bility. Anot her test nadeggﬁﬁg |l e by the invention determ nes
t he individual' ab|I|ty<£o | o a sound in a plane or in.

- eNs the detection of m ninal

h o .
|nd|V|duaI s ability to detect, in
pure tones versus frequency
'Nfg-__Jkgu% —JourRal-ok-Agous.

re, a conparison of the

t hr ee- dlnen3|onal space. An - TX
audi bl e angl e (MAA) test whereby
degrees, the mnimal angul ar sepsa
(see MIIls, AeeWo-Quihe M.nilaig
Soc. of Am 30:237-246, 1956). Fu
i ndi vidual 's jl ocalization abil |ty conpar ed across unai ded,
sinmul at ed ai ded, and ai ded conbﬁ 0 The invention al so kes it
possible to deternine thé indi.Vid &% bility to det ect soun
nmovenents inta plane or in a't si onal space. For exanpl e, a
sound obj ect ican be synt hesi zed sent novenent in a padticular
geonetri cal dnd frequency pattern efindividual's inpaired 35 ability to
detect the novenent can be assesspd. Fdrthernore, a conparison I of the
i ndi vidual 'slability to detect so veent s can be conpared acr oss
ded si mul at ed ai ded, and

various listgning conditions int

ai ded condi titons. - BN
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D
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WD 97/ 23117

PCT/ US96/ 13126 ‘ ' : - 46- Al t hough
the invention is described herein with reference to the preferred

enbodi nent, one skilled in the art will readily appreciate that other

appl i cations r’r?%,%%ﬁybstitut ed for those set forth herein WHATAIS96/13126
departing romthe spirit and scope of the present invention.

Accordi ngly, the invention 5 should only be limted by the dains

i ncl uded bel ow. 1. A sys?gzzﬁr assessnent of 4Te hearing
function in humans, conpri sing: rtual el ect ®ac I ¢ audi onet er
conprising an audi onetric aure tor selrective synt heses acoustic .
signals for aﬁyh-(-)*f--he-aH-frg—fH-&gﬁe-s-Hc-st-heari-ng(ai"d"pres'cr' Ton, hearing

Hy, g, i)

ai d simul atibn, and hearingdald fitting, and tn I N a] prostheses
that ermul ateg a hearilng gi d pregstheses, said infracanal |pgpstjekes
cont ai ni ng a} receiverf coyplge §o said audionetric nmpcfY € %)8 }
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delivering said acoustic signals and further conprising neans for measuring
i n-the- ear-canal acoustic response near the tynpani c nenbrane during

hearing evaluation.. 2. The systemof Claim1, further conprising:
means for perform ng said assessnent in terns representing absol ute sound
pressure | evel. 3. The systemof Claim1, further conpri %E‘?Hjs%lmzti

means for per fWOATAYIhearing aid sinulation by incorporating

el ectroacoustic transfer functions into the digital synthesis of an
acoustic signal. 4. The system of %@éﬂ 3, further conprising:

means for applying a hearing aid trarz unction during syntheses of
audi o signals, including primary a}J.d-i—%si gnhal s conprising pure tones and
speech, and secondary audi 0 si gryed=s PNsighg background noi se and ot her
conpeting sources. 5. The s)3§1 @ Cl afm 3, further conprising: '
means for synthesizing audi o sidmaitfa-7 ncl udi ng primary audi o signals
conprising pure tones and speechiOfiffD|Eecondary audi o signals conpri'sing
background noi se and ot her conpdqidt pur ces for hearing evaluation with -
any of a hearing aid and a_si nulf{pk paring aid. - 6. The system of
Claim1, further conprisi n§ _
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means for sinulating any of a hearing aid occlusion effect,

effects, and oscillatory feedback potential.
of Caim1, further conprising: '
one transfer function to synthesize spatialized

7.
~nmeans for applying at |east
acoustic signals

venting
The system

and create req&bg&&ﬁlJistening environnents in a mnmulti-d nengcensdériarze
8. The systemof Claim 1, further conprising:
a digital audio synthesis nodule for generating an acoustic signal.

