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This thewls presents o systematic wtudy on the speech intelligibllity of
(he hearing fmpaired under everyday lListening conditions. The study wam
prompted by the frequently noticed complaint of hearing-impaired persons

ﬁﬂ haviog diffieulties primarily in understanding speech in a noisy
environment as in group conversation, public halls and traffic, Under these
wonditlons hearing aids appear to be of little or no benefit, as a result
of whieh many users are rather disappointed about the performance of their
alda,

A major part of the study has been focused on the psychoacoustical
modal Ling of the effect of noise and reverberation on the unaided and
{Ilﬁld fipecch=Reception Threshold (SRT; defined as the speech level at
jhinh 0% of speech is correctly understood) for conversational sentences.

The models were tested by means of SRT values measured against a background

ul continuous noise with a spectrum identical to the long-term average

#peotrum of the sentences. The SRI's were measured both on elderly subjects

without hearing aids and on younger subjects (age below 65) with and with-

put behind-the-ear hearing aids. The SRT's of the elderly were measured

monaurally over headphones, In addition, part of the elderly also partici-
pated in an experiment, where binaural hearing was tested under free-field
eonditions, uaing different types of interfering sound sources positioned

In front or laterally to the subjects. In all investigations reference

vilues for GRT were measured on young normal-hearing listeners tested under

Lhe same conditions.

The main results, given below, are ranked in the order of presentation
in the Chapters I to V of this thesis:

(1) by means of the Speech-Transmission-Index (STI) model reverberation can
be replaced by an equivalent noise in predicting the effects of rocom
peoustics on the SRT of elderly hearing-impaired persons situated in
the diffuse sound field;

(2) In rooms, the most effective way of reducing the handicap of elderly
Loaring-impaired persons is by decreasing the reverberation time rather
than by raising the presentation level of the speech;

(4) for any individual, the hearing loss for speech (SHL) can be accurately
deseribed, as a function of ambient noise level, by a model which is

h based on two independent loss components, viz. SHL in quiet, and SHL
In nodso at high levels (> 70 dBA);

(5)

L] ) | e .--'t- iy gl

m weparating the locations of primary speech source
m wource (speech or nolse) than young persons|
alwep, the do not really benefit from the relatively wilent
periods In f ing speech (single speaker), in contrast to o galn
of 7 dB for young subjects relative to the condition of continuous

3.

interfering noise;

for any hearing-impaired individual, the effect of a heaviog ald on

SRT can be sufficiently characterized by two components, vie, the
functional gain in quiet, and the functional distortion in noiwe at
higher levels (> 55 dBA); in modern hearing aids an avarige funetlonal
distortion corresponding to an increase of the aided S8RT in nolwe of
more than | dB has been found; thus, the aids provide no benefit ln

noise, since they are detrimental to the signal-to-noise ratio,




INTRODUCTEON
It Lo an levefutable fact that wpeech Iw a vital and el ficlent way to
oommundeate, Thin explalng why people whose speach-bearing ability iu
vaduced are wo obviously handicapped in daily 1ife, Despite a vast amount
ol ramearch on numerous details of hearing impairment (e¢f. the review by
Plomp, 1978), tha question of how hearing-impaired people are exactly
Hapddeappod in terms of disability to understand speech under everyday
condlitions, has not yet been studied systematically. This lack of know-
ludge manifests iteelf, for example, in the routine manner in which
hearing=impaired subjects are provided with a hearing aid. The primary aim
ul the present investigation is to gain a quantitative and systematic
lnowledge of hearing impairment as a communicative handicap, and to explain
In what respect a hearing aid can be of rehabilitative potential.

Ihin thesis is basically a collection of five successive papers in
which the results of the investigation have been published (given in
thironological order in Chapters I to V). Before introducing these papers,
twn peneral remarks should be made. The first concerns the symptoms and
type of auditory bandicap. It has been known for a long time that the first
aymptoms of a hearing impairment are that the individual has difficulty in
understanding speech in church, at the theatre, or im group conversation,
but can hear speech at close range without any artificial assistance (cf.
Buauloy, 1940), Apparently, even moderately hearing-impaired subjects are
wanlly disturbed by interfering noise and reverberation. Nevertheless, in
Lhe past decades most attention has been focused on hearing difficulties
In quier, at the expense of research into impaired speech intelligibility
In everyday listening situations. This has had a marked, adverse effect on
the dewign of hearing aids, and it has created immoderate expectations of
thely effectiveness. Indeed, the aids are satisfactorily effective in quiet,
but penerally of no use in a noisy environment (Carstairs, 1973; Nielsen,
1976), Hwspecially individuals with sensorineural hearing impairment derive
vather limited benefit from a hearing aid, as compared to subjects with
vonduetive or mixed losses.

The wsecond remark concerns the prevalence of this auditory handicap.
IFrom o Literature survey (Plomp,l978) we may conclude that as much as 7.5%
ol the population has difficulties in understanding speech in noisy
wivlvonments, The next stage of a hearing handicap, which implies diffi-

pultlen both in noise and in close-range conversation in quiet (cf. Beasley,
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10a0), Ill“.!‘ m !’i‘l of the population, BLightly more than 1% even

hae dLOf tonlebun wb w1l ordinary wound Intensitlen, and thus needs very Loud
speech or avpdflolal asnlutance. Other figures gliven by Plemp (1978) show
that at the age ¢f 65 no less than 24% of the pepulation lw more or lewss
handicapped, an cofipared to 12 at the age of 20. Furthermore, the cumula-
tive distribution of hearing handicap as a function of age indlcaten that
almost half of the handicapped is over 65. This means that presbyacusls Lo
a major source of hearing difficulties, and that elderly subjects deserve
our special attention.

It is the above-described state of affairs that prompted us to the
research being introduced next. In Chapter T it is shown how, in coses of
elderly listeners with various degrees of hearing loss, the Speech-Receptlon
Threshold (SRT; level at which 50% of speech is correctly understood) lor
conversational sentences is affected by noise and reverberation. A wyualomn
atic concept for evaluating the combined effects of reverberation and nolus
on the SRT of hearing-impaired subjects is presented, which lu based on the
Speech Transmission Index (STI) (Houtgast and Steeneken, 1973). Tha 811 fu
a practical, single measure by means of which reverberation can be raplaved
by an equivalent noise in predicting the effects of room acoustlics on
speech intelligibility.

In Chapter II the implications of the reverberation study have huen
elaborated with regard to room acoustics for the aged. The suscaptiblility
to noise and reverberation found on elderly subjecks dimplies that the
acoustical reguirements for rooms frequented by the aged have to be nore
stringent than for normal-hearing persons. Based on results obtained [ rom
the STI concept, supplemented with data on the hearing loss for spesch ln
quiet and in neoise as a function of aga (Plomp and Mimpen, 1979), a guant |«

tative specification of the acoustical requirements of elderly subjects

. is given, which pertains to speech intelligibility boeth in the dirsct

sound field and the diffuse field of a speaker.

The study presented in Chapter ILI is focused exclugively on the
effect of noise on the SRT's of the same, aged subjects, who particlpated
in the reverberation study. Five noise levels from 0 dBA up to 73 diA were
applied. This systematic way of measuring SRT in noise enables a test Lo
be made of a model of hearing losses for speech developed by Plomp C1970),
This model describes SRT as a function of neise level by means of Lwo

parameters wpecific for hearing loss,
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%Ilq.mnalursd with either an interfering noise source (con-

nul) or an interfering speech source (fluctuating signal) in
toral positions, respectively.

lﬂd does not allavlata this aspect of their handicap. A ba31c
mt for a hearing aid to provide substantial benefit in noise is

-Emwlired. In Chapter V of this thesis an experimental basis is
“’Iﬁmﬁ’ﬂ model, and the validity of the model is demonstrated,
the frequency responses of the hearing aids involved and
| aring impairment considered. Furthermore, data are presented
o nee of hearing aids in relation to their electroacoustic
i a8 measured in a test box.
sction "Pinal discussion! the implications of the most essen—
, presented in Chapters I to V, will be comsidered. First, the
{ 8TT is briefly reconsidered, with emphasis on listening
fluctuating, instead of continuous, interfering sounds. In
poct, the experimental results presented in Chapter IV are quite
'ﬁi‘ﬁmlu- on the basig of both the systematic quantification of
ditory handicap of hearing-impaired persons and their re-
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ALBTRACT

Far B0 male wubjects Cage 60<00) and 30 female subjects (age 71=89) the
enaural Hpeeohi=tecaption Threshold (SRT) for sentences was investigated
uider £ive reverboration conditions at a constant noise level.The rever-
beracion times used were between O and 2.3 8. The noise, with the long-
Lorm average speech spectrum, had a level of 52.5 dBA. Each subject was
aunlgned to one of several subgroups formed on the basis of the maximum
rovarberation time at which khe subject was still able to understand the
senbancon correctly. The mean SRT's and the standard deviationms are given,
per subgroup, as a function of reverberation time. It is shown that, for
sucl pubgroup, the SRT in different reverberant sound fields can be ex-
presued am n wingle number, namely the required Speech Transmission Index
(L) aw Introduced in room acoustics by Houtgast and Steeneken (Acustica
A, 66=73 (1973)). Furthermore, it is shown that a model of SRT as a function
ol nofse level, developed by Plomp (J.Acoust.Soc.Am.63,533-549 (1978)), can
be combined with the STI model and can thus include the effect of reverber-
atlon,

LNERODUCT TON

Hoar lng-fmpaived subjects often complain of being unable to understand speech
Ll u reverberant room, This paper presents a systematic approach for eval-
Upb g the extent to which, for the hearing-impaired, conversational speech
Iu luterfered with by a combination of reverberation and noise, The approach
Lo bawed on the Speech Transmission Index (STI), introduced by Houtgast and
HEsenelken (1973)' (see also Houtgast, Steeneken, and Plompz), which is an
Approprlate measure for describing the combined effects of reverberation and
nodmne on spesch intelligibility. As subjects suffering from presbyacusis re-
present u large percentage of the hearing-impaired, our study is focused on
Lhat group.

Ihe effect of reverberation on the intelligibility of speech for hearing-
tupalred pubjects has been studied by only a few investigators. Bullock
(1957)3 invent igated word intelligibility in quiet for reverberation times
(F) up to 2 #, Nibelek and Pickett (19?4)4 tested subjects wearing hearing
alduy they studied combinations of noise and reverberation (7=0.3 s and 0.6 s),
an did rindteo=Hieber and Tillman (1973)5 for T up to 1.28 ., Gelfand and
Hoohberg (1976)° presentoed their subjects with word material in quiet, to
whioh arelficial reverberation (=1, 2, or 3 8) consisting of a series of
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ncunnunw-ﬂlhllnu and Robinotte (1978)" have recently

pumna e besd varbous pesules published on word inteligibility under diffars
ont raverberatlon senditiona.

Bocaune of thely fragmentary character, it is difficult to draw nys-
tematic coneluslons from these studies. In general, the results for norwels
hearing subjoets indicate that the decreage in word intelligibilicy scorven
in quiet is moderate for T increasing up to 2 ¢ (scores typleally abave
80% for T=1 8); in the presence of masking noise the scores decrease moras
rapidly. Hearing-impaired subjects prove to be more hindered by lncroansing
reverberation than normals. When noise is added, they are seriounly hawdl-
capped. »

A more systematic approach seems to be necessary in order Lo galn a
clear insight into the effect of reverberation and noige on specch Intellf~
gibility. For the case of normal hearing some attempts have been made to
find a theoretical framework in order to generalize the results,

Lochner and Burger (196])8 presented a method to compute speech fntels
ligibility under reverberation conditions from acoustic measures, taling
ambient noise into consideration. In essence, the technique conslsty of
splitting the sound reflections in a room into early components to ha
regarded as useful signals, and late compeonents acting as masking noime,
All echoes arriving within a period of 95 ms are integrated with the direct
sound in accordance with a weighting function which defines, an a funetion
of echo intensity and delay time, the fraction of the echeo intensity to he
integrated with the direct sound. By means of this technique the effective
signal-to-noise (8/N)} ratio in a room could be computed from the fmpulue
response known as the echogram; from this ratio word intelligibilitvy wan
predicted. The calculated scores agreed very well with the results [rom
word tests in three rooms with T=0, 0.8, and 1.8 s, respectively.

Peutz and Klein (19?3)9 introduced the Articulation Loss for congonanth
(ALe) as a measure for predicting speech intelligibility., Tt was experinent -
ally found- that, without noise, ALc gradually increases as a function of
distance from the source up to a limiting distance of approximately 0O,2(V/1)
(V=volume of the room in m3). At larger distances Alc is almoat constant,
depending merely on T.

Bolt and MacDonald (IQ&Q)IO developed a statistical theory, in which
speech is regarded as a series of disctete impulses, the heights of which
are uniformly distributed over a range of 30 dB of sound-pressure lavel in

any given awdlosfrequency band. By considering the extent to which an dmpules L4
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, an exprasafon for the
unmasked pnrﬁinn off nhe tmulnl. mmmlﬂ.mntul valuen of spesch=in-
pulne duratfons and Intervals obtalosd from spectrograms divided into weven
frequency bands with widthe of 500 We, unmasked portions were caleulated as
4 function of reverberation time and masking noise~level. By making use of
data reported by French and Stelnberg (IQ&?J“ word intelligibility scores
gould be predicted from these portions. The predicted values agreed encourag-
lugly well with the experimental data which were, it is true, limited in
mumber at that time.

Prench and Steinberg (19&7)11 introduced the Articulation Index (AL) as
U measure for predicting speech intelligibility. Hitherto, results confirming
the merit of Al under reverberation conditions have not been reported.

A promising new measure is the Modulation Transfer Function (MIF), intro-
duped o room mcoustics by Houtgast and Steeneken (1972, 19?3)%"2 Essentially,
the MIF fs the Fourier transform of the impulse response. For many cases, a
mwathematfenl expression representing the MTF as a function of room volume V, T,
B/N patlo and distance can be given. From the MTF a single number, the Speech
Pransminslon Index (STI), can be derived. This index is a very convenient
meanure for quantifying systematically the combined effect of noise and rever-
boratlon on speech intelligibility, In the next section the derivation of the
BT will be explained for a simple case.

I, THEORETICAL ASPECTS OF SPEECH TRANSMISSION IN A ROOM

The dnfluence of the acoustical environment on the transfer of acoustic signals
vonelece, essentially, of a smoothing effect on the temporal envelope of the
wignnl caused by masking noise, reverberation and echoes. Houtgast and Steene-
lken (IB?S)I introduced a noise signal with a sinuscidally modulated intensity
1o determine the smoothing properties of a room., These properties can be
gquantified as the MIT, representing the degree of modwylation depth of the
nlmparul wnvelope as a function of modulation frequency. Recently, the method
g been degeribed in full detail (Steeneken and Houtgast ). In this paper the
mathod will be discussed as far as needed.

Lot up consider a room with volume V and reverberation time T. A speaker

and i dnterfering noise source with equally shaped sound spectra are both

loeated far enough from the listener to make the direct sound negligible com-

pared to the reverberant sound reaching the listener after a large, variable
jﬂpblt of reflections (diffuse sound field) (according to Peutz and Klein
%4#1!3’ the distance between the listener and the sound sources should be

Thin condltion Ln attractive because Lt wlwplls
flen the squatbons and because (¢ Lo the mont wensltive way of testing the
effact of veverberatlon on speech fntelligibility, The speaker is replaced

by o nolwe dnput wlgnal with intensity L;(e), varying sinusoldally between
0 and 2TL=

L, (£) = T (lteos2nft) = T, {1+Re(exp(j2npe)) ), (1)

where Tﬁ = long-term average of Ii(t), measured at a distance of | m from Lhe
source (free field condition), and F = modulation frequency. The fnterferlng
noise source has a constant intensity I, at a distance of | m. Tt iu clear from
Eq.(l) that the input signal is modulated 100%. Noise and reverberation will
reduce the modulation depth near the listener. The output signal at Lhe

position of the listener is equal to
I(t) = T_{1+m(F)Re (expj2nr(t-ac)})}, (2)

where m(F} = modulation reduction index depending on I, and At = time delay
relative to the input signal, reflecting the phase response of the Lrapns-
mission path. Index m(F) constitutes the MIF, For the specific condition
considered the MTF can easily be calculated on the assumption of an exponent-
ially decaying sound field. In that case, IO(tJ is the sum of the exponent-

ially weighted contributions from all past moments:

t
LAE) = f (L;(t") + I)C exp Falr-t')}de’, o)

—n

where C = a constant, depending upon the properties of the room,

1
n

1

constant intensity of the interfering noise source, messurad at a
distance of | m from the source (free field condition), and
SR AR T

Substitution of Ii(t) from Eq.(1) into Eq.(3) ylelds successively:

a = a factor defined by T: e

Lin=c +.’,,)f:axp[-(lS.B/T)r’}d!HC!_( Re {exp(jhﬁ‘f] fu- exp[ ~(2n. + 13.&/1‘):']4."}

_Cr oo d o T (18.8/T)Re{expi 208 (4 ~ (1/2vF)arotan(2n £7/13,8
- &5 Genfi e i a7 Gl
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l:nmurh’an with the expression for 1 () In B (2) whows that the MTIF [
aqual to

miE) » (T,Lfr:fl-rtnm(|3.s/1')[(la.af'.r)2+(2-,=1r32]”*}
(1107 BMM0y=1 g a07p2p2y~h (5)

Min equation shows that the MTF is the product of two independent factors,
ane depending on 1 (and F) and the other on the signal-to-noise ratio
H/N = 10 105{Tiftnj.