9. The systemof Caim1, further GﬁﬁﬂiBsing:
audi onet er nodul e .for communi cati ng acoustic information between

acousti c space.

said i ntracana

prost heses and said virtgjal

10. The systemof Claim1, further congri $I0g:

acoustic space neasurenent nodul e for gepe
acoustic transfer.function to allow synt o]
si gnal s. r-----—-~-—-—--t—f ------- -

a digital

el ectroacousti ¢ audi oneter.

a virtua

ing at | east one

f spatialized acoustic

117

f_

Audiometric
Interface

Hha OW)
L 114

H iep-fb (w)
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11 A systemTor assessnent of the hearing function in m&% m%ég
“an i ntracanal ““ mrﬂll mul ates a Qearl ng ai d prostheses
int racanal _progmﬂ ﬂ I a receiver coupled to an audionetric

nodul e . * cdeli vBrithg *acoustic signals and further conprising means
for measurl ng in-the-ear- canal acoustlc response near the tynpanic-
menbr ane during.hearing eval uation; and ‘ a virtual

el ect roagousti,c _aydi opyet er _conpri sjn said netr c.nmodul e f el ective
synthest 8- of Agilein B sspgrament SLER/ A THOEER I himPne, pEmPRREEn ng
environments ign vﬁtd&l' élecﬂ’bﬁ@ﬂ%tﬁﬁ%ucﬁ@ﬂéﬁérf @6n@ﬁ|¥|r@‘ d?ﬁerumdtrmgﬁnedmles for
hearing aid escription, hearing aid sinulation, and _ heafi

fitting, sekaceveﬁwmaeseq @E@P@Hé’dﬁuﬁgﬂﬁls tor any aﬁ@ﬁeﬂﬁgeﬁla@m@sﬁ%,nbea ng 'Sid
a di g'tab per oﬁYHEHﬁﬁgSanéf%ﬂHb@nBHf ﬁ&%@ﬁhg%w .afstic signal s; |

means fo rin sihulat ron By I ncororati ng
el ect r oacoust ian lntracanalt rpmstheses uthati emulateso a Hesating t aid syesthesies, osaigh

e IR Bdipeses, contpinng, a Fecdidr BhufERLE' b RREBrIFEA InGHER, for
al I ow sy qeli¢stig Waid Rabuslic sRthals ARl iatierasrmprising means foii‘neaé’drhgsm-ttleen
of Caim1l, further conprising ans for performn

hearing RfrcanaliAeeuslic IRSPPASeMasr be ynpaRic MersaRS during earmge %’é‘?@?n

functions into the digital synthesis of an.acoustic signal.

[(e C

2. The system of Claim 1, further comprising:
= means for performing said assessment in terms representing absolute sound
pressure level.
- 3 The system of Claim 1, further comprising: ,
means for -perfor'ming hearing'aid simulation by incorporating electroacoustic
transfer functions into the digital synthesis of an acoustic signal.
4, The system of Claim 3, further comprising:
means for applying a hearing aid transfer function during syntheses of audlo
signals, including primary audio signals comprising pure tones and speech, and
‘V:, secondary audio signals eompri‘sing background noise and other compsting sources.

5. The system of Claim 3, further comprising:

means for synthesnzmg audio s:gnals, including primary audio signals
comprising pure tones and speech, and secondary audio signals compnsmg
background noise and other competing sources for hearing evaluation with any of a
hearing aid and a simulated hear_ing aid.

. 6. The system of Claim 1 further compnsmg _
means for simulating any of a hearmg aid occlusion effect, venting effects, and
oscullatory feedback potential. ' '

REPLACEMENT SHEET
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13.° The systH mmﬂ im urther conpri sing: WE*PEMUS@@ M 1998
hearing aid t to syntheSkze audi o signals, including

prinmary audio signal 's conprising pure tones and speech, and secondary audio
signal s c?orrpr ITmmgystenkgfr(Dlau'd hdutikeracuinptising: conpet.i ng sources. 14. The

t f d ' t AV, Of
Y heatt ng o dBedndpbanorae; 8l asti 4ip dranster Toaln, 6 rbestyer dadfiad
pot ent i alacousti® - sighalsy ah& "ereafe ﬁ‘ééﬁ’sﬁﬁ”ﬁﬁbnﬁf lhQirBRentd ih Ud GhuRPRdinfensional
humans, conpfi si n% a virtual elect roacoust I ¢ audi ometer conprising

an audi oeOHBtC #P8aee for selective synthesis-of acoustic signals
representative of realistic listening environnments in a nulti-dinmensional
space for any of hearing diagnostics, hearing aid prescription, hearing aid
si mul ati @, arﬁmsymengoﬁacmlrhit tfumger camprisingt ual el ectr oacoust ic