WLLh respect to speech, the essential modulation freguencies in the
tomporal envelope are between 0.4 and 20 Hz, as is illustrated im Fig.l. The
pol bl surve represents the envelope spectrum of connected discourse obtain—
ad by performing a lj3~octave frequency analysis on the envelope originating

From the audio-frequency octave band centered at 2 kHz (other octave bands

w
8 78 s £
g5 iz ¢ 0 2
1.0 ) l L) A i o | Ill l T J ! l 1 1
S 08 T
b 0.6- -
o 5 i T
B 04k {
3|
E 02" ‘\\\ \\\\ \\‘ \\“\\\‘ —4
5 T _‘\_‘:\::\:\ 4
0 i e | | Lo g -Trr'-'::-'-“aﬂ“: L
01 02 e 2 5 10 20 50
modulation frequency in Hz
IIG, 1 The oolid eurve is the envelope spectrum (voot-mean-squave of the

Jluatnatione within /3 -cotave bands) for the 2-kHz cctave band of a 80-¢
sample of sonmected discourse of a single speaker. The dashed curves ave
obbatnad by multiplying the eolid curve with m(F) values ealeulated <in ac-
dondanae with By, (5) with 1 as the parameter and a notse with intensity
In-o, (Adepted frem Plomp and Duguesnoy, ?Hﬂﬂ,id Mg, 8, )

j..______ ___A_ e

yleld llmilll"m_ !’WI! snvalope wpactrum has o makloum for 99,4 le

pituated botvesn the frequency of words (2.5 words/s) and the frequency of
syllablon (5 myllablen/u) of che apeech analyzed. The dashed curves are o=
tained by multdplydng the solid curve with m(F) according to Eq,(5) for dif«
ferent reverberation times T (independent of audio frequency) . The curves
giving the envelope spectrum at the location of the listener sftuated In the
diffuse sound field, show that the speech modulations are transferrad rathep
accurately for T<0.25 s, but that they are strongly raeduced for Tak W, |
In order to achieve an optimal agreement between the MIT and Dutoh word-
intelligibility scores from normal-hearing listeners, Houtgast, Steencken, and
Plomp2 developed a weighting functiom, the Modulation Transfer Index (MI1).
The MTT controls the contribution of the MIF's to speech intelligibility Fop
the modulation frequencies involved. It was optimized for a wide varlaty of
rooms by analyzing scores from 80 combinations of noise, single echoes and
reverberation times, The resulting procedure consists of the following stepn:
(1) express the MIF, for each of the 18 madulation fraquencies I' (I' from 0,4 Lo

20Hz in !/a-octave intervals), in terms of an equivalent S/N ratlo:
steq(F) = 10 log{m(F)/(1-m(¥)] } in dB. (6)

(Thus, each modulation reduction index m(T) is interproted as if {t had
been caused by interfering noise only);

(2) compute the average §7ﬁ;q resulting from the above obtained |8 S{Naqfw}
values after having been clipped when exceeding the vange from =15 dii o
+15 dB;

(3) convert the average S?NEcl into a normalized index MTT according to
MTI = (S?Neq+]5)/30, where 0zMTIgl, (7)

In our case (see Sec. TTA) T and S/N are independent of audic fraquency, wo
that MTI = STT (Speech Transmission Index). In other cases, however, m(I') haa
to be calculated for seven audio-frequency octave bands in order to obtain
STL as a weighted average of the MTI values specific to thege bands. Further-

more, in cases of nonexponential reverberation, the simple Iq.(5) doen not

‘hold. Houtgast and Steeneken]5 have shown experimentally that such casan are,

nevertheless, reliably described by the MIF.
In our wimplified conditions STI has been computed for various valueu of
T and 8/N Inwerted into Eq.(5). In Fig.2 the STI i plotted as a functlion of

T . i
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the dndiroer sound fleld of the loudwpoaker, Mﬁ i

diffuse as posnible with wound rveflectors hanglny Cvum the ealling, By means
of vemovable absorbers the reverberation time, belug almwoss bodepandent of
audlo=frequency between 125 Hz and 4 kHz, could be varied, Uslog a decay=
ourve averaging method (average of 20 curven, actave bands with center fre-
quencles of 500 Mz and 2000 Hz) the reverberation times were caleulated from
{he slopes of the curves in the range from 0 to =10 dB (early decay time, most

relovant du speech transmission, see Houtgast and Steenekenls). The reverber-

atlon times used were 0.4, 0.5, 0.7, 1.0, 1.3, 1.9, and 2.3 s. Additionally,
fhe M1 was measured for the various conditioms. The reverberation times
pomputed from the MIT (see Iq.(5)) agreed with those measured directly with-
In * 5%,

i, Procedure

he recordings made for various reverberation times were used for measuring
WD for sentences. The following adaptive procedure was applied. The first
wontence of a list was repeatedly presented at, successively, 2 dB higher
pound-pressure levels until the listener was able to reproduce the sentence
gorrestly. Then, the second sentence was presented at a 2 dB lower level. Tf
ihls wentence was correctly understood, the level of the mext sentence was,
agoln, decreased by 2 dB; if it was not, the level was increased by 2 dB. All
vemalning sentences were handled in this manner. The average of the levels
adjunted after presentation of sentences 4, 5, etc, was accepted as an esti-
wute of the SRT for sentences. The sentences 1 to 3 were discarded to avoid
A posnible bias of SRT caused by the first sentence being accidently under-
ptood at too high or too low a level.

The procedure implies that a correct reproduction of the entire sentence
I8 vequired for a positive response. If a listemer's speech reception is so
poor that he is unable to reproduce sentences correltly even under excellent
Iutening conditions, an adaptive procedure as the above cannot be applied.
Nome of our subjects belonged to that category.

In two separate experiments (Duquesnoy, 1977)]8; (Plomp and Mimpen, 19?9)17
the reliability of SRT values obtained with the lists was investigated. The
U values found had a standard deviation of approximately 1 dB.

. lxperimental conditions

e mentences were recorded on one track of a tape. Ou the other track the

...-Il‘lllllllh;;

B

ntandard m”m}' the wame {ntenslcy and apectrum an Uhe

Long=torm average of the sentences was vocorded, Preceding the sentences
the same nolue wan recorded for sany calibration of 8/N ratlos, The levels
of the output slgnule of both tracks of the taps recorder could be soparate
ly adjusted by mnesns of two attenuators. After attenuation the sdgoals
were mixed and fod monaurally into an earphone fitted with efrcumaural cupn
with liquid=filled eushion, which attenuates ambient noise effectively (eare
phone Sharpe-Scintrex Mk IV, attenuation >35 dB at 1000 Hz),

The tests, which took 35 to 45 min,were partly carried out in an anechole room
in our laboratory and partly in a reasonably guiet room (nofse lavel <15 dBA)
in a home for the aged. First, air-conduction tone audiograms for botl sars
were determined, which took about 15 min. Then, the ear with the smallaer
average hearing level (500, 1000, and 2000 Hz) was chosen to maasurs SHI under
five reverberation conditions, using one sentence list por condlition, Varylig
reverberation times including T=0 s and a constant noise level of 52,5 dBA
were used.

It was expected that several hearing-impaired subjects would be unuble
to understand sentences presented with much reverberation.In order to test the
subjects for the reverberation range best adapted to their capacitios, vuch
subject was assigned to one of several subgroups by using the followlng
selection procedure. Apart from the sentence lists, a supplementary list of
six sentences was recorded three times with T=1.3, 1,9, and 2.3 &, TORpRE
tively. The greatest T for which at least four of the six sentences, prosented
against a background noise of 52.5 dBA, were understood correctly determined
to which subgroup a subject was assigned. When a subject was unable to unders
stand sentences for T=1.3 s, the maximum T to be considered was apparently
1.0 s or less. In this manner we arrived at the following subgroups with
corresponding maximum Ts: subgroup A (Tmax=2'3 s), B(1.9 &), €(1.3 n), and
D(1.0 s). Per subgroup, the five reverberation conditions were distributed
as evenly as possible over the range of T applicable to this subgroup,

The five lists were always presented in the same corder, To eliminate the
effects of training and fatigue as much as possible, the test conditlions wers

counterbalanced for every ten subjects tested successively.

D, Subjects

The elderly people were recruited from two different populations. The £lrut

group conuisted aff 50 male empioyees (age 60-67) of the Hree Universicy. The
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the dodivect wound fleld of the Loudnpeaker, The
dlffuae an ponnlble with dound rveflectors hunghop feom the aeliiog, By meons
ol removable absorbers the reverberation time, belng alwest Independent of
audlo=lraquency between 125 Hz and 4 kHz, could ba varled. Uslng o decay-
gurve  averaging method (average of 20 curves, octuve bands with center fre-
quenelen of 500 Hz and 2000 Hz) the reverberation times were calculated from
the slopes of the curves in the range from 0 to -10 dB (early decay time, most

- 15
rolevant In speech transmission, see Houtgast and Steeneken ). The reverber-

atdon times used were 0.4, 0.5, 0.7, 1.0, 1.3, 1.9, and 2.3 s. Additionally,
(e MU was measured for the various conditions. The reverberation times
pomputed from the MIF (see Eq.(5)) agreed with those measured dirvectly with-

la o 5%,

By, Procedure

fhe recordings made for various reverberation times were used for measuring
WL for sentonces. The following adaptive procedure was applied. The first
gontence of a list was repeatedly presented at, successively, 2 dB higher
pound=presgure levels until the listener was able to reproduce the sentence
porvectly. Then, the second sentence was presented at a 2 dB lower level. If
thin pentence wag correctly understcod, the level of the next sentence was,
agaln, decreased by 2 dB; if it was not, the level was increased by 2 dB. All
vemalnlng sentences were handled in this manner. The average of the levels
adjunted after presentation of sentences 4, 5, etc. was accepted as an esti-
mate 5% the SRT for sentences. The sentences | to 3 were discarded to avoid
# posnible bias of SRI caused by the first sentence being accidently under-
ptood at too high or too low a level.

The procedure implies that a correct reproduction of the entire sentence
In vequired for a positive response. If a listener's speech reception is so
poor that he is unable to reproduce sentences correctly even under excellent
Lintening conditions, an adaptive procedure as the above cannot be applied.
None of our subjects belonged to that category.

In two weparate experiments (Duquesnoy, Ig??)lg; (Plomp and Mimpen, ]979)]7
Lo reliability of SRT values obtained with the lists was investigated. The
B values found had a standard deviation of approximately 1 dB.

i, Lxperimental conditions

e sentences were recorded on one track of a tape. On the other track the

.

f 9

] I oxaetly the same Intens ity and spectrum as the
Long=term average of the sentencen wan recorded, Preceding the nentencen
the same nolwe wan vecorded for casy calibration of 8/N ratlow, The lavels
of the output whgnale of both tracks of the tape recorder could be meparate:
Ly adjusted hy means of two attenuators., After attenuation the wlgnale
were mixed and fod monaurally into an earphone fitted with civcumaural cupn
with liquid=filled cushion, which attenuates ambient noise effectively (aap~
phone Sharpe-Scintrex Mk IV, attenuation »35 dB at 1000 Hz).

The tests, which took 35 to 45 min,were partly carried out in an anechole room
in our laboratory and partly in a reasonably quiet room (noise lavel <39 dliA)
in a home for the aged. First, air-conduction tone audiograms for both ears
were determined, which teok about 15 min. Then, the ear with the smaller
average hearing level (500, 1000, and 2000 Hz) was chosen to measure ST under
five reverberation conditions, using one sentence list per condition, Varying
reverberation times including T=0 s and a constant noise leval of B2,5 dbA
were used.

It was expected that several hearing-impaired subjects would be unable
to understand sentences presented with much reverberation.In order to tesl the
subjects for the reverberation range best adapted to their capacities, euch
subject was assigned to ome of several subgroups by using the followlng
selection procedure. Apart from the sentence lists, a supplementary 1iut of
six sentences was recorded three times with T=1.3, 1.9, and 2.3 s, respoc-
tively. The greatest T for which at least four of the six sentences, proswnted
against a background noise of 52.5 dBA, were understood correctly determined
te which subgroup a subject was assigned. When a subject was unable to unders
stand sentences for T=1.3 s, the maximum T to be considered was apparently
1.0 s or less. In this manner we arrived at the following subgroups with
corresponding maximum Ts: subgroup A (Tmax=2.3 8), B(1,9 8), C(1.,3 n), and
D(1:0 s). Per subgroup, the five reverberation conditions were distributed
as evenly as possible over the range of T applicable to this subgroup,

The five lists were always presented in the same order. To eliminate the
effects of training and fatigue as much as possible, the test conditicnn were

counterbalanced for every ten subjects tested successively,

D. Subjectsn

The elderly people were recruited from two different populations. The fLrat
group consfnted of 50 male employees (age 60-67) of the Free Undversity. The

. .




W hmil mbﬂ,‘,ntl tun 71-!9 mean age B1.2), sw l
home for the aged,

The tone audiograms of both groups weve utudied & 1
of presbyacusis. As Schuknecht (197&)1 pointed out, Eﬂr mu n:! presbya-
gunde con currently be identified, which show an enormous variety in audio-
metrle patterns, This makes identification of presbyacusis solely based

on the audiogram rather precarious. With proper restrictions, however, it
pould be coneluded from the audiograms that 26 subjects had predominantly con-
duetlve hearing losses, whereas only four subjects (3,5%) had losses mainly due
Lo nolpe ipjuries, The remaining 80 subjects were supposed to suffer from
prouhyacusis.

In addition to the elderly people, 20 young normal-hearing subjects
(ndividual bearing losses for the frequencies 500, 1000, 2000, 4000, and
HOOO Me g 15 dB re 150-389) were tested in order to obtain a standard of hearing
porformance, Ten subjects (4 female, 6 male, age 19-27, mean age 21.5) were
unlvarsity students and the other ten (7 female, 3 male, age 18-35, mean age
21,0) wore employees of the home for the aged. Criteria for inclusion in this
rolorence group were no history of ear pathology and the ability of the sub-
Jeot Lo mapage the most arduous condition in our test, being the correct under-
standing of sentences recorded for T=2.3 s and presented against a background
nolue of 52,5 dBA.

iri} RESULTS

Pho Hpesch-Reception Threshold (SRT) was measured under conditions all includ-
Ang o masking nofse with a constant level of 52.5 dBA. For the elderly sub-
Juets who had an SRT in quiet of 50 dBA or more, this noise was nearly inaudi-
lile wo that the SRT values found were partially due to their absolute thres-—
Qwld vather than to the noise and reverberation. Therefore, these subjects
wore excluded from our further analysis. This applied to one subject from sub-
Jroup A, none from subgroup B, five subjects from subgroup C, and five sub-

Jeetn from subgroup D. Furthermore, all 14 subjects, for which Tmax£0.7 s,
wore lelt out of consideration, because 12 of them had an SRT in quiet of more
Chan 50 dpA,
In Table I the averages of air-conduction tone audiograms for frequencies
from 500 to BOOO HZ are given for the reference group and for subgroups A to D.
o data refer to the ear with the smaller average hearing level (500, 1000 and

Ahe mhrf af mbd-abl 'fm'uolwd Md ﬁhl maan m
ping Loswen vefer to the ear with the omallen
, 1000, and 8000 Ha).

ctud'ﬂoprm. | o
are aloo gl
averdge kﬂll'&ﬁh\;.

Subjects Number Mean Hearing loss (dB re [80-389)

HES 500 1000 2000 4000 BOUO He
Refer.gr 20 22:h  mean 551 QU o ilgET B 7EEE
PO ORI R I i
Subgr. A 14  65.3 mean 13.2 12.9 18.2 26,4 31.4

s.d. 7.5 10,3 11.7 14,1 22,7

Subgr.B 29 64.9 mean 7.9 9.3 18.4 34,1 45,3
Sede 7.4 8.8 10.47 16,4 22,0

Subgr.C 25 74.6 mean 18.0 16.0 24.0 46.6 69,2
gl VA 859 2.4 SlacE NS
Subgr.D 17 6.7 cmean 22,60 22i60 35060 ST T

s.d. 9.2 10:2 3.6 19,0 2356

In Table IT the means and standard deviations (s.d.) of the individual
SRT values, expressed in S/N ratic, and the means and standard deviatlions (w.d
and s.d.2) of the corresponding STI values are summarized for the refersnce
group and for subgroups A to D, The STI values were derived from the L{ndividusl
8/N ratios by means of the Eqs.(5) to (7), and s.d.| is the standard deviatlon
of the original STI values, In particular for subgroups C and D, w.d.1 In lary
compared to the reference group. This is due to considerable diffevences fn b
dividual performance. Since we are interested in the more general awpects
rather than in the interindividual differences, we corrected for theme differens
ces. This was done by subtracting, for each reverberation time tested, Lhe wmeal
STI for a subject (average of five different reverberation times) from Lhe ags
tual STT value found. The standard deviation of the STI wvalues thus obtalned

is called n.d.2. For subgroups B, C, and D s.d.2 is substantially smaller than
8.ds 1,




(in dit), and the aorvaeponding S0 values from b
olderly vubjeata grouped tn subgroups A to D for Wik

thon timen applied. For each subgroup the number aff _ polvad to
gtvan, With respect to the SIT valuee two standave deviattons are menttonsd:
(1) a.d. of the original SUI valuee, and (8) v.d. of the STI values from
whioh the subject means have been removed.

Hubjectn Reverberation time (s)
Refor.gr 0.0 0.4 0.7 1.3 2.3
(20 §u) 6/N  mean ~4.4 -1.9 -0.8 5. 5.5 dB
g.d. Tl 1.7 1.0 1.7 2.7 dB
UL mean 0.355 0.37 0.36 0.36 0.34
s.d. 1 0.035 0.05 0.03 0.04 0.035
g.d.2 0.03 0.035 0.025 0.03 0.025
Hubgr . A 0.0 0.4 O 1.3 A
(14 Bu) 8/N mean -3.1 -0.1 0.9 2.9 12.6 dB
g.d. 1.4 2 1.3 1.8 6.5 dB
S11 mean 0,395 0.415 0.405 0.375 0.385
g.d. 1 0.045 0.04 0.03 0.035 0.025
g.d.2 0,035 0.03 0.025 0.04 0.025
Hubgy, B 0.0 0.4 0.7 1.3 1.9
(29 Bu) 8/N npean -2.3 0.8 1.8 4 10.5 dB
' Badi 1,45 1.9 1.3 5.0 bel B
87T mean 0.425 0.45 0.425 0.415 0.41
g.d. 1 0.05 0.05 0.03 0.05 0.025
g.d.2 0.025 0.035 0.025 0.035 0.03
Bubgr .G 0.0 0.4 0.7 1.0 [
(45 B#) 8/N  mean -0.6 1.3 5.2 6.6 13.8 dB
' g.d, 2.2 3,1 4.0 ®& 4.4 7.2 dB
87T mean 0.48 0.51 0.49 0.46 0.49
g.d.l 0.075 0.075 0.07 0.06 0.04
g.d.2 0.03 0.03 0.03 0.03 0.04
 Bubge. D 0.0 Dady: 0, 10:5 0.7 1.0
(17 88) $/N mean 1.9 8.2 8.9 13.1 20.1 dB
god, 2.9 6.1 6.5 9.0 11,5 dB
81T mean 0,56 0.605 0.58 0.575 0.56
g.d. ] 0.095 0.09 0.08 0.085 0.045
a.d.2 0.045 0.035 0.03 0.04 0.05

Speech fransmission index

1 1 1
01 025 05
Reverberation fime (sec)

FIG.3. The dashed curves show STI as a function of revarberation time [
with §/U ratic as parameter. For each subgroup the mean SII values [or
various reverberation times, as reported in Table II, ave plotted and sem-

nected with solid lines. The vertical bars represent the reduced atandard
deviation e.d.2 (shown one-sided).