audi oneter incl udi o _synt hesi s eneratin
aai d acoust | ¢ gl audio syntfegis Fhodye e bBaSthE S BrSE.figngl riiat on by
i ncorporating el ectroacoustic transfer funct ions into the digital synthesis

of an acoustic_signal; and . a virtual acoustic space neasurenent
nodul e f & genﬁlﬁa@ﬁi@"h@f Clairst1, dughercermsprigingr ansfer function to all ow

synthesis of Sap@!EQﬁI difloRStAS dduté Q&ahémmuﬂi?at nogyﬁ%oﬁsﬁé GfoRhalibal Bethreen

wherein said vir acoustl c space neasurenen neasur es

“i ndi vi dusiaid edracamad peostheses and said sirtuah elagiiwagoystis audiometet.i dual '
acoustic effects of body, head, external ear, and face plate on |ncon1ng
acoustic signals froma nulti-dinensidnal acoustic space.

~  10. The system of Claim 1, further comprising:

4

o/ .
a virtual acoustic space measurement module for generating at least one

acoustic transfer function to allow synthesis of spatialized acoustic signals.

11. A system for assessment of the hearing function in humans, comprising: .

an intracanal prostheses that ‘emulates a hearing aid prostheses, said
intracanal prostheses containing a receiver coupled to an audiometric module for
delivering acoustic signals and further comprising means for measuring in-the-ear-
canal acoustic response near the tympanic membrane during hearing evaluation; and

a virtual electroacoustic audiometer comprising said audiometric module for

a._) selective synthesis of acoustic .signals representative of realistic listening

environments in a multi-dimensional space for any of hearing diagnostics, hearing aid
prescription, hearing aid simulation, and hearing aid fitting, said virtual electroacoustic
audiometer including: _ |

a digital audio synthesis module for generating said acoustic signals;

means for performing hearing aid simulation by incorporating electroacoustic
transfer functions into the digital synthesis of an acoustic signal; and

a virtual acoustic space measurement module for generating at least one
" acoustic transfer function to allow synthesis of spatialized acoustic signals. -

12. The system of Claim 11, flrther comprising:
means for performing hearing aid simulation by incorporating electroacoustic

transfer functions into the digital synthesis of an acoustic signal. ' REPLACEMENT SHEET

08 AUG 1998 -
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. i? Asystemf the hearing functionin hurpm
~a virtual elec ﬂmaﬂgmﬂ'ﬁm%ﬂ'lmeter conpri sing an audi one mcﬁ'ﬂR 190’
sel ective syntheses ot acOUSTikC signal s r\épresent ative of realistic

| i steni ng envi ronrrents in a nmulti-dinmensional space for hearing

di agnost i r escri ption, heari.ng aid sinulation, and hearing
aid fi ttl1§3 b‘ﬁk?sy em éilfe%rucg'rﬁhef PERHRRGs t hat enul ates a heari ng aid
prost heses, sandammdsleamyinqpammgeadcwaﬁﬁeﬂfmﬁ:tuanrteognms@@la@idwl sighals,
sai d audionetfic nodul e for del i veri ng such acoustic signals an

further &BiEEING RYMAsY raudiorsigpals eemprisingt n@re mesCan@sp@@@bstan@ peSpodary
near the P §@n§l§$§ﬁfgﬁi§ﬁm£ﬂé¢l§ﬁo{]ﬁ§ﬂd& analo et1 souttdeR! el n said

system provid Lvery an meas nt W thin the ear
canal near the tynpani c nenbrane. 18. The system of cI aim17, wherein

sai d meaddr enél'dtesswstenpefr@laﬁmeki,émmaeromnpnisingf erence point near the
tynpani ¢ nmenbrane durin 1 hase hearin fitt Q directl
corfelate madtani aiuiztind 885 S 2hesfidh =R oBelisian gt Enfing Exiers, gnd
bi naur al caemasdrytedtibatk botehtpat i al i zed node for hearing diagnostics and
rrehabilitation, conprising the steps of:

15." A system for assessment of the hearing function in humans, comprising:
a virtual electroacoustic audiometer comprising an audiometric module for
- selective synthesis of acoustic signals representative of realistic listening
=4 environments in a multi-dimensional space for any of hearing diagnqstics, hearing aid
prescription, hearing aid simulation, and hearing aid fitting, said virtual electroacoustic
audiometer including:
a digital audio synthesis module for generating said acoustic signals;
means for performing hearing aid simulation by incorporating electroacoustic
transfer functions into the digital synthesis of an acoustic signal; and |
a virtual acoustic space measurement module for generating at least one

acoustic transfer function to allow synthesis of spatialized acoustic signals.

16. The system of Claim 15, wherein said virtual acoustic space measurement
module measures individualized transfer functions that include any of an individual’s -
acoustic effects of body, head, external ear, and face plate on mcommg acoustic
signals from a multl—dlmensmnal acoustic space.

17. A system for assessment of the hearing function in humans, comprising:

a virtual electroacoustic audiometer comprising an audiometric module for
selective syntheses of acoustic signals representative of realistic listening
environments in a multi-dimensional space for hearing diagnostics, hearing aid
prescription, hearing aid simulation, and hearing aid fitting; and '

an intracanal prostheses that emulates a hearing aid prosthéses, said
intracanal prostheses containing a receiver coupled to said audiometric module for

REPLACEMENT SHEET

08 AUG 1998

AMENDED SHEET




synt hesi zi ng audio signals, including primary audio si gna‘ % g Qg%Re‘sgS

toges ﬁnd speech, and secondary audi o si gh@l s conpri si ng background noi se
and ot her eti ng sources, wherein s synt hesi,zed audi Q_signhal s. are
ot cHaB@Ng Ach Adonans sinals s8d GrRee FOMATANG Toeds fof Mabeuning Bithe-

of an '”déé(r-éé'ﬁ‘él écdifsfne%%.geﬁsé)ﬁe&r the érﬂémémgrélﬁlﬂuﬂﬂ? weférﬁg%r@étmmn

incoming sig ntro spati al | zati on paranmeters of said
audi o si gnal s \Mhem!ndsalg sysyemfprpmlepcﬁmlteneolﬂs @gmalsdelr\@ev.an% pReasyrament

f d
e SR QAR s Y o il oo seoustic noundery

atnDspPerrc absorption, and spreadrng | oss roll-off; . presenting such
spatializ li to an,i leI and . e rm.ng_an r|n
di agnost i ig hdBei Aystamy %r a{pi ﬂ?' Mefﬂ'@aﬁﬁ% 'H?gs”@mﬁﬂtﬁt ?’@n%eé'{?& g

aid fitti ggmphddl ré\‘@rﬂ%ﬁ ?Gﬁi hbér IRstnfpanic Mémbrafeedamid all phaseh af fﬁeh?mg ard

further conprisin presenting such spatialized stinuli

to predi cfrttpgrtpcdlmﬂyecqsrelateemgasmntrd@éa| ng aid systens. 21. The
nmet hod of Caim 19, further conprising the step of: - presenting such
spatialized stinmuli for sinmulating a hearing aid system 22. The et hod

of Caim 19 &y inethiod dompselettiyg tame ptesenhhg brnaural agoustienstimyli Snc3patialized
spatializg odse *om”eanfn%rdlgg%étfl ancij reh %nﬁa{' on, compnsmg the steps of:

synthesizing audio signals, including primary audio signals comprising pure
tones and speech, and secondary audio signals comprising background noise and
other competing sources, wherein said synthesized audio signals are presented
according to individualized transfer functions that include any of an individual's effects
of body, head, ear, and hearing. aid faceplate on incoming signals;

controlling spatialization parameters of said audio signals, including any of the
position of each source in space in terms of any of distance, azimuth, and altitude; and

~
o’

acoustic boundary parameters including - room size, reflection properties,
reverberation, atmospheric absorption, and spreading loss roll-off;
presenting such spatialized stimuli to an individual; and
. performing any of hearing diagnostics, hearing aid prescription, hearing aid
O simuletion, and hearing aid fitting with an audiometric module. '

20. The method of Claim 19, further comprising the step of:
presenting such spatrahzed stimuli to predict performance of one or more
hearing aid systems.

21. The method of Claim 19, further comprising the step of:
presenting such spatialized stimuli for simulating a hearing aid system.