In Fig.3 STI has been plotted as a function of T, with 8/N ratie an the
parameter. In this figure the mean STI values with corresponding s.d.?, an
summarized in Table II, are shown for the reference group and four subgroupn,

All results given thus far refer to groups of subjects. In addition,
the applicability of the STL approach will be shown for the individual cane,
Fach subject was presented with five reverberation conditions, including st s,
The predictive power of the single $TI1, measured for T=0s, ig shown {n I'lg. 4,
In this scatter diagram the mean (Y) of four STI values corresponding to the
four SRT values for T>0sis plotted, per individual, as a function of H11 for
T=0 6 (X), The linear regression of Y on X is given by ¥ = 0.4540,82(X~0,44) and
the correlation cosfficiont is 0.90. The standard deviation in 811 of {ndividua
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points  from the estimated regressiom line is 0.037. For the condition T=0 s

pueh a wtandard deviation would correspond to a standard deviation im §/N

ratdo of 1,1 dB, indicating that the fit of the individual points to the re-

proselon line is not worse than that given by the measurement error. In prac-

tloe, the simple regression line Y=X can be used, since the standard deviation
- ol lndividual points from this line is 0.042, corresponding for T=0 s to a
abandard deviation in S/N ratio of 1.3 dB.

u for each of the four subgroups of hearing-impaired subjects. The de-
of SRI elevation is reflected in a parallel %pift of the subgroup cur-
~ ven to larger STI values.
In Table ILI the mean STI values for the five data points per subgroup
6 wall as their standard deviations, s.d.3, are given. For a better evalu-
1!&50& ol #.d.3 the last column, A(S/N), represents standard deviations of
b HRT for w0 &, which would have given standard deviations of STI equal to
Hadi 3, The small A(S/N) values, expressed in dB, suggest that it is justifi-
W Lo rvepresent the subgroups shown in Fig.3 by straight horizontal lines

'&:{ll the ordinate, This assumption was investigated in the following

‘ME to o, 8.

o b lwaa’d mvmﬂ: M’WM'
BM‘ for T=0a which would have given

ﬂﬂ#’llﬂﬂ*ﬂ

Subjects §.d.2 A(S/N) (dB) ' ‘I
1
Refer.gr 0.357 0.011 0,33 4
Subgr.A 0.395 0.016 0.47 ﬁ
Subgr.B 0.425 0.015 0.46 F
Subgr.C 0.486 0.018 0.54 d
Subgr.D 0.576 0.01% 0.55 w
i}

We tested whether the slight deviations of some experimental data pulnll_
from STI are systematic or not. This was done by means of the Newman-Keuls Q-
statistic with which comparisons (contrasts) were made, for all groups, bhes
tween the STT at a certain T and the mean of the STI valuos from the remalns
ing Ts. In subgroups B and C the contrasts for T=0.4 s are swignificant at
the 5% level. The contrasts for all other Ts are not signifioant at thin les
vel, except for T=1.0 g in subgroup C. Typically, the somewhat inferfor pers
formance (STI consistently larger) for sentences recorded with T=0.4 » may
be related to a slightly deviating frequency response-curva of the r!eﬂrdtnl
room for this condition, as compared te the other Ta,

The general conclusion from the foregoing discussion may be that the afc
fect of T on STI does not seem ta be systematic and that the 811 [4 4 cons
venient single number for systematically quantifying the combined effpct of
noise and reverberation on speech intelligibility both in normal=hemelng and
in presbyacusis populations. ,

The validity of STI as a single number for determining the pembined affeen
of noise and reverberation on SRT in case of presbyacusis lmplies that a

madel, developed by Plomp (19?8)20for describing the hearing lows for wpeesh |
as a function of noise level can be easily extended in order to Include the
effect of reverberation, According to this model, every hearing loss for
speech (SHL) is interpreted as-the sum of a loss class A (attenuatlon), ehaps
acterized by a reduction of the levels of both speech and noise, and & lous
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wan be caleulated, The value D can be exprossed as o shift o §11 by con=
pldaring that every 3 dB of D corvesponds with un [uereans of 0.1 fn 817 for
=0 & (see Pig.3, graduated scale along ordinate). This means that, on the
bands of SHLD. it fs also knownwhich combinations of noiwe and reverberation
will vepresent acceptable listening conditions for the hearing-impaired. In
another publication (Plomp and Duquesnoyzl) the implications of the above
have been elaborated with regard to room acoustics for the aged,

ACKNOWLIDGMENT S

The suthors wish to thank Mr,A.M.Mimpen and Mr.H.J.M.Steeneken for their
willlng assistance in preparing the sentence lists with variable reverbera-
tlon, We are indebted to Mr.H.Slettenhaar and Mrs.R.Dalmeyer, both of the
Jome for the aged "Menno Simonsz" in Amsterdam, for their cooperation in
performing the experiments.

DUt gant and H.J.M.Steeneken, "The Modulation Transfer Function in Room
u 48 a Predictor of Speech Intelligibility," Acustica 28, 66-73

gast, H.J.M,Steeneken, and R.Plomp, "Predicting Speech Intelligibil-

Aty In Rooms from the Modulation Transfer Function. I: General Acousties,"

mubmitted to Acustica.

‘K;D: ullock, "The effects of different reverberation times upon the intel-

ligibility of PB words as perceived by subjects with normal hearing and

'iugjceta with sensori-neural impairments and concomitant discrimination

lowses," Master's thesis, Ohio State University (1967).

YA K.Nibelek and J.M.Pickett, "Monaural and binaural speech perception

through hearing aids under noise and reverberation with normal and hearing-

lmpaired listeners," J.Speech Hear. Res. 17, 724-739 (1974).

SP. 1 initzo-Hieber and T.W.Tillman, "Room acoustics effects on monosyllabic
word digerimination ability for normal and hearing—impaired children,"
Jifpeech Hear. Res. 21, 440-458 (1978).

H.A, Golfand and T,Hochberg, "Binaural and Monaural Speech Discriminatiom
under Reverberation," Audiology 15, 72-84 (1976).
A NAbelek and L.Robinette, "Reverberation as a Parameter in Clinical Test—
Ing," Audiology 17, 239-259 (1978),
Dy, P.ALochner and J.F.Burger, "The Intelligibility of Speech under Rever-
berant Conditions," Acustica 11, 195-200 (1961).
WM A Peutz and W.Klein, "Articulation Loss of Consonants Influenced by
g Nolwe, Reverberation and Echo," Proc. 1973 FASE Symposium on Speech Intel-
Udgibildty, Lidge, Belgium, 89-97 (1973).

' 'm!li_ﬁﬂblt and A.D.Macbonald, "Theory of Speech Masking by Reverberation,'
~ diAcount. Soc. Am, 21, 577=580 (1949),

. i iﬂ, - :[ F??T;i“ ARibl _
and Intelliginiiicy

| s diM, Baonaken, "Invelope apectrum

b snelowur Proceedings of the 1972 Confarence on Hpasch

Commun {eat f o Proceavivg TEEE, New York, (1972), pp. 392-395,

L9, 0 M, Seeenakon utgast, "A physical method for measuring speech-
tranamiuuion qualivy," J.Acoust, Soc. Am. 67, 318-326 (1980).
YR.Plomp and A. WDuquesnoy, "The Speech-Reception Threshold of hearing:
impaired subjects in noise as a function of reverberation time," in
Acoustical Factoras Affecting Hearing Aid Performance, edited by G.A, Stude-
baker and I.Hochberg (University Park Press, Baltimore, 1980), pp, 47=44,

L5y Houtgast and H.J.M.Steeneken, "Predominance of Barly Decay Time fop
Speech Intelligibility in Rooms" (in preparation). 3

Lég.p.Kryter, "Methods for the Calculation and Use of the Articulation In~
dex," J.Acoust., Soe. Am. 34, 1689-1697 (1962).

17R.Plomp and A.M.Mimpen, "Improving the Reliability of Testing the Hpesch=
Reception Threshold for sentences,'" Audiology 18, 43-52 (1079),

184.J.Duquesnoy, "Speech-level measurements for sentences using an artifl~
cial ear," Report 1977-AD01, Experimental Audiology, Free Univeraity,

*) Amsterdam (1977).

198.F.Schuknecht, Pathology of the Ear (Harvard U.P., Cambridge, MA, [974),

20R.Plomp, "Auditory Handicap of Hearing Impairment and the Limited Bene-
fit of Hearing Aids," J.Acoust. Soc. Am. 63, 533-549 (1978),

21R.Plomp and A.J.Duquesnmoy, "Room Acoustics for the Aged," submitted to
J.Acoust. Soc. Am.

+) Reproduced (n the Appendix of this thesis




atie nr.56, oktober 1980

inl e
| '}’W‘l '
'I‘”' II_;‘.I B
|u_alf |_
e T
o seiivrin
I

rsn gl 1

‘gl--‘H




Sunnavs

Por 110 mubjocts (age 6090, B0 male, 30 fomale) il Npeech-
Reception Threwhold (SRT) for sentences wan Lnventigate jor five rever-
beration conditions at a constant noise level, The W%M timon used
wore hotween 0,05 & and 2.3 8. The noise, with the long=term average speech
upeatrum, had a level of 52.5 dBA. Tt is shown that the Speech Transmission
Index (811), as introduced by Houtgast and Steeneken (Acustica 28, 66-73,

1073) for normal=hearing subjects, is also in cases of presbyacusis an

appropriate measure for deseribing the combined effect of reverberation and
nolee on speech intelligibility. The SRT can be easily expressed in the STI
wvalue required at the listener's position. Furthermore, it is shown that,
{n order to compensate for a hearing loss for speech in noise of 1 dB, the
voverberation time of a room has to be reduced by 187 if the listener is
ultuated in the direct sound field, and by 257 in the case of a diffuse field.

I, Introduction

Wenring-impaired subjects often complain of being unable to understand
ppecch in a noisy or reverberant enmvironment. This is particularly the case
with elderly subjects suffering from presbyacusis. As these subjects re-
present o large percentage of the hearing impaired, our attention has been
focused on the consequences of presbyacusis for the intelligibility of
pponch, This paper presents a systematic approach for evaluating the extent
o which conversational speech is interfered with by a combination of
poverberation and noise. The approach is based on the Speech Transmission
Judex (877) (Houtgast and Steeneken, 1973), which is a practical measure
for the prediction of speech intelligibility in rooms.

Ihe susceptibility of elderly subjects to noise and reverberation
{mplies that the acoustical requirements for rooms frequented by the aged
live to be more stringent than for normal-hearing subjects. In practice,
the design of the acoustical environment is acttuned ta the large majority
of normal-hearing listeners. This means that in most situations the
Iintening conditions are marginal or insufficient for the hearing impaired.
Based on the results of the above-mentioned study, supplemented with data
on the hearing loss for speech in quiet and in noise as a function of age
(Plomp and Mimpen, 1079a), this paper gives a very applicable quantitative
wpecification of the acoustical requirements of hearing-impaired subjects.

| tleal environment on the tranafer of wpeech slg=
nals consudutu of a dng effect on the temporal envelope of the aignal
cauned by amblent nolwe and reverberation. In order to guantify these
smoothing affects, Houtgant and Steeneken (1973) caleuluted the degres to
which sinusoldal lntensity variations at the speaker's position are pro-

served at the listener's position. For an input signal T, (t) = T (1 & won
2rFt), where I' = modulation frequency, the output stgnal inl

I(t) =T {1+ m(P).cos2nF(t-at)} (n

I

where m(F) = modulation reduction index depending on I', and
At

time delay relative to the input signal, reflecting the plane
response of the transmission path.

In this paper we will restrict ourselves to the case of anblent nolupe

. due to interfering speakers, since they form a very [requent amblent=nolue

condition. In that case the noise source has roughly the same spectrum s
the speech signal. From the equations presented by Houtpast and Hteenaken
(1973) the index m(F) at the listener's position can be expressed In the

parameters characteristic of the listening situation considered:

2. q i
35, 25 12
q.q 2 Folia s o £
m(F) = [ 25 12 + 82 x [ Ssll L iﬂ.[ In * 1] ’
lr fz 1 + 0.2077°7% lrz/r & C 1
c ¢ i (2)

where r = speaker—to-listensr distance,

! r = critical radius of the room (distance from the speaker at which
the intensity of the indirect sound, reflected one or more
times, is equal to the intensity of the direct sound),

distance from listemer to interfering noise or speech source(n),
modulation frequency,

=g
I

reverberation time,

=l
n

long~term average vocal intensity of the interfering sourcw,
mednred at a distance of 1 m (free-field condition),

Ti w long=term average vocal intensity of the primary apealker,

mnunut!l at 1 om in front of the speaker (Free=fleld condition),




. qn_:- divectivity Index of the in-r.ut:ﬁ-_q_ s :
1t whould be noted that Eq.(2) does not hold RREATe 08T ) s .
wound=absorption coefficients at the varioun boundary s woe Plomp wl , |
Wt al,, 1980b). ; With the above procedure an optimum velationship between 811 and |
lor the rest of this paper it is implieitly 4‘5'3.;;;1'9:1' that qs-z (primary intelligibility mcores for Dutch nonsense syllables could be achieved, This f
Hpoaler facing the listener), ql=l'5’ and q =1 (randomly oriented competing enables the in#e-r‘pretatipn of a given STT value in terms of listening gqualli~
_.I.]_llh.".‘lj- Tor the critical radius a rule-of-thumb may be ty . For normal-hearing subjectsan STI below 0.4 {8 considered a poor Lla= g
tening condition, values between 0.4 and 0.6 are fair, valucs between 0,6
ra_m 'T!T VYT - (3) and 0.8 are good, and values greater than 0.8 are excellent,
In Fig.! it is shown how STI depends on tha various variables ineluded
where V = room volume in ", in Eq.(2). In this figure STI is plotted as a function of the normallzed
M attractive condition for testing the effect of reverberation and speaker-to-listener distance r/r_, with T and $/N ratio as the parametars

nobuw on wpeech intelligibility is to position the listener in the diffuse

wound ffeld of both the speaker and the noise source. According to Peutz o

anel Kledn (1973) the distance between the listener and the sound sources
ahould be larger than 0.2YV/T (i.e. r>4r and r_»> 4r ). For this condi-
tlon Lt holda r2>>rc2 and rnz >>rc2, sa that Eq.(2) is reduced to:

1 1

ml) = — (4)
LT /T, O+ 0207871}
—
|_
W
'ﬂ‘lll squation shows that m(F) is the product of two independent factors,
wne depending on T (and F) and the other one on the signal-to-noise ratio
W/N = 10 log (Tif'f U
n
'&_ﬁﬂﬂ!diﬂﬁ to Houtgast and Steeneken (1978) the Speech Transmission
Andex (811) is obtained from 18 valBes of m(F), measured for F from 0.4 Hz .
Lo 20 He in 1/3=octave intervals (these 18 frequencies cover the envelope '
wpectrum of speech), by first expressing these values into equivalent S/N I:
vatlon in dp: : e

N (T = 10 1 F)/(1-m(F) ; 5
.‘.&'.N.q( ! o8 {m(e)/(1-m(mn)} (3 FIG.1. STI ao a funetton of the speaker-to~listener distanca, velative to

the evitical radiue, with T and S/N ratio (at 1 m dietance, free=field dons
“dition) qo the pavametere and with the itetener eituated tn the indireat :
field of the notaw source, (Adopted from Plomp and Duquesnoy, 1080),

after each B!N‘q'(F) value  that exceeds the range from —15 dB to +15

an ~ han been replaced by the limit, the average value meq of the 18 -




-mm ane. lven fnr Telho 5 8,y in:auisi‘uility ia only -- - D&ﬂ- lﬁl-
tancen from the speaker (r <r ), and it deteriorates up&di@!- for Inereasing
dintances, For fair to good intelligibility at all positions in the room,
un B/N ratio of 10 dB or more is demanded. The condition §/N==10 dB fits
?‘!ﬁ&ﬂuilﬁly to rooms like lounges and restaurants in which many local
gouversations take place. In that case, fair to good intelligibility is
only found in the direct sound field (r ¢0.8rc).

In Pig.2 it ig shown how STL depends on T and S/N ratio for the situa-
plon  in which Eq.(4) holds. In this figure STI is plotted (dashed curves)
Ay o function of T, with S/N ratio as the parameter. As all conditioms on

T I
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PG, 8. The dashed curves show STII as a function of reverberation time T
with 8/0 ratio as the pavameter (listener situated in the diffuse sound Ffield
of both apeaker and noise source). The data potnts and golid lines refer to
the average apeech intelligibility scores for nommal-hearing listensrs (line
) and for four groups of elderly subjects (lines A to D). The vertieal bars
yepresent the standard deviation of the pointe, shown one-sided.

dapted from Duquesnoy and Plomp, 1880).

.nmpi-.l .; .-'..i'n'{' _ i /
of 3 dn without pev it lon, Note that the curves only hold Cfor distanves
to the spoaker ¢ mource larger than about 4r .