22. The method of Claim 19, further comprising the step of:
presenting such spatialized stimuli for"hearin_g aid evaluation.
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"23. A method for in situ sinmulation of at |east one heari;mz 0 MAR 1398

pr ost heses, corrpri Si ng the steps of: Sisel ectively sinulating

el ect roacgé 3 par% (Ers of hearl n al d prostheses with a virtual

el ect roac®dst i Hef@r iR oSl tign afdableast engodeasings Aid prostheses,
el ectroacgyy Phg gr’giéﬁégfl ncI ud| ng: a. signal processing

par aneters, ng gal n, frequency response, filtering, and signal

‘adaptation to Seleotively srmutaimgaeiectroacousuc perameters qfd‘reamtgearsl priosthesdisrgith

venting eff rtion depth oscil.latory fe dba pote | al .
vt 0 ! i, SSH AP AR ol BRI can 6, said

. heari ng agkctroBoastic paf@:ﬁ@m imgladingeses that is coupl ed to sal d :
audi onetri c nodul e ard t hat ,enul ates a hearing aid prostheses, said

physi cal par anBt Ei083) REPERRSIGS PAFAMALPra: inclydina geinfreauency response.fitering.
for assesgARIE Ougda?tmtq%c?)mﬁ 'sBﬂnH“ Qalmans conprising the steps of:

synt hesi zi ng b signal s earing di agnostics, hearing aid
prescription, heaadaustiai pasameﬂmu am;ludmg hveatingg effedtst insertipn adepth effects,

ol 1 ver | e Sk brE AR B0 4Rl SRR Sk bl ooy canal acoustic
emul at es a heagimgatihg gh wdnwamems%flmhéaﬂﬂ@dxd m:ﬂstalnemmceﬂat Prosthesses

receiver oupJed to a audlo .c npdul e for deljverin i d acousti.c
signal s, thassis cplpleck tqo gal meYE. masviRe AnsoibRt Smyiates. s Beagng aid

prostheses said physical parameters including hearing aid fit and comfort.

u. 24. A method for assessment of the hearing function in humans, comprising the
steps of: o
~ synthesizing acoustic signals for hearing dlagnostlcs hearing a|d prescription,
hearing aid simulation, and hearing aid fitting; and . |
delivering said acoustic signals and measuring m-the-ear-canal acoustic
response near the tympanic membrane with an intracanal prostheses that emulates a
~ hearing aid prostheses, said intracanal prostheses containing a receiver coupled to an
- audiometric module for delivering said acoustic signals.

25. The method of Claim 24, further comprising the step of: .
measuring in situ the occlusion effect due to the insertion of a simulated hearing

aid.

26. The method of Claim 24, further comprising the step of:

. fitting a hearing aid based on subjective response and in situ measured
response to signal models that are spatialized according to spatialization parameters
and according to an individual's transfer functions. '

27. The method of Claim 24, further comprising the step of:
&irectly coupling acoustically said intracanal prostheses to a hearing aid
microphone for hearing aid evaluation and in situ aided hearing evaluation.
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 JPEADS 2.0 MER 1995
ITEGSUI’I ng in situ t effect due to the insertion ZLO:MAR 1998
heari ng ai d: Hﬂ‘uj E"Bj ﬂﬁi&f Caim24, further conprising the step of:
fitting a hear i ubj ecti vgl_esponse and in situ measured
response 1o si gnal rmdel s that are. spatialized according to spatialization
par anet e acco LV Lr nctions. 27. The
nmet hod 011’2§CI al {WQY‘{]&@%"@%? gh?‘n‘g ‘?'HB"%'Fggﬂ%fs%p OH directly coupli iy
acoustically @%dicttﬁ@ ra%@aélﬁiuldtfr{gsﬂ'iéemriého% dfesedillzdony fdedbatkphone for

hearing aid evaluation and in situ aided hearing eval uation.
28. The nmethod of C aim 24, further conpr|5|ng t he step of :

predicti an CHRI
D! 128, Sy oo, e ca SIGEr 24 SChty’ 0k et step
i ncor por incesporates aumedsuareduacoustic feddback traasfef fundtionct i on.

30. The method of Claim 24, further Cqmprising the step of:

providing hearing aid specifications based on simulated hearing = aid
characteristics that are interactively developed and optimized by synthesizing said
acoustic signals, and by simuitaneously méasuring the acoustic response near the
tympanic membrane.

31.  The method of Claim 24, further comprising the step of:
selecting and specifying a hearing aid system which produces natural sound
perception by matching in situ acoustic response characteristics of said hearing aid
system to that of an unaided response in a multi-dimensional acoustic space.
32. The method of Claim 31, further comprising the step of:
testing said hearing aid in a synthesized realistic acoustic environment.
33. The method of Claim 24, further comprising the step of:
) evaluating and optimizing an individual's ability to detect movement of sounds

in a multi-dimensional space.