Tt is evident that for normal-hearing subjects the Specch=Reception Thress
hold (SRT), defined as the sound-pressure level at which 504 of the wpesch
material is correctly understood, can be represented by a defined horisons
tal line in Fig,2. Recently, Duquesnoy and Plomp (1980) demonstrated that
this also holds in cases of presbyacusis. They investigated the monanrnl
8RT of elderly subjects for sentences with added reverberation, Ten Llstas
of 13 sentences each, developed by Plomp and Mimpen (1979h), which glve
reliable SRT values (standard deviation about | dB) by using an adaptlive

procedure for the presentation levels of successive sentences, ware taken

_as the speech material. These lists, and an interfering noise with the wame

spectrum as the long-term average spectrum of the |30 sentencen, wera ro~
produced by the same equipment in an anechoic room and in a room (68 ma)
with variable reverberation time. Recordings of the Lists and the nolae
were made for T=0 s and for various reverberation times between 0.4 a and

2.3 s. Except for the condition T=0 g, the microphone was positionad in the

_indirect sound Field. The reverberant sentences were presented by sarphone

together with a background noise with a constant level of 52.5 dlA,

In Fig.2 the results are shown by the drawn lines marked R, A, B, O,
and D. The data points conmnected by these lines give the average SRI' valuoews,
expressed in STI, for a reference group of 20 young normal=hearing Listens
ers (line R) and for four subgroups of elderly subjects (linea A to D) who,
even at a very favourable S5/N.ratio, were unable to understand more Chan
50% of the sentences for reverberation times larger than 2.3, 1,9, 1.1, and
1.0 s, respectively. The vertical bars represent the standard deviation
(shoun one-sided)} of the points.

Application of the Newman-Keuls statistic for testing on differencen
between means (5%-level of significance) revealed that ft fn justilied tu
fit the data points of both the reference group and the four subproups to
horizontal lines. We may conclude, therefore, that the combined efluect of
noise and reverberation on the intelligibility of sentences can be systems
atically quantifled by a wingle STI value both in normal=hearing and dn




presbycunie populatlons, This mean that we

ol uwni.n -uvtraummn on spaach imnmmw
by comparing the 871 valuen characteristic of theme
W1 required n accordance with the SRT (measurved fn umm

w0y of
the hearing impaired, Although the above conclusion in bawed on experiments
in the diffuse sound field, it reagonably holds for any Iiatening situation
govered by Bq.(2), ALl conclusions refer to groups of subjects. The appli-
gablilty of the 801 approach for the individual case has not been definite-
1y watablished to date.

In a4 study by Plomp and Mimpen (1979a) data have been published on

W In nodse (for T=0 s) as a function of age. The data were described in
tarmy of o model (see Plomp, 1978) in which every hearing loss for speech
(BIL) s lnterproted as the sum of a loss of class A (attenuation of the
lovels of both speech and noise) and a loss of class D (distortiom, com—
parable with o decrease in §/N ratio). In Fig.3 the average percentages of
male and female subjects with speech hearing losses in noise (SHLD) exceed-
{ng & value of | dB, 2 dB, ete., are given as a function of age.

100

o
o

~
[=]

W

percentege hearing-impaired
=

10 20 30 90

LG 8. Average percentage of male and famale aubjeota with hearing losses
w pantences in notee exceeding 1 dit, & db, ete up to 8 dB, as a function
) age. (Adopted from Plomp and Duquenn

neadad fev i rtuhjtutl» An ehu total range et l'r: overn lo an
(se0 Kq, m};.s mih”a.-, ol ML, corresponds to an Increane of 0.1 in 811
for 1=0 u, This means that, on t:hu basis of SHL,, it Lo also kmown which
combinations of nelse and reverberation will represent acceptable listening
conditions for the aged. From Fig.3 we may conclude, For example, that A=
jects aged between 80 and 90 need an STI which i 0.2 to 0.3 higher than

required by normal-hearing subjects.

4. Implications with regard to room acoustics for tha aged

The higher STT values needed to compensate for an increased SRT in nolnw
can be achieved by improving the S/N ratio and by reducing T. The 8/N ratlo
increases when the speaker raises his voice level and when the handfcapped
subject shortens his distance to the speaker. The best way, however, of
helping the hearing impaired is by reducing the reverbervation time an fn
discussed by Plomp and Duquesnmoy (1980a). They studied the effect of radues
ing T for two rather diverging rooms:
(1) Auditorium, class room, etc. In these rooms most ligteners are situatad
in the indirect field of the speaker. The interfering sound may ovigloate
from an interrupting speaker or from local conversations in a low voloa,
For conditions where the listener is situated in the diffuse sound [leld
of both the speaker and the noise source, the slopes of the daghed curvens
in Fig.2 indicate how a given loss SHL, can be compensated for by rvaeduclug
T. Let us consider a room with T=! s and §/N=9 dB, resulting inan 871 of
0.51. Then, a listener with SHLD=3 dB (ASTI=0.1) needs an §8T1 of 0,61 ta
obtain the same intelligibility as normal-hearing listeners for an 811 aof
0.51. Tollowing the curve of §/N=9 dB, T has to be reduced to 048 n
for the STT to be equal to 0.6l. For the most relevant area of slopen
(0. 5 s <T<2.5 8) an average reduction factor of 0. ?S for I per dn of lﬂhu
has been derived (e.g. for SHL, =3 dB a factor of 0. ?5 w42 ﬂppll.l)u
speaker has to be considered. It is assumed, however, that the noine sours
ces are at such a distance that their direct sound can be neglected, Under
these conditions a variation of T affects only the level of the indirset
sound of the noise source. By means of the Eyring-Norris reverberation
formula a reduction factor of 0.82 for T per dB of SHL,, was found .

A better insight into the benefits of reducing T can be ohtalned from
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e monaural Speech=Reception Thrashold (HIT) fur sente win [nventigated
In quist and under four nolne conditions for HO male subfects (age 60=90)
and 30 fomale subjects (age 71-89), The noiwe lovels uned ware 28, 43, 58,
and 73 dBA, The noise had the long=term average spectrun of speech. Tt is
phown that a model developed by Plomp (J.Acoust.8oc.Am. 63, 533=549, 1978),
whileh interprets any hearing loss for speech (S8HL) as a combination of a
lous of class A (attenuation of both speech and noise) and a loss of class

B (dlstortion of the sound signals), enables an accurate description to be
ﬁldl of the SRT values measured. Fitting this model, for each individual,

Lo the SRT data yielded values for SHL in quiet (=A+D) and in noise (=D).
These individual SHL values were studied in relation to ome another and in
pelation to such parameters as the pure-tone average (PTA), the Fletcher
Index (FI1), and the increment in intelligibility score per dB near SRT. It
way found that (1) subjects with the same SHL in quiet may differ consider—
ably in their SHL in noise; (2) for an individual, PTA and FI are inaccurate
meapures for predicting SHL in quiet and in noise, and (3) the higher an
{ndividual's SHL in noise, the lower is the increase per dB of the intelligibi-

I{ry neore for sentences in noise.

UETTON

Blderly mubjects often complain of being unable to understand speech in

.]t.y-ur reverberant environments. It has been shown previously (Duquesnoy

wnd Plomp, 1980) that reverberation can be replaced by an equivalent noise

pedicting the effects of room acoustiecs upon the Speech-Reception

'hﬁid (SRT) for conversational sentences. Therefore, the present study has

fosused exclusivelyon the effect of noise on the SRT's of the same sub-
ﬂintl, who participated in :he just-mentioned reverberation study. Their
hearing losses are mainly attributable to presbyacusis.

feveral authors have published results on speech intelligibility in

nolue for elderly listeners. In the majority of cases clinical populations
wore lnvolved (see e.g. Olsen and Carhart, 1967; Groen, 1969; Tillman, Car-
Jart and Olsen, 1970; Jerger, 1973; Surr, 1977; Hayes and Jerger, 1979),
gonninting of patients with substantial hearing losses attributable to mul-
tiple pathological processes rather than to genuine presbyacusis. Van der

# ““hll (1962) reported that only 3% of 604 elderly patients (age 65—7#)

vinlting an avdiological center had hearing losses meeting the criterion of

[ | ﬂ'ngmmury that lt h impouibh !I) Lo
draw up Mw“m arformance={ntensivy functions, or (1) to datevilne
how SR (SOEscaprmel seore) of the patients changes as a functlon of wound=
pressura laval of lnterfering noise.

Hitherta, only a few investigators have studied in more detall the
effect of noise on the speech intelligibility of aged persons. Kell at ul,
(1971) presented, as a referenmce, data on SRT in quiet and in nolse for 96
subjects (mean age 64.5) free from aural diseases. The SRT in nolse wau |
measured in a sparsely furnished room, as a result of which the datn ure
biased with an unspecified reverberation. As the detrimental effect of re-
verberation depends on both the amount of reverberation and the wlise of a
subject's hearing loss in noise without reverberation (see Duguesnoy and
Plomp, 1980), the data are less suitable, unfortunately, for studying hoar

ing losses in noise.

Jokinen (1973) investigated 100 subjects (age 30-87, grouped by decs~

“des) free [rom aural diseases other than presbyacusis, For disyllables he

measured the monaural SRT in guiet and four discrimination scotes in white
noise. The words in noise were presented at a level 30 dp above an {ndivi~
dual's SRT in quiet. Four different signal-to-noise (S/N) ratios were
applied. Reference values from 20 normal-hearing listeners (age 20-29) ware
also included. Jokinen's data will be presented and discussed In Bec. IV,

Orchik and Burgess (1977) published mean scores on synthetic sentence
identification for ten subjects (age »60, individual hearing losses <30 di
up to 4000 Hz, re ANST-1969). The sentences were presented monaurally at o
fixed level of 40,dB above an individual's SRT in quiet, againat a backs
ground of continuous discourse. Five different $/N ratios were umed., Rola~
tive to a reference group of ten subjects (age 20-29, individual hearing
losses <25 dB up Lo 4000 Hz, re ANSI-1969), the elderly subjects had a
mean hearing loss of 10 dB in terms of §/N ratio.

Kalikow et al. (1977) presented ten elderly subjects (age 60-75, Indi~
vidual hearing losses <20 dB up to 4000 Hz, re ANSI=1969) with high=pradict~
ability (HP) and low-predictability (LP) sentences against babble=type noluaw
at various S/N ratios. Relative to ten normal-hearing subjects (age 1B=24),
the elderly subjects had a score reduced by about 14%, corresponding Lo nears
1y 1 dB for the HP sentences and 2 dB for the LP sentences in torms of H/N
ratio.

The experimental conditions in the three last=mentioned studies are i



lnnd £nl£nht intn what nolue levels are 40-
Intelligibilivy of elderly (presbyacusic) lﬂh&llﬂlu”@hlmliill; Jn the prasent
aludy meanurements of SRI for sentences ware porlormed in (quist and against
manking nolse av four different sound-prespure levels up to 75 dBA. Measuring
WRE In this aystematic way makes it possible to test a model of hearing losses
for upeech developed by Plomp (1978). This model describes SRI as a function
:ét.natnu Lovel by means of two parameters specific to hearing loss. Plomp and
Mimpen (1979a) applied the model in a study of SRT as a function of age. In
the present paper its applicability is tested in more detail by means of a

parameter-estimation procedure presented in Seec.L.

1, VERIFICATION OF A NEW MODEL OF HEARING LOSSES FOR SENTENCES

Ay A model of hearing losses for speech

It wan experimentally verified by Hawkins and Stevems (1950) that for normal-
hearing listeners SRT is governed by the S/N ratio. According to Plomp (1978),
Lhe dats of Hawkins and Stevens agree excellently with

L/ 10 (L.~AL..)/10 ;
gRT = 10 1og (10 + 10 WO e, ar

[, = SRT in quiet for the normal-hearing (in dBA),
LN « gound-pressure level of the masking noise (in dBA), and

&LBN w the mumber of decibels that SRT in noise for the normal-hearing

—S is below L, thus L _-AL

N ALy represents SRT in noise for the

N
normal-hearing.

':ﬂ!,ﬂl tl!unta that L0=(Li-aLSN), where Li is the internal noise.level of the
ear, It s evident that SRT is determined by the combined masking effects of

the internal noise Li and the external noise LN' In Fig.l the lower curve,
marked R, shows the SRT for sentences as a function of noise level L. for
normal=hearing listeners tested in the present experiments (details in Sec. IT1).
Plomp extended the above model in order to describe the effect of hear-
#qg=tmplirmlnt on SRT in quiet and in noise. To this end, any Speech~Hearing
Loss (BHL) wan interpreted as caused by a combination of two formalistic im—
palements: (1) attenuation of all sounds entering the inner ear, resulting
{n the definition of a class A loss, and (2) distortion of the sounds, result-
fﬁp.in;i oliuss D loss, A loss of class A manifests itself in a threshold

the level o! th it
invel Liglhlily .guitt-nnd in nolse, The distortion hampers dtunrtmi-
nule prosented simultancously. Therefore, a lows of clams b
can be compensated Lop by improving the 8/N ratio, provided that few allfect o
intelligibilicy 1 not too detrimental. Assuming that the regquived fncreass

in 5/N ratio is independent of noise level, a loss of class D mandfentn o=

self in a threshold shift, both in quiet and in noise. Hence, for the heusring
impaired the SRT as a funection of noise leval Ly can be desceribed by (nee 3
Plomp, 1978):

(L0+A+D)H10

(Lyy=ALy D) /10
SRT = 10 log [10 «10 7 SN ]

in dBA, (2)

where: LO’ LN’ and ﬂLSN

A+D = Speech-Hearing Loss in quiet (-SHLA+D) re Ly, and

D = Speech-Hearing Loss in noise (-SHLD) e Ly = Algy

In Fig.!| it is illustrated how SRT changes, according to Kg.(2), an &

as defined in Eq. (1),

function of masking noise lewvel Ly with the losses A and D an parameters,

As can be seen, Eq.(2) represents curves similar to Eq.(l), with wlopes of
0° in quiet (Ly=0 dBA) and slopes of 45° at high noise levels (LN>60 (ABA)
In other words, for low mnoise levels SRT is fairly constant, as it {n lare
gely determined by SHL in quiet (=A+D). At higher noise lovals SRT lnoreased
proportionally to the increment of the noise level, independently of the

i given value for SHL in noise (=D). This theoretical approach suggests that,
in principle, any hearing loss for speech can be reliably chavacterisnd by

b= measuring just two thresholds, namely SRT in quiet and SRT at a single
(high) noise level.

B. Test procedure for the model

The above theoretical considerations have to be verified experimentully,
I Two aspects are of particular interest. First, does any given hearing loss
of class A lose its influence on the SRT of hearing-impalred llsteners,
for increasing noise level L., in the same way as the internal nolwe of

the ear loses its influence on SRT for normal-hearing listencrs? In other

words, has any experimental SRT curve a turning point as described by
Eq.(2)? Swgondly, does a class D hearing loss independent of the lavael
exiot? In other words, doss SRT at higher nolse levels increase in divect
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PL 1, Speech-Reception Threshold (SRT) for sentences as a funetion of masking
notoe level. The lower curve, marked R, was determined according to Eq.(1) for
nomal=hearing listeners, for which it wae ewxperimentally found that 1,=16.Z
A and bﬁsﬂ=§.8 dB. The other curves were detevmined according to Eq.(2).

Whoy hold for theoretical speech-hearing losses in quiet (A+D) and in noise

| dndtoated in the figure.

jon to the increment of the noise for any given loss D? For verifi-
of these aspects, monaural SRT's of hearing-impaired subjects were
red under five conditions (details in Sec.II) and an iterative pro-
wodure was developed for fitting a curve defined by Eq.(2) to the five
f‘hﬁl:pcintl collected per subject.

The fitting procedure applies
‘gen between the SRT's measured and
ik arror eriterion. This criterion

the sum of the five quadratic differen-
the SRT's predicted according to Eq.(2)

is minimized by adjusting estimates for

A and D (written as A and D) by means of the steepest descent method. The

Andtlal estimates A +D. and D

0P are chosen ap follows: 30+ﬁ0==SRTD—LO,where

0

MY dw the threshold of the subject measured in quiet, and DO==O 3(A0+D0)
0 adopted from Plomp, 1978, Pig.8). The iterative procedure is stopped
the partial derivatives of the error eriterion with respect to A and D

onulting A and O values dofine the bent=fitting
aviation of the five datn polots from the best-
0 d as a measure of goodness of (1,

Soma nmﬁw.’ﬁmmu @ exercised when applying this fitting procedurs.
It is inherent in Eq.(2) that a reliable estimate of D is only guaranteed
if, for one noise level Ly at least, the contribution to SRT of the flrst
power term of ten, the exponent of which depends on both A and D, [n wmall
relative to the second term. In practice, this means that it ahould be
checked that, at least, the SRT measured at the highest noise level Lﬂnnn
is unequivocally positioned on the rising flank of the SRI curva, Allumin|
a ratio of 1: 10 between the terms as the desirable minimum, this will be
the case if (LG+A+D)KIG< ((LNmax_ ﬁLSN+DJ-1, or:

A_<1N

amaltor tha
eurve, Next,

—L ﬁL =10 f (1)

As will be demonstrated by the experiments to be considered noxt, the
model describes the SRT for sentences quite well. Consequently, the spesch
hearing capacities of a subject can be characterized adequatuoly by just

two numbers, viz. SHLA+D and SHLD.

IT. EXPERIMENTS

A. Speech material

As everyday listening situations were of interest, conversational sentencus
were preferred as speech material. An accurate test was required for meamur
ing SRT in neise in such a way that even a change of | dB in 8/N ratio
should have considerable impact on intelligibility. Plomp and Mimpen (19794)
developed such a test for the Dutch language. It congisted of ten carefully
selected lists of 13 sentences each and a special masking noise having the
same spectrum as the long-term average spectrum of the 130 wentences.

By using a simple up-and-down procedure for the presentation level of
the sentences, an estimate of SRT (50% threshold) can be obtained for euach
list. The procedure requires a correct repetition of the entire sentence
for a correct response. If a listener is unable to repeat sentences gorrect=
ly even under excellent listening conditions, the above test cannot be
applied. None of our subjects belonged to that category.
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 pavate experiments in which each Lintenling condit fon
diffavent Luts (buquesnoy, 19775 Plomp and Mimpen, Andividual
BT valuss found had a standard error of satimate ol

eluding syntemptic differences among 1lsts, 1

N, lixperimental conditions

he wentence 1lats were recorded on one track of a tape. On the other track

the standard noise with exactly the same intensity and spectrum as the
'iﬂﬁl?hlrm nverage of the sentences was recorded. The output signals of both
whannals of the tape recorder could be attenuated separately. After proper
ubtenuation the signals were mixed and presented monaurally over earphones
with elreumaural cups (Sharp Scintrex Mark LV, ambient noise attenuation

45 dlb at 1000 Hz). The earphone sound levels were calibrated against free-
flold conditions by measuring the monaural SRT in gquiet with earphones and
with a loudegpeaker in front of the listener. The sound level corresponding
Lo BRI was determined by an additional sound level measurement (in dBA) at
thg position of the listener's ear, with the listener removed (details in
Dugquannoy, 1977).

The test, which took 35 to 40 min, was carried out either in an an-
wolule room in our laboratory or in a reasonably quiet room (noise level
A48 BA) fn a home for the aped. First, air-conduction tone audiograms
determined for frequencies of 250, 500, 1000, 2000, 4000, and 8000 Hz,
iﬂk about 15 min. The pure tones were presented over Beyer DI-48
s with flat cushions. Then, the ear with the smaller pure-tone
_Hﬂl (PTA, average hearing loss for 500, 1000 and 2000 Hz) was chosen
| meapure SRT in quiet and against four noise levels of 28, 43, 58, and 73
.ﬂﬂi.lfh. five gsentence lists involved were always presented in the same
wrder, To eliminate the effects of training and fatigue as much as possible,

the test conditions were counterbalanced for every ten subjects tested.

U, fubjects

1Mo elderly subjects were recruited from two different populations. They
wonpleted of 50 male employees (age 60-67) of the Free University, and of
60 Inhabitants of a home for the aged (30 females, age 71-89; 30 males,
Ao 69-90). |

The tone audiograms of the subjects were sbudled to find manifestations

C1974Y vointed out, four types of presbyasus
ad which show an enormous vardety fn audlos
metrie contly [ makes identification of prasbyacusis solaly
based on the . ther precarious. In order to ald the {nterpretas
tion of audiograms, Robinson and Sutton (1979) presonted, as o functlion of
age, normative pure=tone hearing levels with a defined probability of belng

exclusively associated with presbyacusis, In the present case, normablve

ple can curren

levels representing about B0Z probability (viz., the levels given by AMHD,
see Robinson and Suttom, 1979, p.333) were chosen and 2 dB wan added to
these levels in order to make allowance for inaccuracies in the audlograms
measured. Interpretation of the 110 audiopgrams resulted in 77 audlogrann
for which, at least for the better ear, the hearing losses at all six fro-
quencies were below the normative levels. Thus, the hearing lossoeu of the
77 subjects in question (70%) were taken as being mainly atbributable Lo
presbyacusis. From a pattern study of the 33 audiograms not satiofylng the
eriteria it was concluded, with proper restrictions, that four subjects hud

‘hearing losses mainly due to noise injuries (noise noteh {n the audiogram),

and that the others had conductive or mixed-type hearing losses (predoml-
nantly flat audiograms).

In addition to the elderly people, 20 young normal=hearing subjects
(mean age 21; individual better ear hearing-levels at the six sbove=mention=

ed frequencies <20 dB re IS0-389) were tested in order to obtain a relerence
for our speech material.

I1I. RESULTS

A, Verification of the SRT model

First, the fitting procedure was applied to the individual SRT values of
the 20 normal-hearing subjects. By definition, this group as a whole was
free from hearing losses for speech. Indeed, by introducing in lig.(2) au
reference values: L,=16.2 dBA and ﬂLSN=4.8 dB, the medians of the lndivi~
dual SHL values, A+D (quiet) and D (noise), were made zero. The median of
the individual standard deviations (s.d.) of the SRT values from the bt~
fitting curves was 0.84 dB, which was taken as the reference for goodnesn
eof fit., i

After the above standardization, the fitting procedure was applied Lo
the individual BRT values of all 110 elderly subjects, irrespective of type
of hearing lwpalrment, For a reliable operation of the estimation proce= i




pﬁmﬂ ntudy in wt.uh Lm” fn 73 dlA. uhiu means that the allowabile
mm value of clasn A hearing loswes is 42 dB, according to T, (3), This
{otdon led te the exclunion of eight elderly subjects from further
__-“‘ AL elght subjects had predominantly conductive hearing losses.
ﬁi :{ﬂll pemaining 102 subjects the curve fitting resulted, per subject, in
rellable entimates for A+D and D, together with the standard deviation of
;:m 'ftl-..";'.) '

~ he applicability of Plomp's model, irrespective of the gravity of
Iikﬂum:-l'ﬁupﬁmnt, was a matter of prime importance. In view of thist I':he
mm\“ fragquently occurring D values (from =1,0 up to 7.0 dB) was divided
‘MD four fntervals of 2 dB. Thus, four groups of elderly subjects were
m on the basis of SHL.D. 8ix subjects with D>7.0 dB were not grouped
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~ FIG.8. SRT for eentences as a function of notea level. The data points ghown
wre the mediane of BRI as given in Table I for five groupe of subjects. The
- 0 marked R, 1, 8 8, and 4, represent the curves best fitting the ex-
I I ma; ﬂﬂaa.ﬂd‘fvﬂg" Lo ligs (8), .’l'-‘i'd ﬁw m valugs and the standard
o e me- |

_ upper and lower quartdiles of the five ST
cand of the individual values for AKD, D, and

#.o:e- each group., The vesults for the normal=

uded as a reference. |

Tn Tahli
values me
s.d, are whoy
hearing group

1n Fig.ﬁ the medians for SRT are plotted, per group, as a function al '

noise level. The dotted curves also shown are defined by Eq.(2) and tppras |
sent the curves best fitting the SRT medians plotted.

TABLE I. Medians aqnd upper and Lower quartiles of the SRT valuen meauunad
at five woise levele (L, in dBAJ, as shown at the top of the table, wul M
the estimated individual hearing losses A+D and D together with the atb ‘_ L
deviation of fit (s.d.). The groups 1 to 4, coneiating of the eldunly b
Jecte, were formed on the basis of SHL;, values according to the tntervaly
indicated. The rumber of subjecte (Sg) in each group e also given.

SRT (dBA) (dn)

LN=O 28 43 58 73 dBA SHLA+D SHLD g,

Ref.group (20 $s)

lower quartile 13.6 24.4 37.6 52,0 67.2 H2.04 =0LS 0u80

median 16.0 25.0 38.0 53.2 68.0 0.0: 0.0 0L8d

upper quartile 18.8 25.6 39.2 53.6 68.8 2,8, 0uZ N3
Group 1 (23 8s) =(-1.0 dBiSHLD < 1.0 dB)

lower quartile 21.6 26.4 38.0 52.4 68.0 Sl =01 QNG

median 25.6 28.4 39.6 52.B 68.4 8.9 0u3 0.8B

upper quartile 31.6 33.6 40.4 53.6 69.6 15w91  Owa NSRS
Group 2 (35 8s) =+( 1.0 dB_c_SHLD_cB.O dB)

lower quartile 22,8 28.8. 40.4 54.0 69.2 6.0 lvg 0487

median 30,8 33.2 42.0 54.4 70.4 4.7 242 1543

uppér quartile 42,0 40.0 44.0 55.6 70.8 it (R F [
Group 3 (29 §s) =+( 3.0 dB < SHL; < 5.0 dB)

lower quartile 31,2 34.0 41.6 56.4 70.8 15.6 gy Wl

median 36,8 36.8 44.4 56.8 71.6 198 3y 580 1

upper quartile 46,0 45.6 49,2 58.4 72.4 30.2 4.2 VINGE
Group 4 (9 Bs) =( 5.0 dB_<_SHLD¢?-D dB)

lower quartile 39,2 42,0 46.4 58.4 72.6 24.2 5.2 [1.28

median 44,8 5]1.2 49,6 60.4 73.2 3.5 Suk 1487

upper quartile 58.6 56.0 57.4 62.8 74.2 4002 0 SaFipRub0




ﬂhl s w}Hum on ’bhl —oT 1

fedon, the medfans of the AvD, D, and
{vidualy of a group are compared wtﬂh
7 feedng curve spocific for the group aw

Whl valldity of the SRT model can be dlﬁﬂﬁllﬁl&ﬂ@%ﬁﬁ%ﬁlpﬁn of the

_Ilﬁlulml-ﬁﬂlllntnd-nbeva on individual and group fitting (see Sec.IITA).

Al

;ﬂiluﬁ'ﬂ' 11, Cempavison of individual data with group dota. The rovs indica-
'ﬁmﬁ*hu ’Mmm median" give the median of the imdividual values for SEI,
L, » el b and o.d. (adopted from Table I, row "median"). The next vous
i bhe QRR' values, defined by the curve best fitting the five median SRT
Jml of wach group, with the corresponding best estimates of SHL, ., SHLp
e od, . The vowe indicated by blexp-fit) show the differences between the
I}hlﬂi-ﬁf individual data and data for the group as a whole.

J

SRT (dBA) (dB)

L,=0 28 43 58 73dBa SHL, . SBLD s.d.

Wol, group (20 Ss)

g med ian 1650 25.0 38.0 53,2 58.0 -0.01 =0.02 0.84
'ha'z.; fitting 16.1 24.1 38.3 53.3 68.3 -0.05 =0.08 0.52
Alanp=fit) =0l 0.9 =0.3 <051 -0i3 0.04 0.06
wmedian 25.6 28.4 3%9.6 52,8 68,4 8.9 0.3 0.88
'Efitting 26.0 27.9 38.8 53.6 68.6 9.6 0.3  0.64
ahxp-ﬂt) -0.4 0.5 0.8 -0,8 =0.2 -0.7 0.0
Group 2 (35 S8)
wrp median 30.8 33.2 42.0 54,4 70.4 14.7 BE 1.58
'b;:;: fiteing  31.5 32.5 40.9 55.4 70.4 15.1 2.2 0.90
Alexp=fit) -0.7 0.7 1.1 =1.0 0.0 -0.4 0.0
Group 3 (29 8s)
axp.median 36,8 36.8 44.4 56.8 71.6 19.8 3.7 1.50
':f:v:-. fitting 36,7 37.2 43,2 571 7241 20,3 3.9  0.70
- Aaxp=fit) 041 =0.4 1.2 =0,3 =0,5 -0.5 -0.2
Group 4 (9 88)
: medlan 448 51,2 49,6 60,4 73,2 315 5.4 1.87
'.ﬂ‘l‘ titting : 8.1 49,5 L e
i) 0,1 0.6

UL in quiet. Therefore, the next results concern
relationy o And SHL,, split for presbyacusis and other types
of hearing tmﬁiﬁiﬁpatm Figure 3 is a scatter diagram of S§Hly, (=) versus

HL, (=A¥D) for the better ear of the 77 subjects constituting the pram=
byacusis group. The regression of SHL,) on SHL, . is given by: 0 = 0,13(A¢
D)+0.43, and the correlation coefficient is 0.62. The standard deviation

of individual points from the regression line is 1.53 dB,

TFigure 4 shows SHL, as a function of SHL, ., for the better ear of the
remaining 25 elderly subjects, who had losses not meeting the criteria for
presbyacusis as given by Robinson and Sutton (see Sec,I1C). For thin hote=
rogeneous group the regression line is given by: D = 0.14(A+D)~0.17 and the
correlation coefficient is 0.62. The standard deviation of individual polntu
from the regression line is 2.37 dB. The slopes of the two regression linen
do not differ significantly.

It is interesting to investigate how well the SHL values A+D (quiat)
and D (noise), resulting from our hearing model, can be predicted from the
PTA (average hearing level for 500, 1000 and 2000 Hz). The PTA is a very
common audiometric measure for assessing hearing impairment, although itws

usefulness for predicting speech intelligibility seems questionabla (Noble,

10 -

SHL, (dB)

SHL,.p (dB)

FIG.3. SHL, asa function of SHL yap For the better ear of 77 aubjfeote with
predominantly presbyacustc losses. The regression tine e given by: D = 0,14
(A+D)+0.43, The standard deviation of tndividual points from thia Line, th=

dicated by the two dashed lines, ie 1.53 dB. Filled civcles vepresant aubJeoty

aged 60-67; open aireles subjects aged 69-90.
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Pro.d. 8Ly, ae @ function of SHL,,, for tha better ear of 25 subjects with
hoaridng losses of heterogeneous origin. The regression line is: D = 0.14(A+D)-

L 017, The etandard deviation from this line, as indicated by the dashed lines,
00 8,87 dB. The dashed area ie ewcluded because of restrictions imposed on
Valugs for A, aecording to Eq.(3). Filled circles represent subjecte aged 60-
7, open eircles subjects aged 69-90.

0 6 20 30 40 50
T PTA (dB)

Friﬁj@iﬂ. BﬂLA+D:veraus PIA for the better ear of all 108 elderly subjects. The
gresaton line ta: A+D = 0.85PTA+1.0. The otandard deviation from this line,
dioated by the dashed lines, io 4,76 di, Open oireles represent subjects

th preabyaounio losses, filled oivolen papreaant the heterogencous losses.

The regrenuio A {u glven byt A¥D w 0,B5PTA¢1.0, and the
correlation pos t in 0,92, The standard deviation from the regrowsion
Tine du G 78 arly, for the scatter diagram in which 8HL, wan plot=
ted versus PTA (not reproduced), the regression was found to be: T = 0,11
PTA+0.5 (r=0.61). The standard deviation from the regression Line i 1.6 dn,

C. Increment in intelligibility score near SRT

Generally, the chance of understanding a sentence correctly increases with
better $/N ratios. The present data make it possible to investigate Lf, for
the elderly subjects, this increment in intelligibility is affected by the

extent of their SHL in noise.

The slopes near SRT (50%-correct score) of the individual intelligibi=
lity curves for sentences were calculated as follows. In all five lists pro-
sented per subject, the first three sentences were ignored. The presentallon
levels of the remaining 50 sentences, ten of which represent a separate
listening condition, were shifted so that the correspending five SRT
values coincided at a level of zero. Then, the number of sentences repeatod
correctly at levels of 1, 2, 3 dB, etc. below and above zero wasd detarmined,
Over the middle range (4 dB width) of the resulting cumulative probability
distribution curve, the slope 5850 of the curve was estimated by means of
linear regression (5550 expressed in Z-score increment per dB) .

The individual slopes for the 102 elderly subjects were plotted as a
function of SHLD. In the resulting scatter diagram (not reproduced) the
linear regression is: EE;B'= ~0.7D+19.9 (r=-0.32), and the standard devia-
tion from the regression lime is 4.9%. A test for independence of Afg,und D
was rejected at the 1% level (t=-3.35, df=100), which corroborates the re-

gression of individual slopes .on SHLD.

IV. DISCUSSION

A. Applicability of the model

First, the results for individuals will be considered. As shown in Table I,
in the column marked s.d., the median of the individual standard deviations
of fit is only 0.84 dB for young subjects (reference group) and increanes
from 0.88 to 1.87 dB for elderly subjects with increasing hearing loswen.
These values are similar to the standard deviations of individual SRT's.



and pﬂdlauﬁ lnl'l"l wnnpnlitlvo or negative in mffinhnnlv ﬂmim lmr
over the conditions tested, According to the theory of vune (Ddson and
Mansey, 1969), this was the case for all wubjects and conditions, The swall
wtandard deviations for individuals and the random distribution of the sign
of the above-mentioned differences are first indications of the validity of
the model.

Nuxt, the results for groups of subjects will be considered. As stated
in Beo, LB, two aspects of the model SRI-curve should be considered especial-
ly for any given SHL in quiet and in noise, namely (1) the shape of the
turning point at moderate noise levels, and (2) the slope at higher noise
levels, From the best=fitting curves presented in Fig.2 it can be concluded
both that the medians at moderate noise levels are described well by the
turning points of the curves, and that the mediams at higher noise levels
{nerense in direct proportion to the increment of the noise, which is also
Iy wecordance with the model. Furthermore, from a comparison of individual
and group s.d.'s (Tables 1 and IL), it can be concluded that there is a
ponsiderable galn in goodness of fit for the group curves as compared to
the fndividual curves. Group 4 is an exception to this, perhaps because of
the wmall number of subjects, in addition to a large spread in hearing
lomnes for low noise levels (L <40 dBA). The gain in goodness of fit demon-
alrates that the deseription of SRT data by means of Eq. (2) is even more valid,
beoaupge  the spread of the data, due to experimental and individual inac—
nuriq%pl. iy reduced by considering homogeneous groups of subjects. In sum-
Wwary, the model gives a valid description of the experimental individual
and group data.

Consaquently, a subject's hearing loss for speech is characterized by
only two numbers, viz. SHL, . and SHL). The estimates presented im Sec.III
vasulted from fitting the model to five SRT values, but, gince the validity
uf Lhe model has been demonstrated, any hearing loss for speech can be
defined, essentially, by measuring not more tham two thresholds, namely SRT
{n quiet and SR at a single high noise level (e.g. 73 dBA). The fitting
progedure may be left out. It is shown in Table III that this approach
panults in acceptable, though less accurate, estimates of SHL, ., and S
1n the table the means and standard deviations of the differences ASHL, .

nnd'ﬁIHLD are glven separately for the reference group (20 ears) and the
wlderly subjects (102 ears). ASHL, . {u the difference for each ear between
WMLy determined solely on the basle of the BRY measured in quiet, and

' - -o-iv

&ﬂﬁﬁﬂ*n

aubdaato,

Subjects ALy (4B ASHLy (dB)
mean  &.d. mean  8.d.

Reference (o | 053 0.3 0.9

(20 ears)

Elderly -0.2 ) 8 =0.2 .3

(102 ears)

the value A+D resulting from the fitting procedure applied to filve ST
values. ASHL, is the difference for each ear between SHL, determined solely
on the basis of the SRT measured in noise at a level of 73 dBA, and the
value D resulting from the fitting procedure. As can be scen, all standared
deviations found are small enough to guarantee reasonably accurate indlvis
dual estimates of SHLA+D and SHLD with only two SRT measurements.

B. Relations between S5HL SHL and the PTA

A+ D2 D2

From Table I, columns marked SHLA+D and SHL, it ean be concluded that, for
all groups, the interquartile ranges of SHLA+D are considerable (5.2 to
18,3 dB), although the ranges for SHLD are small (0.5 to 1.2 dB) as a con=
sequence of the specific group division. Apparently, remarkable interindi-
vidual differences exist in the relation between hearing capacity in gquiet
and in noise. This is clearly illustrated by the scatter diagrams of Plgh.
3 and 4. Although for both groups (presbyacusis and heterogeneous) the oorres
lation between SHL,, and SHLj, is fairly high, the standard error of regros-
sion is 1.53 dB and 2.37 dB, respectively. This indicates that for the ln=
dividual ears the relationship is not that close. Subjects with the same
hearing loss in quiet may have differences of several dB in their hearing
loss in moise. As shown in Sec.IIIC for different groups of subjects, saoh
dB of hearing loss in S/N ratio lowers sentence intelligibility by 17% te
20%. In view of this great impact, hearing loss in noise should always he
measured in order to obtain a ‘good insight into the speech hearing abllity
of a subject.