34. The method of Claim 24, further comprising the step of:
~ evaluating and optimizing an individual's. ability to localize sounds in a multi-
dimensional space. - |

35. The method of Claim 24, further comprising the steps of:
| measuring acoustic response of an individual's own voice in an occluded ear
canal via said intracanal prosthesns and '
subtractlng an unoccluded ear canal reference measurement therefrom
wherein an objective measure for occlusion effect is calculated.
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30.° The met hod of”!ﬂ“ﬂl ! ”lll “Imﬁr conprising the step m 20 MAR 1938
providing hearing ; [ ons bas on-sinmul ated hearing aid

characterjstics that are interactively dével oped and optim zed by

synt hesi g1y Rilethod foF Bstiiating el Geclagion buffsttmek t ansinudated dwearingngaid,
t he acoustic response near, the. t ynpani ¢ nenbr ane. 31. The

me:jhod ofc?oq!msmme ﬁMﬁ conprising the step of - ' sel ecting
and specifyin i | B 8406414 . o
per ception byq“rrg?c i %%ﬁﬁéﬁ Eé(ﬂ%ﬁeseﬁ%mréeg%gnse i%f;b;ﬁ ag{ﬂlggtgyggh%?e ggliddear

heari ng aamal is ocelyded bytan intzacanal prosthesisithatis cpupled toramaudiometric module

Further GEDIRSRRIERS SaifSiBfited hearing ald; and T (" 275 Rearing i d in a
synt hesi zed r esbteictiagaceu sinccchuded osaerdanal refereri® méasurerhéntd thierefremn
24, further conprising. the steP f: eval uating .and Olﬁti mzing an -

i ndi vi dgamh%reabaniqtye@ eEeasH %&f&?&)/ﬂs'% eb@&n‘é§a|° atedy, 5

mul ti - di mensi onal space. 34. The method of Caim24, further

conprising the step of: eval uating and optim zing an
i ndi vi dus87.s ahiprotgss forffitting & heasingraid, domprising the steps ofdi nensi onal space.

performing one or more reference [measurement] measurements in an
unoccluded ear canal in proximity to an individual’s tympanic membrane;
performing an unaided hearing évaluation with an intracanal prosthesis that is

Y representative of a hearing aid prosthesis containing a receiver therein for producing
o acoustic signals in an individual’s ear canal; '
optionally performing a predicted aided evaluation using the results of said
unaided hearing evaluation and signal pfocessing parameters of a hearing aid stored
ina fittihg system;
performing a simulated aided evaluation with said intracanal prosthesis by
generating acoustic stimuli via said intracanal prosthesis, said stimuli representing
| ~ acoustic signals produced by a hearing aid, '
performing an aided evaluation with an actual hearing aid; and
adjusting said hearing aid to match the hearing aid’s characteristics to that of a
{:‘) simulated hearing éid using said intracanal prosthesis.

38. A method for assessment of the hearing function in humans, comprising the
steps of: _
' defining critical audibility features of an acoustic signal;
- measuring an intracanal acoustic signal;
comparing said measured acoustic signal with a measured hearing profile; and
providing audibility spectrogram plots that show on one plot the audibility of said
_acoustic signal according to critical features of said acoustic signal, said measured
acoustic signal, and said hearing profile. ' |
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reasur i ng acoustl ndividyal's own voice in an occluded ear
canal via said i nt r'acana prosthe3|s and subtracting an

.unoccl udegh. earTﬁ@R?éthbﬂfo?'inﬁ?SEEW&‘Gﬁiprfshﬁm%fstép of: Wner ein
an obj ectlve nmeasure for occlusion effect is cal culated,

met hod for estinteractivelyhfittiog ceitharopf ar hearingraid andupasigyiated nqa@nggd aid by
conprisin t I r (o) e
or an 1 neipeling, SsPho, ane oxFFIGG PRLERAIT oy BPACRERING S s e

pr ost hesi sirulated lsearing hicbbasedion aaill audibility speciograsmd t hat enul ates said
sinmul ated hearing aid; and subtracting an unoccl uded ear canal
.reference neasurenent therefrom wherein an objective nmeasure for occlusion

ef fect isqgal CAlmbafed for%anné\ d%"s@QQ’ﬁénf oran irtdiw:daalacbnwrnslr@ thiedsteps of:
conpr|5|ng t he ste s of : er orn1ng one Qr npre