The average ratio of 0.13 between SHLD and SHL, for our prasbyaousis

40
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Plomp and Mimpen (1979a) with the same sentence material and the same hears
Ing modal, Therefore, thelr data were reanalyzed by means of our appronc.
Phiu means that (1) ouly the BRI data for the better ear (wmaller ITA) were
wolected for avalysis, (2) the population of, in total, 132 subjects was
aplit fnto a presbyacusis group, according to the Robinson and Sutton
grlteria (wee Sec.IIC), and a group with hearing losses of various origin,
and (1) in order to guarantee a proper operation of the fitting procedure,
the allowable maximum value of A, according to Eq.(3), was 33 dB, as in
Mlomp and Mimpen's data: L0-|9.0 dBA, ALSN=5.4 dB, and LNmﬂx=6?.5-dBA.

iy resulted in a presbyacusis group consisting of 56 subjects (or ears)
and o hoterogeneous group of 59 subjects. Two scatter diagrams of SHL)
Varaus BHLA+D were made. The regression of SHL, on SHL, . yielded the
following results: for the presbyacusis group regression is given by

0% 0, 15CA+D)*1.2 with r=0.53 and s.d.=1.75 dB, and for the heterogeneous
proup D=0, 15(A+D)+1.55 with r=0,57 and s.d.=2.37 dB. These values agree
gulte wall with ours. The same holds for data on SHL, .1 and SHL as derived
from results published by Jokinem (1973). Interpolation of his mean scores
plogted, per age decade, as a function of $/N ratio yields values for SRT
In wolue. From these, speech hearing losses in noise can be determined
velutive to reference values also published. The losses are given in Table
IV, The regression of SHL on SHL, . for the decades is given by: D=0.15
(A#)#1,8 with ¥=0.91. On the basis of these uniform results, the follow—
ing ﬁhpcluainn is drawn: both for populations of elderly subjects with

PAVLE IV. Mean values for SHL,. . and SHLy in cases of presbyacusis, devived
fron date published by Jokinen (1973). The losses, expressed in dB relative
to paference values from 20 normal-hearing subjects (age 20-29), are given as
a funetion of age decade (20 subjects per decade) .

Ago group  Mean age  SHL SHL

A+D D
30 = 39 35 1.5 153
4o = 49 e 33 2.7
50 = 59 53 9.5 4.0
00 = 69 66 18.2 3.7

70 - 87 78 26,6 6,0

ratio bety Lipypy VAL e Lu approxi=

mataly 71 ls e

1t uhould be noted that the mean hearing lows of 10 dB in noise re«
ported by Orehlk and Burgess (1977) is substantially larger than the average
value of 2,9 db for the elderly subjects in the present study. Orchil and
Burgess applied synthetic sentence identificationm (SS8I) as teal mi thod ,
Results from SSI-tests are not comparable with our results, since BHI
constitutes an artificial test situation lacking any links with reality.
The subject tested cannot make use of linguistic redundancy or contextuml
constraints, and continuously gets false speech cues, because the primary
and the interfering 5peech originate from the same male speaker., The HBHI-
test seems to be an intelligence rather than an intelligibility twest,

Concerning the regression of SHLA+D on PTA, the slope of the represslon
line shewn in Fig.5 is 0.85. Thus, for elderly subjects the observaed EHL&*D
(quiet condition) will ‘generally be smaller than predicted from pure=tons
hearing losses, This finding agrees with the regression found by Plomp and
Mimpen (1979a, Fig.7), but contradicts the conclusion of Gjaevenes (1969),
based on results for 100 presbyacusic subjects, that at advamced age Che
observed SRT will generally be higher than predicted from pure-tone haarfngy
loss alone. The large standard deviation from the regression line of 4,79
dB is in agreement with Plomp and Mimpen (1979a), who found 7.7 db, and
Gjaevenes (1969), who found an interquartile range of 9.3 dB, Tt must he
concluded that for elderly subjects the PTA is an unsuitable measure for
reliably predicting SHL in quiet. This conclusion should be extended to the
noise condition (prediction of SHLD) for which a standard deviation of 1,85
dB was calculated. This is a large value, sinee | dB in S/N ratio correns
ponds to 17 to 20% in speech intelligibility scores.

One reason why SHL, - is smaller than predicted from PTA might ba that
the sentences used consist for about 40% of disyllables. According to Youny
and Gibboms (1962), in hard-of-hearing persons with predeminantly high=
frequency ﬂearing losses the intelligibility of spondees in quiet correlaben
better with their hearing levels at 500 and 1000 Hz, than at 2000 Hia.
Smoorenburg et al. (1981), who measured SRT's in quiet for the same sentihns
ces as used in the present study on subjects with noise~induced hearing
losses, also found better correlations for 500 and 1000 Hz, than for 2000
Hz. Therofore, the Fletcher Index (FI), defined as the average hearing lows
at the beut twe frequencies from 500, 1000, and 2000 Hz, was also tantad an



o pradiotor of 8L, v Tn canen of wioping sudlograme FI'will add: more
walght to the low frequencles. The wame 102 individual SHL, vilueh an uned
Lo Plg. 8 were plotted versus FI, Regression of SHL, . on FI ylelded: AT -
OB7 1T 46,1, with ¥ = 0,92 and #.d.=4,75 dB, Similarly, the regression of
lman on 1 is given by: Dw 0. 10F1T+1.1, with r=0.55 and god.=1,96 dB. Thus,
{t can be concluded that FI is as unsuitable a measure as PTA for reliably
pradicting an individual's SHL in quiet and in noise, and, although the
worralation coafficients are almost similar, the regression on FI is worse
than on PTA in view of the greater offsets (4.1 dB versus 1.0 dB, and 1.l

di vearsus 0,5 dB),

€, Blopes of intelligibility curves

e lists of sentences yield very distinct SRT values. This can be explained
on the bagis of the steep slopes of the intelligibility curves near SRT
(wedlan value of the individual slopes 18.6 Z/dB for the 110 elderly sub-
21.6 %/dB for the young subjects). The individual slopes
ddminish significantly for larger SHL, values. Nevertheless, the regression

Jocts, and

fornula presented earlier shows that even for a severe hearing loss of, for
axample B dB, the Egga'to be expected is still 14.31;4.9%[&3. The steep
plopes indicate that with our speech material the subjects can profit
waklmally from the sentence context, as is usual in everyday listening
wltuatdlons, Kalikow et al. (1977), who found slopes of 14 %/dB with their
Jilghspredictability sentences, also reported that older subjects are as

wldupt ds younger ones at taking advantage of sentence context.

¥, CONCLUSIONS

(1) Plomp's hearing model (see Eq.(2)) gives an accurate description of any
hearing loss for speech, as a function of ambient noise level, on the
basis of two loss components, viz. SHLA+D(=A+D), the hearing loss in quiet,
and BHLD(-D), the hearing loss at high noise levels.

(4) In practice, an individual's hearing less for speech can be specified suf-

{iciently by measuring only two thresholds: (1) SRT in quiet, and (23 BRT

at a single high noise level (>50 dBA), resulting in accurate estimates
ul BHLA*D and SHL, .

(3) Bapecially for the individual listener, SHL, whould always be determined
{n order to obtain a good measure of hin spesch=haaring ability.

(4) The PTA and the Flatcher Index are unspltable measures for estimating an

T E—— | —

-——

fod o gquiet and dnonelees ekl

(8) Tor populavions of elderly subjects every 7 di sarlng lomn In quiet
(SHLA+HJ In oovompanied, on an average, by | db of hearing lons in
nod ue (lﬂbn?.

(6) For the Liwts of sentences used in thias study, an SHLD value of | dp

correspondy to a decrease of 18% in the intelligibility score of
elderly subjects.
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Tha free=flald Spesch=Receptlion Thrashold (HRT) for sentences wan lventl=
gated in quiet and under nine conditionn ifnvolving nodse or competing speech
for a group of 20 elderly subjects (10 male, age 75-85; 10 female, age 716~
W) and a reference group of 10 young normal-hearing subjects. The noise
youree had the same long-term average spectrum as the competing speach.

The Interfering signals were presented at a constant level of 55 dBA. All
elderly subjects had moderate, nearly symmetrical pure-tone hearing losses
iiﬁh'lﬂ average loss at 500, 1000, and 2000 Hz of belween 9 dB and 40 dB
o LH0=989, The main results are: (1) the SRT values in noise and competing
wpesach are about equal, whereas the normal-hearing subjects showed a lower
WP (7 dB lower for the condition where both sound sources are in front of
the listener) in competing speech than in noise; apparently, the elderly
pibjects do not benefit from the relatively silent periods in competing
wpeechy (2) the gain obtained by moving the interfering noise source from
le front to the lateral position is 2.5 dB, in contrast to a gain of 9.6
Al for the young subjects; apparently, the elderly are unable to make Full

use of the spatial divergence between primary speaker and noise source.

INTRODUCTLION

Bpeeeh in everyday listening situations is very often disturbed by inter-
lﬂﬂﬂﬂ' nolpe and competing speech from one or more talkers., Under such

\tlony speech intelligibility for normal-hearing listeners is usually
¥ 'impcred whereas hearing-impaired subjects often complain of being
'juﬁ to understand speech. In two earlier studies (Duquesnoy and Plomp,
Eiiﬂ; Duguesnoy , 1982) the effects of room reverberation and continuous
nolue (with the spectrum of speach) on the Speech—Reception Threshold (SRT)
fur conversational sentences were investigated on elderly subjects. All
T’y were measured monaurally by headphones. As we know from studies in
Hhich normal=hearing listeners were tested in the free field (e.g. Carhart,
19654 Tonning, 1971), binaural hearing is erucial to cope with degraded
Adntening conditions. Furthermore, Carhart et al. (1969) found that speech
Intolligibilivy for normal-hearing listeners is affected less by fluctuating
Interfering signals, like speech, than by continuous ones.

In view of the many complaints from hearing=-impaired listeners in
ﬁlvlrydny wituations, it is important to know whether they still benefit
fully from binaural hearing, and whether they are hindered more by a given

oun li‘ﬁll’ ol'lllllh Houren (tluatuating uignal) on the binaural £rn¢-£l-1d
SRT for sentences, Slnce more than half of the hearing=handicapped are over
the age of 65 (af, Plomp, 1978), elderly subjects were used in thia wtudy,
Studies on the gain of binaural listening in elderly subjects, towted
under conditions with interfering noise, are scarce (see o.g. 4 review hy
Pickett et al., 1977). Furthermore, in almost all pertinent studies hitharto
published (Dirks and Wilson, 1969; Carhart and Tillman, 19703 Tillman et al,,
1973; Tonning, 1973) data were presented which are not comparable, for onae
reason or another, with the. data presented below. Therefore, these ntudlos
will not be considered in more detail. An exception to this {s the mtudy hy
Bocca and Antomelli (1976), the results of which are discussed in Sec.l11,

I. EXPERIMENTS

A. Scound stimuli

The primary speech material used was the same as in previous investigations
(Duquesnoy and Plomp, 1980; Duquesnoy, 1982). Tt consists of ten lists of 11
sentences developed by Plomp and Mimpen (1979). These sentences wara pronoundsd
by a female speaker.

As interfering sounds, the present author made two other lists of 19
sentences, pronounced by a male speaker at a rate of 4.3 syllables per second,
and noise with the same spectrum as the long-term average apectrum of Chene
sentences. The sentences were about twice as long as the primary ones in order
te mask the primary speech entirely. In Fig.l the long-term average 0pocira
of both the 130 primary sentences and the 26 competing sentences are shown
relative to equal overall intensity.

S

B, Method

Since ten lists of primary sentences were available, ten listening conditions

were selected. They are:

(1) Binaural SRT in quiet; this condition was required in order to verily that
SRT's found in the presence of an interfering sound were determined by
this sound rather than by the subject's zbsolute threshold.

(2) Monaural SRT in noise for the right ear; this and the following condition
were included in order to check on hearing symmetry for speech in noluss,

(3) As (2), but for the left ear.
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PILG, 1. Long=tevm average spectra of both the 130 primary sentences (con-
Wihnona curve, female voiee) and the 28 competing sentences (dotted curve,
mile votee) shown for equal overall intensity in dBA.

(5),but with the interfering sentences played backwards; this condition
was necessary to decide whether possible SRT differences between conditions
(4) and (5) are due to the different temporal structure or to the distract-
Aing contents of the interfering sentemces.

57) Binaural SRT in noise, with the primary sentences reproduced in front of
: the listener and the noise reproduced under 90°, -either right or left.

m Binaural SRT with sentences as the interfering sound, with the primary
wentences reproduced in front of the listener and the interfering sentences
roproduced under 900, either right or left.

-up.i (B), but with the interfering sentences played backwards.
%n&unl SRT in noise, with the primary sentences reproduced under 907,
front of the listener.

elther eight or left, and the nolue r

the interfering noles wource can be Interchangsd

In Table I thess ten ﬂﬂndit&ims, and their codes, are summarized,
The ten sentence lists were always presented in the same order. To ellmlnat
the effects of training and farigue as much as possible, the ten condlitions wers
counterbalanced for the ten male as well as the ten female subjects banted,
according to a 10x10 digram balanced Latin square (Wagenaar, 1969), The primary
sentence lists were recorded on one track of a tape, the interfering wound S

signals on the other track. The levels of both output channels of the tape
recorder could be adjusted-separately by means of Ltwo attenuators, AlLer

attenuation both signals were either mixed and amplified (FI conditlons) or ame
plified separately (other conditions). The amplified signals were fod {nto o
or two Quad electrostatic loudspeakers, the centers of which were placed | m
above floor level. The distance hetween the loudspeakers and the entrance of

TABLE I. Survey of the ten listening conditions., Five epatial eonfitgurattona
mavked FF, FR, FL, RF, and LF wewve tected; the firet chavacter danotes bhe
position of the primary speech source and the second one that of the {ntenfers
ing source (F = front, R=right (90°), and L = left (-50°)). The intarfering
signals are denoted by: @ = quiet (no interfevence), N =noise, 8 =ventenosn,
and invS = sentences played backuavd. The heavring modes ave denotued by: Hin
binaural hearing, Mon =monaural hearing, R=right ear, and L = loft ean,

Spatial Interfering Hearing

configuration signal mode |
1) FF Q ‘Bin

2) FF d N Mon R J
3) FF N Mon

4) FF N Bin

5) FF 3 Bin |
6) FF invs Bin

7) FR or TL N Bin -
8) FR or FL 8 Bin

9) FR or FL invs Bin




m " mb‘a‘.mum o! " h-uins preuawr ol Jn'.\.'-dn\m mlnam !w U
and a high=quality clreumaural fluid=weal ear-muff (Gargard, lerrantl ”Hl:nr
L),
~ The test, which took about 60 min, was carried out in an anechoic room
| dn whieh the maximum ambient noise level, including instrument hum, was
jlﬁuw 17 dBA, Firat, tone audiograms (see next section) were determined.
ﬂhﬁf,.ﬁh‘ gpeech intelligibility tests were run, during which the subject
witp medated fn an armehair fitted with a head-rest. Under all conditions
(exeept 1) the overall level of the interfering sounds was fixed at 55 dBA,
illluili at the position of the listener's ear, with the listener removed.
4ﬂ;§lurumnnt of BRI at only this level of the interfering sound is sufficient-
u@-fipalllntntiva, because in an earlier study (Duguesnoy, 1982) it was
Ademonptrated that for levels of 55 dBA and higher the SRT is exclusively
dutermined by the S$/N ratio. Throughout this paper all speech levels speci-
fled are the long-term average intensity levels of connected discourse,
Weasured by computing the root-mean-square value of a great many samples
(sampling rate of 20 Hz).

Iie BRT values, corresponding to a 50Z-correct score, were obtained for
watl 11t by using a simple up-and-down procedure for the presentation level
lﬂ hhl primary sentences. The procedure requires correct reproduction of an

pentence for a positive respense to be recorded. The test-retest

Iity of SRI's, thus obtained against a background of interfering noise,

| dB For normal-hearing subjects (Plomp and Mimpen, 1979).

ol both ears had to satisfy the age—dependent normative threshald criteria for
presbyacusis, proposed by Robinson and Sutton (1979),in order to exclude sub-
f}tnt[ with other ear pathologies, (2) the interaural difference in pure-toene
atudty (PTA, average air-conduction hearing level at 500, 1000, and 2000 Hz)

must be smaller than 10 dB, and (3) the interaural difference in hearing
lows for speech in noise at a level of 55 dBA should not exceed 5 dB. Ten
‘male wubjects (age 76-88, mean age 80.5) and ten female subjects (age 76-88,
un age B2,5) participated, meeting these eriteria on hearing acuity and
o In Pig.2 the median hearing level aw well as the upper and lower
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FIG.2. Median values and upper and lower quartiles of tha atv=conduotion
tone audiograms of the 20 elderly subjects saelected for the testo,

In addition to the elderly people, ten young normal-hearing subjoctu
were tested as a reference group (mean age 22.6; individual hearing lossen
for the two ears at the frequencies of 250, 500, 1000, 2000, 4000, and
8000 Hz <15 dB re 1IS0-389),

II. RESULTS

In Table II the mean values and standard deviations of 8RT for the ten 1isten-
ing conditions are given for the reference group and the elderly subjectms,
The SRT values are given in terms of S/N ratio, except for the quiet cond!~
tion, for which SRT is given in dBA.

It was tested whether the differences between the mean SRI valuows for
the various listening conditions were significant. As homogeneity of varianes
was not met for all SRT's involved, t-tests with variance-dependent degress
of freedom were used (cf. Dixon and Massey, 1969). It was found that, gene-
rally, SRT differences exceeding 2 dB are significant at the 2Z=level, thoss
exceeding 3 dB significant at the 1%-level.
In Fig.3 the mean SRT values in noise are shown for the reference llﬂﬂﬂ
and the male and female elderly subjects together., Lt is evident that the



Jor the elderly male and female subjects aepavately, and for
gother, Por the condition FR(Q) SRT fa given tn dBA. For the G

- ave apeoified in the legend of Table I.