- [neasur enent | M@H@'ﬁﬁaﬁt@cﬁweérﬁ%tf@lﬁ Qj"@tﬂw%’a}ﬁaﬁuqrs%rﬁ}a@)b'ﬂﬁ%m??} with a
| ndi vi dugl g Jrﬁgﬁgﬁml&oggaﬁé?ﬁ%recﬂ ceagﬁl%rirﬁéabt%h@ﬁ Hﬁﬂr&%dsila%béﬁver to said

eval uatio I nt racana ros at 1's representative of
hearing aheafngsditdenmiicrophonai furngldadr bearingr evalgation with pa@d@@aﬁggaé&ﬁ'"!{:

I
or o ot ecPos HRRER VLA AR sty [atipnyyiia BPhbRRRiarS S BRC10 0
eval qat i on andpéﬁgﬂﬁingoé@@wgd Bgalpationet er s of a hearing aid stored

35 The rret hod o |mm [l]uu" IIIlquer conprising the stepﬁgﬁag?‘h&%{gﬁ
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|n a'flftpng4%é¢3n¥—~—~———perfOrnlng a S|nuléted alded evaluaﬂtﬁ%d54gn Lﬂ o

aid intracanal prosthesis by generating acoustic stimuli via said
_1 Nt racanal EII!MJEM“HHMHML stimuli representing acoustic signals produced
by a hearl form ng an aided evaluation with an act ual
‘hearing ai d; and adjustlng said hearing aid to match the hearing
aid's characterlstics to that of a sinmulated hearing aid using said
i ntracanal prosthesis. 38. A nmethod for assessnent of the hearing
function in humans, conprising the st®ps of: defining critical
audi bility features of an acoustic signal; measuring an intracanal
acoustic signal; conparing sai d neasured acoustic signal- with a
neasur ed hearln éﬁl : provi dj ng aydi bility spectro ran1p|ots
that shofPon 8 gﬂ‘ f9%e h&ﬁﬂ’r‘ﬂﬁ 1355PSsmert éd’o&?f’ﬂ&l‘%‘i‘%‘n [CORRELTHh dheo
critical steps ureds of said acoustic signal, said nmeasured acoustic signal,
and said hearing profile.

configuring a receiver, such that said receiver provides an
acoustically sealed, acoustically isolated path between said receiver
and a hearing aid microphone to directly couple an acoustic signal
from said receiver to said hearing aid microphone for aided hearing
evaluation with said hearing aid fully positioned in a normal wearing
location within an individual’s ear; and

performing an aided evaluation.
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54 .40~ #nethod for hearing assessment in an individual, corrpri éﬁﬁ'ﬁgﬁ‘(éé' 2
steps of: configuring a receiver, such that said receiver gp/d\)sde soPYy
an acoustically seal ed, acoustically i sol at ed pat h between sai d-rec .
and a hearing aid mcrophone to di rectly coupl e an acoustic si 7-.;‘«:3

said receiver to _ﬁ hearing_aid m crophone for a| ded hear| ng \',‘_,:;.: I on
with said heari n?& fully p‘&%‘ﬁ"ﬂmﬁmaﬁﬁz Fi ng | oca®™®n within
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(57) Abstract

- 20

Digital filtering (18) of one or more signal sources according to . S = /
selected models and digitally controlled signal processing parameters,
including audio sources, spatializing coordinates, acoustic boundaries,

signals representing one or more simulated hearing aids, and individual- }' /f(
\\T\

B =

ized body/external ear transfer functions synthesizes a simulated three-
dimensional acoustic condition for presentation to hearing-impaired per- 22+~

son (20) for objective and subjective hearing evaluation via an intra- - %

canal prosthesis (22) that is positioned in the ear canal (21), and that 24
incorporates a microphone probe to measure in-the-ear-canal responses 23
at a common teference point near the tympanic membrane (26) during

unaided, simulated aided, and aided hearing evaluation, A virtual elec-

troacoustic audiometer (19) computes the electroacoustic parameters of

a hearing aid based on the results of the unaided audiometric evalu- 10

ation and reference measurements. that included the acoustic response
near the tympanic membrane. The system then synthesizes acoustic

signals reflecting the combined selection of audio sxznal model, spatial- [ STORAGE ermv 1
ization model, acoustic boundaries model, as well as computed hearing

aid model in the case of simulated aided condition. -
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