UKD to eapressed in 8/N vatio (in dB). ALl notations at the top af ‘the table

Cem——
T TR/FL RF /LF
Apge Q NMonR NMonL N S invS N S invs N
mean 22.6 13.9 -10.5 -10.4 -10.7 -17.6 =17.6 -20,3 -24.,3 -23.4 -17.7
' Bod, 2.5 3.5 1.6 1.5 143 3.0 3.1 2i4 2.4 34 22
I
I
-ugmy mean B80.5 32.3 -3.1 -2.4 -5.1 =5.6 =6.4 -7.4 -10.2 -10.4 -7.0
male :
(10 88) Bd. 3.5 7.9 2.1 3.0 2.2 5.6 k4 &0 48 B 3.3
Mlderly mean 82,5 37.6 -3.1 -2.8 -5.5 -4.0 -4.4 -B,2 -8.3 -8.4 -6.6
’c?‘g‘;:) S G2 B0 3.0 25 %4 38 35 A5 45 3.0 3.8
Combited wean 81.5 35.0 -3.1 -2.6 -5.3 —4.8 =5.4 -7.8 -9.3 -9.4 -6.8
aldexly
gid. 3.8 7.0 2.6 2.7 2.3 &b 40 3.2 46 4T 3.5

(20 Bu)

ﬁWi!ltunnaa between the young and elderly subjects are considerable for
wmditions; they range from 5.4 dB to 15.0 dB (all significant at the
wvel), The SRT differences in question are, in fact, the hearing losses
gpeoch (SHL) of the elderly subjects (relative to the reference group).
g Upon further consideration of the SRT differences per individual (not
- whown), it would seem that age effects are present for conditions with
wompeting speech played forward or backward. In order to verify whether
these differences actually depend on age, the 20 elderly subjects were
wubdivided according to their age into four subgroups of five persons each.
~ On these subgroups a three-variable (speech, age, subjects) analysis—of-

' 3ﬂmiilnel was performed for the conditions FE(S, inv8) and FR/FL(S, invSs).
‘e factors speech and age were not significant, whereas the factor sub-
Jectw wan highly significant, viz, at levels of 0,2% (contribution of 85.9%
: total variance) and 0.3% (77,4% contribution) for the respective

cond | d.ann This implies that the luhjannl are by far the most relevant
3 ‘ I

RF/LF
- FR/FL ‘
R | o FR/FL
:%_ -10f QundL inv § =i |
|
o ~ .
= N\ |
+ -15 NN - o |
o NS
— N NN
= N s NoRF/LF :
e ‘\ \44 i |
vy =20+ §§\ “oFR/FL .,J
S :
YFR/FL |
25} S E]
] 1
3. 90°
azimuth

FIG.3. SRT for sentences, expressed tn S/N ratic, as a function of (1) the
aztmuth between primary source and interfering source and (2) the type of
interfering stgnal. Open cirecles represent binaural SRI''s, crosses repres=
sent monaural SRT's. Dotted limes commect SRT's of the vefevence group, avd
drawn lines those of the elderly subjects. For the notations in the figure
see the legend of Table I.

source of variance, whercas age effects are negligible. Apparently, the
range of age of the elderly subjects tested was too small to find a sigule
ficant age effect.

Since the factor speech (i.e. $ versus inv8) in the analysis-of=
variance had no significant effect on SHL, it may be permissible to conmlder
the conditions FF(invS) and FR/FL(invS) as retests of the conditions I¥(H) -
and FR/FL(S), in order to gain insight into the test-retest reliability of
SRT's, measured against a background of competing speech. The resulting
standard error of individual SRT's is 1.7 dB for the normal-hearing subjectn
and 1.6 dB for the elderly.




Yinally, the Inerement In wentence=intelligibiiivy suore
dotermined for the young and elderly wubjects, Thens sooren wey
by ealoulating, for each condition, the chance of a4 correst respanss at
Lavals of 1 dB and 2 dB below and above the 50%4=correct leval, I'rem these
vilues, cumulated over the subjects, the slope in score percentage per db
win wntimated by means of linear regression analysis. The slopes, determined
for the various listening conditions, did not differ systematically. For
wll conditlons combined the mean slope is 17.3%/dB for the reference group
apd 17,2 %/dp for the elderly.

JIL, DISCUSSLON

1{ cun be seen from Table IL that the SRT differences between the male and
femule elderly subjects are marginal. Therefore, the SRT's of male and
fumale subjects combined will now be considered in greater detail. It should
Lo lept in mind that this combined group is very homogeneous with respect
Lo age effects on SRT. The combined data (see also Fig.3) reveal that:

(1) Gondition FF(N) shows an average binaural gain in noise, versus condi-
tions PP(N, Mon R) and FF{(N, Mon L), of only 0.25 dB for the young sub-
jects and of 2.5 dB for the elderly. Apparently, for the normal-hearing
subjects this diotic listening situation, with identical signals in
the two ears, does not contribute appreciably to a better speech intel-
Igdbility.

(1) Ihere are substantial SRT differences between the young and the elderly
sulifects, which range from 5.4 dB (FF, X) to 15.0 dB (FR/FL, S). Since
waoh dB of hearing loss in S/N ratio lowers sentence intelligibility
by approximately 17%, the elderly are at a serious disadvantage rela-
tive to the normal-hearing young listeners.

(1) Switehing the sources of interference (N, 8, invS) from F to either R
(90°) or L (-90°) yields very significant SRT reductions, viz. 9.6,
6.4, and 5.8 dB for the young subjects, and 2.5, 4.5, and 4.0 dB for
thie elderly. In addition, these figures indicate that for the elderly
£le gain of moving the noise source sideways is 7.1 dB smaller than
for the young subjects.

(4) Switching the primary speech source from I to either R or L during pre-
pentation of neise in fromt results in a significant SRT reduction
(7.0 dB) for the young subjects and scarcely any decrease (1.5 dB) for
the aldarly,

(%) Forvard & antod competiug nentencen give negligible
dif tovonven fuy | eh Ll vonng nuhjnct- (0, 0 II ﬁ!!l and 0,9 dn (FR!
FL)) aud the elderly subjects (<0.5 db (FF) and 0.1 dB (FR/FL)) .

(6) Young subjests benafit from the relatively silent intervals in competing
speech (hoth 8 and inv8), as demonstrated by BRT differences of 6.9 di
re FI(N) and of 3.1 dB and 4.0 dB re FR/FL(N), whereas the elderly do
not, The possible explanation for this pain for young normal=hearing

listeners is that at moments with a low overall level of the [luctuatlng
sound, i.e. during the gaps between the competing words and syllables
presented at an average level of 55 dBA, the contribution to their
speech perception is significantly larger than for the hearing-lmpalyud
elderly, who have an enhanced SRT in quiet of 35.0+ 7.0 dBA (ef, Tablu
IT)., Furthermore, the masking effect due to moments of high overall
level of the fluctuating sound is likely to be stronger for the hear bng~
impaired elderly subjects, being probably attributable to a reduced
frequency-resolving power and higher distortion in the ear,

The adverse effect of an increased SRI in quiet on the SRT in compeling
speech is corroborated by the significant (1%-level), high correlationn
found between corrected speech hearing-loss (SHL) values in quiet (corrected
for SHL in continuous moise by subtracting this value) and corrected BIL
values in competing speech (also compensated for SHL in noise), viz., corres
iation coefficient, r, equals 0.72, both for the combined listening condi-
tions FF(S) and FF(invS), and for the conditions FR/FL(S) and IR/FL(invi),
No significant correlation (r=0.26) was found between corrected Sl valuen
in quiet and SHL in noise. Furthermore, virtually no correlations (r < 0,10)
were found between SHL values in moise and corrected SHL values pertinent
to competing-speech conditions. This indicates that SHL in moise is a poor
predictor for SHL to be expected in the case of a (single) compating wpanker,

Another result from this investigation is that the accuracy of the HIT
determination is independent of age and hearing loss, This is indicated by
similar standard errors of individual SRT's for young and elderly mubjects
against a background of competing sentences (1.7 dB and 1.0 dB, reapectives
1y), and by the similar increments in sentence-intelligibility score noar
SRT (17 Z/dB).

The main impression frem the above presented results ia that even
moderately hearing-impaired elderly subjects find it much more difficult
to sepatate source locations and to discriminate between time-dependent
sound signale than young normal-hearing listeners. It can hardly be con=




ol thely peripheral hoaring system, or that additional deterioration of the
entral auditory pathways also plays a role. Tn this vespeet the study of
Bosen and Antonalli (1076) is important. They investigated spsech fotelli=
gibility for sentences masked by broad-band noise under the conditions FF
(Mon R), PH(Mon L), BF, RF, and LF. Among others, ten presbyscusic subjects
(age unppecified) were tested who had nearly mormal hearing, with an average
A of 10 dB re 180-389 and a hearing level at 4000 Hz of 35 dB only. They
aehleved a negligible binaural gain under condition FF (re FF(Mon R) and

I (Mon 1)) and a gain of 6 dB under conditions RF and LF (re FF). These
results contrast with the corresponding values found for the elderly in

the present study (cf. Pig.3). They achieved a gain of 2.5 dB under condi-
tlon F, and a gain of 1.5 dB only under conditions RF and LF. It should

be noted, however, that the elderly of Bocca and Antomelli were nearly
normal hearing, Their results agree closely with those achieved by the

young subjects of the present study (viz. 0.25 dB and 7.0 dB). These results
of Bocen and Antonelli suggest that age as such does not necessarily bring
with it a decreased performance under conditions where our mederately im-
padred subjects fail, but that the hearing loss itself (peripheral origin)
may be the cause of the increased SRT's. A possible reason for the moderate
pure-tone losses of the elderly having such a great impact is that just the
Jysgqueneies at and above 2000 Hz are almost inaudible (compare Figs.l and 2),
Fhl?lll the profitable effects of head shadow on binaural listening are most

ted at high frequencies,

CONCLUSTIONS

(1) fven elderly subjects with moderate pure-tone hearing losses are
periously handicapped under everyday listening conditions, as is demon-
gtrated by the considerable binaural hearing loss for sentences of 5.4
to 15.0 dB in S/N ratio, found for an average PTA of 25 dB.

(2) The gain of moving the primary speech source or the interfering noise
or gpeech source from the front to a lateral position is greater for
young listeners than for the elderly. An average gain of 7 dB was found
for the young ones versus a gain of 3.1 dB for the elderly. This may be
{ndicative of poorer auditory space perception among the elderly, pro-
bably due to their pronounced high-frequency hearing losses.

(4) The negligible effect for both the young and slderly subjects of playing

tha A
nhe N

|  backvards fupllue that 18 (o the physical
anpectn of the fnbarfering aignal that arve doolnlve, and not such o
payehologlonl faetor an distraction due to the slmultaneoun intelligi~
bility of primary and competing sentences.

(4) The elderly subjects, although having pure-tone hearing losses not more

than predicted for their age, do not really benefit from the relativaly
silent intervals in competing speech (single speaker), wherean the pain
for young subjects amounts to 7 dB relative to interfering continuauu-

noise conditions.

=
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HTIACT ‘

The monaural free-field Spesch=luception Thranhald CHIT) For conversatlonal
pentoncen wan invedtigatod under unalded and alded sonditlons for 50 subjects
(24 malo, 26 female; age Lelow 65), which wers grouped aceording to five
it ferent types of pure-tone audiograms, The unalded BRI's were measured in
quiet and in noise at levels of 40, 55, 70, and 45 dBA, The alded SRT's
worn obtalned by means of the subjects' own behind-the-ecar hearing aids in
quist and in noise at levels of 25, 40, 55, and 70 dBA. The noise had a
long=term avernge spectrum identical with that of the sentences. The five
Lypes of audiograms were representative of the following hearing losses:
sungorineural high=tone both with and without recruitment, sensorineural
flut, mixed, and purely conductive. Tt is shown that a model on aided
liwaring developed by Plomp (J.Acoust.Soc.Am.63, 533-549, 1978) enables an
avcurate description to be made of the unaided and aided SRT values measured,
Ierospective of amount and type of hearing impairment, The model interprets
any hearing loss for speech as a combination of a loss of class A
(abtenuation) and a loss of class D (distortion), and describes the hearing
ald in terms of a gain G,which compensates for a class A loss, and a
diutortion 8, which adds to the class D loss. Values for A, D, G, and S

wore obtained from fitting this model, per subject, to the unaided and
aldud BRT data. The four parameters characterize the individual aided
Wpeech-hearing very conveniently. The mutual relationships of these four
paraislers were studied, as were the relatioms to several electroacoustic
Ienring ald properties, such as gain in quiet, internal noise, and second-
hl|moni¢ und third-harmonic distortions. Among other things, it was found
Ahaty (1) generally, the model-derived hearing-aid gain in quiet, G-8, is
fdentienl with the functional gain Gf (difference, in dB, between the
ueasured unaided and aided SRT in quiet); (2) modern hearing aids provide
o benefit in noise, as they do not improve the signal-to-noise ratio;
actually, an average distortion S of slightly more than 1 dB was found; and
(1) the alds with third-harmonic distortions are particularly detrimental
Lo HRT in noise; they show an average § value of 2.4 dB in contrast to an

average of 0.7 dB for the other aids.

NTRODUCTLON

It I well=known from the literature that, partloularly, people with

senworineural hearing loases are seriously handleapped in communicating

"o
.

in noluy lmm;ﬂmhhm i usually not witligaved by wonrlng
heaving ald, winoe mers amplification of algnals cannot veally compennate
for thewe lownes. A basle requisite for a hearing aid to provide substantial
benefit in nolwe Is that it increases the signal-to-noime (8/N) ratlo,

For example, Gengel (1971) found that only S/N ratios of +15 dB or wore ocan
be considered acceptable for aided speech discrimination by the hearing
impaired. It is amazing how much better hearing=aid performances
audiologists are still expecting from careful selection and Fitting of the
currently available hearing aids, although these aids cannot but anpl iy op
attenuate in a more or less satisfactory way. Inevitably, practice contlinues
to prove that most hearing-impaired listeners are disappointaed about the
benefit of their aids under noisy conditions.

Becent research suggests that subjects with sensorincural hearing
losses should derive extra benefit from hearing aids with reduced low=
frequency gain and extended high-frequency gain with frequencies up to
6500 Hz (cf. Pascoe, 1975; Nielsen,1976; Harford and Fox, 18978: Sohwarty oi
al., 1979; Skinner, 1980). The next step seems to be the precise mateching
of the frequency response of a (master) hearing aid to the gpecific hearing
of each single individual (Miller et al., 1980), All these recent effovts
of finding the optimum frequency response have two factors in common:

(1) there is no purposeful search for a method or device capable of
substantially improving the S/N ratio; the approach so far pursusd i
essentially limited to yielding insufficiently better results in nolue
(a few decibels at best); (2) there is a lack of a simple concept af low
speech intelligibility may depend on some basic characteristics inheront
in all hearing aids (cf,, for example, Miller et al., 1980),

As distinct from the above mentioned authors, Plomp (1978) dimcerned
the dominating problem of S/N ratio in aided hearing, He rightly obuerved
that the auditory handicap of the hearing impaired can only be lossened
by improving the S/N ratio. Some possible ways of achieving this wore
suggested, partly based on room acoustics, partly on signal processing by
a hearing aid; they will not be repeated here. Another important agpect of
the paper was the presentation of a simple model of how hearing wids may
influence speech intelligibility of the hearing impaired,

The primary aim of the present report is to provide an experimental
basis for Plomp's model. It will be shown that the model is generally valld,
irrespective of both the frequency response of the (head=worn) hearing aldu

tested, and of the type of hearing impairment, Furthermora, data will be
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rolations between, on the one hand, weveral sle
of hearlog aldu, as measured in a Hearings
hand , the concomitant puychophysical venults, skpres n of Speech~
Hocaption Thresholds (SRT) measured in quiet and at -“ i u,l.mﬂttm-noiu
devels up to 85 dBA.

L, A MODEL OF THE AIDED SPEECH-RECEPTION THRESHOLD

A, Description off the model

It has been verified previously (Duquesnoy, 1982 ) that the effect of
hearing fmpairment on the SRT in quiet and in noise is well desecribed by

o model proposed by Plomp (1978). In this model any Speech-Hearing Loss
(HNL) is interpreted as being caused by a combination of two formalistie
Ampalrments: (1) attenuation of all sounds entering the ear, defined as a
wlagn A loss, and (2) distortion of the sounds, described as a class D
losn. Then, for the hearing impaired, the SRT as a function of noise level
oin be expressed by

SN

(LG+A+D) /10 (LN-AL
[10 + 10

+D)/10
BRT = 10 log ]

in dBA, (1)
Wheret L0 = SRT in quiet for the normal-hearing (in dBA),
LN = gsound-pressure level of the masking noise (in dBA),
ﬁxﬂﬂ = the number of decibels that SRT in noise for the normal-
hearing is below LN’ thus LN—QLSH represents SRT in noise
for the normal hearing,
AD = Speech-Hearing Loss (SHL) in quiet re Ly, and

D = SHL in noise re LN—.GLSN
In Fig.l it is shown how SRT changes, according to Eq.(l), as a
function of LN’ with the losses A and D as parameters.

Duguesnoy (1982) applied an iterative procedure for fitting a curve
el ined by Eq.(1) to SRT values of hearing-impaired subjects measured in
qulet and for, at least, one level of masking noise. Accurate estimates of
AMD and D were achieved if the SRT measured at the highest noise level,

o was unequivocally positioned on the rising flank of the SRT curve.
this was shown to be the case if

v

L3

CLASS ABD (A=40dB, D=6dB
CLASS A (A=40dB, D=0)

o
o
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o
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o

o

SPEECH-RECEPTION TRESHOLD (sS4}
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MASKING NOISE LEVEL (dBA)

FIG.1. Opeech-Reception Ihreshold (SRT) for sentences as a Sunetion of
masking noise level Ly The lower curve, marked R, was determinad acoowding
to Eq. (1) for normal- hearing listeners, for which monaural teuts in Lhe [rae=
field showed that Ly=15.5 dBA and ALg,=5.8 dB. The other cuwves, aluo auaords
ing to Bq.(1), hold for hypothetical speech-hearing losses in quiat (4+0)

and in noise (D) as indicated in the figure.

Plomp (1978) extended his model in order to include the effect of
hearing aids on the impaired SRT. Again, a simple formalistic concept wan
adopted, in which the following three quantities characterized the hearing
aid.: (1) the acoustic gain G of the aid (in dB), equal to the increass of
sound-pressure level at the ear drum, (2) the increase § (in dB) of HRT In
noise, due to signal distortion in the aid (linear and non~linear), and (1)
the aid's internal noise LI.(in dBA), interpreted as an additional (exterpal)
noise level at the aid's microphone. These three hearing-aid parameters cun
be easily accounted for in the expression for SRT given by Eq.(1}, Thae gadn
G compensates for the class A hearing loss, resulting in an apparent cluss A
loss of (A-G) dB. The distortion term S of the aid can simply be added te

the class D hearing loss of the ear. The internal noise Ly contributes, to-
gether with the background noise level Lys to the apparent total nolse level




e 10 L /10
l'ﬂ'l' = 10 log [ IDhN * ] fn dbA,

Then, by fneluding the above considerations on the affect of hearing alds
on BT fote Bg. (1), the aided SRT (ASRT) can be describad by

(L°+A—G+D+S] {10 (LNT—BLSN+D+S) J10
ARRT = 10 log [tO + 10

] in ama . (%)
Tn Plg.2 ASRT is shown as a function of background noise level Ly for
u hypothetical hearing aid with $=3 dB, Ly=25 dBA (values adopted from Plomp,
AUZ8), and G = 10, 20, 30, 40, and 50 dB, respectively. The figure clearly
domonutrates the effect of the hearing aid on SRT. The obtainable minimum
villue for ABRT in quiet is determined by L;. Therefore, full compensation
ol the hearing loss in quiet canmot be obtained by mere amplification; in-
crensing, for example, the aid's gain from 40 dB to 50 dB does not substant-
lally lmprove the ASRT. The convergence of the ASRT curves at higher
nolue levels points to a serious limitation of the aid: it amplifies all
pounds, but it does not increase the S/N ratio (in the case chosen here,
with # =3 dB, the aid significantly worsenms the S/N ratio, but recent
cumnerelal alds generally have somewhat lower S values; see Sec, IILL),
lp;uhnr lmportant aspect related to S/N ratio is the maximum acceptable

ehpgronnd noise level for a conversation being possible, Apparently, for

'.hlﬂnbﬁna:ien of hearing losses and hearing aid shown, this level is
tupned by as much as 15 dB relative to normal-hearing (compare the two
i In Pig.2 ). For a more elaborate theoretical examination of the

‘lﬂl!it of hearing aids in noise the reader is referred to Plomp (1978).

l: Tant procedure for the model

The theoretical description of hearing-aid performance presented has to be
verified experimentally. In the model given by Eq.(4) the hearing aid has
Down plmplified. Effects of peak clipping (PC) and automatic gain control
(AUG) mre not inecluded. Furthermore, the model does not explicitly account
For the effect of different frequency rvesponses of the aid, nor for the role
0l pperuitment (reduced dynamic span of hearing), At present, most pre-
woribed hearing aids have PC or AGC cireults, and the frequency responses
#'!@? botwoon basleally widesrange and narvowsband. Alwe, a considerable
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FIG. 2. Unaided and aided SRT curves Jfor sentences as a funailton of ekt ng
notse level L - The solid curve, mavked R, represents normal=haaring SR o,
The upper solzd curve deseribes SRT for hypothetieal hearing losses A wid D
as tndicated, The dashed lines show the effect of increasing the gain @ of a
hearing aid with 8=3 dB and LI:25 dBA. The curve, marked with tha evopa aymbata,
represents the average level in dBA of conversational apeech at a diotanon oft
I'm (ef. Heusden et al., 1979). When interfering noige fo present, people un=
econctonely ratse their voice Zeyez. The »ight vertical arvow indicates he
maxtmun qeceptable notse level (65 dBA) during conversation among nowmial=
heéring Listeners, The left avrow gives the maximum notee Level (80 dBA) Jon

the atded hearing-impaired listener in ovder to be still able to undera band
the conversation,

percentage of subjects shows recruitment in the aided car (e.g. in capen of
noise trauma and presbyacusis). Thus, for the model to have any practical
value it must apply in all these cases, and if it does not, minor adaptatlony
should be sufficient to make it applicable. In the present investigation

all the above-mentioned aspects on aids and ears were studied with rogard
to the applicability of the model,




For vartzi:ur.'im off the madel, B of hewr b= Lipadvod
aubjeetn vere measured under flve unalded and five alded condftbons, fnelud=
fng both quiet and high nolse levels (see Sec.lIB). For the unalded situation
o (4) reduces to Lq.(1), Initially, reliable estimates of A and D were
ubtalned uping the iterative procedure referred to above (Duquesnoy, 1982).
Then, with some simple modifications the same iterative procedure was used
for fltting a curve defined by Eq.(4) to the five aided SRT values. The
ol ffeations consisted in replacing Ly by Lyp, calculated according to
P €4), and dncluding G and § as the parameters to be estimated. The values
ftur A and D, already known from the first stage of fitting, were kept con-
wlant In the second stage. Before calculating LNT values by Eq.(3), the
Internal noise LI had to be specified. For each hearing aid an estimate of

LI wan derived from electroacoustic measurements (see Sec.IIC).
It common with the first stage of fitting, in the second stage the sum
ol the flve quadratic differences between the ASRT's measured and the ASRT's
prodicted according to Eq.(4) was applied as performance criterionm. This
griterion was minimized by adjusting estimates (via steepest descent method)
[or O and 8. The iterative procedure was stopped when adjustments smaller
thun 0,002 dB were achieved for both G and 8. These G and S values define
Tihe bept fitting curve. The standard deviation of the five data points from
(hw bent fitting curve is considered to be a measure of the goodness of fit.
I order to obtain a reliable estimate of 8, it must be verified that, at
louut, the ABRT measured at the highest noise level Lmax is unequivocally
punltloned on the rising flank of the ASRT curve. With respect to Eq.(4)
il“tl maans that, at least for LNmax’ the contribution to ASRT of the first
et term of ten, the exponent of whichdepends on both G and S, is small

folatlve to the second term. Assuming a ratio of 1:10 as the desirable
minfnum, this holds if L +A*D-G+S < Ly, =ALg +D+8-10, or:
i (5)
G> L0+M.SN+A+10 LyTmax?
L_ /10
| = 10 1o [mLN’I““‘“O g% hs
wherer Ly, oo g

The experimental results presented in Sec.IIl will demonstrate that
Lhe model describes the ASRT for sentences satisfactorily. Consequently,
Lhe effect of hearing aids on SRT can be characterized adequately by just
two quantities, vig, the acoustic gain G and the distortion §.

Tradie o aring=ald performance {n evaluated alectroncountlonlly
in termn of frequaney responae, average galn, harmonle and Antermodul ol fon
distortion, and saturation output levels. It i of interest to know the
relationships between these electroacoustic hearing=ald properties and the
psychoacoustic hearing-aid parameters G and 8. Therefore, all hearing alde
involved in the present investigation were also tested electroncouut loally
(see Sec.IIC).

Attention is drasm to the fact that the present evaluation of the model
only deals with monaurally asided speech intelligibility. Plomp (1978) pra=
supposed binaurally fitted aids, in order to have no losses due to head
shadow or to lack of binaural release of masking. In practice, however,
monaural fitting is more usual, and binaural release of masking under aldod
free-field conditions is practically zero when both speech and noise algnale
originate from the same location in front of the listener (cf. Dirks and
Wilson, 1968, and Tonning, 1973). This explains why this location was used
for testing speech intelligibility (sece Sec.IIB).

II. EXPERIMENTS

A. Bound materials

The primary speech material used was the same as in the previous invegtlgut-
ion (Duquesnoy, 1982). It consisted of ten lists of 13 sentences each, pro-
nounced by a female speaker, and a masking noise with the same long=term
average spectrum as the 130 sentences. By using a simple up=and=down procedurs
for the presentation level of the sentences, an estimate of SRT (50%-correct
threshold) could be obtained for each list. A correct reproduction of the
entire sentence is essential for a positive response to be recorded., The fn-
dividual SRT values thus obtained against a background of nolse have a
standard error of estimate of only about | dB for normal-hearing subjeats
( Plomp and Mimpen, 1979).

Prior to testing the aided speech intelligibility, the subjects had Lo
adjust the volume control dial of their hearing aids. For this adjustment

standard recording, comsisting of sentences pronounced by a male apeaker,

was available without interfering noise.

B. Psychophysical measurements

The measurements were performed under free-field conditions and took about

by
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60 min, ALl lm.:nd atdmill were prosented via a Quad a‘lnwrou-tlei; Taudupealar
whtuated in front of the Listener, with Ltw center 1 m above floor Leval, The
sibjoet wan seated in an armehalr ficted with a headrest to ensure direct
faclng of the loudspeaker. The distance between the loudspeaker and the
pnbrance of the ear canals was made exactly 2 m., The anechoic room inwhich
Ll measurenents took place had a maximum ambient noise level, including

Lot rument hum, below 17 dBA, All tests were performed momaurally with the
pubjects' own hearing aids. Only behind-the-ear aids were considered; none

0ff the varmoulds was vented.

Prior to the test, the subject adjusted the volume control of the hear-
fng ntd to achieve a comfortable listening level for the standard recording
ol wentences. The recording was presented in quiet at a constant level of
02,5 dBA at the position of the subject's head. This is the appropriate level
for entablishing the volume control setting as normally utilized in every
day liwtening situations (cf. Walden et al., 1977). The adjusted dial setting
wan fixed with a piece of plaster to prevent the subject from further chang-
lug the getting, In cases of binaurally fitted hearing aids, only the hearing
nld at the ear with the maximum speech discrimination score, as specified by
the e¢linical audiclogist, was mounted and adjusted.

During the test, monaural hearing was achieved by occluding one ear with
a combination of a hearing protector made of ear down (Bilsom Propp-o-plast)
will o elreumaural ear muff (Silenta Super, Exel Oy Ltd, Finland). This
combidoat lon yielded very high average attenuation values. Cross—over hearing
il the oceluded ear by bone conduction was neglipible, because in all cases
Llie hearing aid was fitted to the better sar.

After the dial setting and ear occlusion, unaided and aided air-conduct-
lun tone audiograms were measured for frequencies of 250, 500, 1000, 2000,
4000, and 8000 Hz, which tock about 15 min. In general, free-field tone
audiograms are related to 1S0-R226, 1961, which specifies values for the
normal binaural minimum audible field. The minimum audible field for momaural
Ilutening should be taken 2 dB higher; this correction was included in our
felerence, From the unaided audiogram the pure-tone acuity (PTA, average
lwaring level at 500, 1000, and 2000 Hz) was caleculated for classifying the
wulijects into one of five possible classes (see Saoc.IID).

Naxt, the speech-intelligibility test was run, which took 35 to 40 min.
The ten pentence ligts were recorded on one track of a tape. On the other
traok the masking noise with exactly the wame (ntensity and spectrum as the
long=tern average of the sentences wan vecorded, The putput signals of the

LL
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two ahunnﬂMl' could be attenuated (ndependently, After
attenuatlon the slgnale were mixed, The mixed signal waw amplified and fed
into the loudepeaker, Five sentence lists were used for measuring the unalded
SRT in quiet (actually 0 dBA noise level) and againgt four npise levels of 40,
55, 70, and 85 dBA, The level of 85 dBA was included to satialy, for all wube
jects, the boundary condition given by Eq.(2). The other five lists wore used
for measuring the aided SRT in quiet and against four noise levels of 25, 40,
55, and 70 dBA. It was expected that the noise level of 70 dBA was high
enough to activate the aid's PC or AGC circuit, if present, Tha ten liuts
were invariably presented in the same order. For half of the subjects the uns
aided SRT's were measured Eirst, and for the other half the aided SW['s wors
measured first. To eliminate the effects of training and fatigue as much wuu
possible, the test conditions were counterbalanced over the subject,

In addition to the hearing-impaired listenmers ten young normal=hearing
subjects were tested with the same equipment, for unaided conditions only,
so as to obtain a referemce for our speech material. Six lists were used for
measuring the monaural SRT in quiet and against five noise levels of 25, 40,

55, 70, and 85 dBA. The conditions were also counterbalanced over the nubjectn,

C. Electroacoustical measurements

After the psychophysical measurements the hearing aids involved were eloctros
écoustically tested with the volume control settings unchanged. Each aid wap
mounted on an artificial ear (2 c:m3 coupler) of a B&K hearing ald teat box
Type 4212, which provides frequency characteristics repregentative of [ree-
field conditions. The input scund-pressure level during frequency awenping
was kept constant by the equalizing cirecuit of a B&K beat frequency oscillutor
Type 1022. The output levels of the fundamental, second-harmonic, and third-
harmonic responses were measured separately in dB SPL using the 1/3=octove
filters of a B&K audio-frequency spectrometer Type 2112, All curves were didwn
on calibrated paper by means of a B&K level recorder Type 2305, The henring
aids were tested successively at sound levels of 50, 70, and 90 dB SPL, In
addition, the fundamental-frequency response of the aid was recorded in the
absence of an input signal to obtain an estimate of the aid's internal nolue
- in dBA.

The noise L, was determined by the following procedure. For reasons of
speech intellipibility, the frequency region of interest was restricted (o

five octavea, between 125 Hz and 4000 Hz. For each hearing aid tested tlie
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four ootaves by leaving the 125-250 Hz band out of congideration, Audiogram Discomfort Hearing span aucd ogeam
Home hearing aids showed, for one or more octaves, very low octave-band glope %;gglaoooﬂz) (250-4000 Hz) (500=2000 Hr)
uotne levels, so that the internal noise of the test box system had to be {(dB/octave) (dB re IS0389) (dB)
buken lnto sccount. The system noise level between 125 Hz and 4000 Hz was 8.1
DA, (1) perceptive >15 115 =50 alr=bone
high-tone above 500 Hz interweaying
:EI Bubjects (no recruitment)
: oy ) : : ; (2) perceptive »15 <115 <30 air=bone
A;I hearving-impaired subjects were recruited from the Audiology Center of high-tone above 500 Hz interweaying
the Free University. It was decided to investigate subjects below the age with recruitment
ol 64, for which the hearing lmpalfment was llkély to come from a patholeogical (3) perceptive <10 >115 S50 altr=bone
urlgin rather than from presbyacusis. Besides, it was expected that younger flat above 250 Hz fntervenving
perpons would generally make the most of the rehabilitative potentialities viy el <10 =115 %50 alr=bona gap
of @ hearing aid. flat above 250 Hz 215 db
As known from the literature, the benefit of a hearing aid depends (53 pupety <10 5115 =50 a) alr=bone

Wlrongly upon the type and gravity of hearing impairment. For instance, dif-
lerent whapes of pure-tone audiograms require different hearing-aid frequency
ﬂllﬂﬂﬂlll- In order to test the model presented in Sec.l in as representative
_l an possible, five qulte different types of commonly encountered audio-
iy were defined for selecting hearing-impaired subjects. These five types
Wpucified in Table I. Both the subject's air-conduction and bone-conduct-
Im?'ludiograms had to fit one of the five specified shapes for participation
fn-nhn tast.

In order to avoid type of hearing loss being confused with degree of
hilxlns loss, ears with about the same amount of hearing loss were compared.
To this end, the free-field PTA was chosen as a measure of overall hearing
lowe. Generally, conductive hearing impairment is attended by higher PTA
values than high-tone hearing impairment with recruitment. Tn order to match
the ranpes of PTA values typical of the various types of hearing impairment
lovolved, the lowest possible value of PTA was 30 dB and the highest allow-
able value (mainly determined by technically fmposed limitations of sound
?iﬂll‘l} was 60 dB, both limits relative to LHO=R2Z6(1961), The PTA range thus
resulting was divided into five clawnes, namely 30,1-36.0 dB, 36.1-42.0 db,

pap »25 di
b) threshold
levael <30 di

re [RO=4H0
(2504000 1r)

conductive zbove 250 Hz

42.1-48.0 dB, 48.1-54.0 dB, and 54.1-60.0 dB. It was accomplished thak, For
each audiogram type previously defined, ten subjects, viz. two per PTA ¢lanm,
were investigated., Thus, a 5x5x2 experimental design was brought about, The
‘test conditions were also counterbalanced over PTA classes, which enabled an
optimal comparison between types of hearing loss.

In order to find suitable subjects, the data files of the Audlology
Center were examined. At this Center, all audiograms are measured ovaer hwad=
phones (re IS0-389), and word discrimination scores in quiet are obtalned
with Dutch phonetically balanced monosyllables. Criteria set for tentative
selection of subjects were: a behind-the-ear aid must have been fitted, nat
more than two years ago, to the ear with the smaller PTA as well an the

better word discrimination score in quiet; the audiogram of that emy must

correspond to one of the audiogram shapes defined in Table I, and the PTA
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(ro 180-389) must lie between the upper and lower limit for the free—field
I"I'A. Whether a subject really fitted in with the experimental design was not
vlear until he had actually participated in the test, so that a free-field
PIA wan obtained. Because of both duplications in some PTA classes and free-
flold sudiogram shapes not satisfying the criteria, somewhat more than the 50
subjects needed have participated. In Table II, the finally resulting
dinteibution of age and sex is given for the five groups with different hear-
Log lmpalrment.,

I'or the ten normal-hearing subjects (age 19-24, mean age 21), included
i1 the fnvestigation to obtain reference values for the speech intelligibility
lout, an average free-field audiogram slightly better than specified in ISO-
226 wak observed (mean PTA of -2.4 dB).

ii&. RESULTS

Ay Application of the model to individuals

In order to have a reference for the hearing losses for speech, the curve-
fieting procedure was first applied to the individual SRT values of the ten
normal~hearing subjects. This group as a whole was, by definition, free from
speoch-hearing losses. By taking A+D=0 (i.e. SHL in quiet) and D=0 (SHL

I nplse) in BEq.(1), the reference values L0=]3.5 dBA and 6L5N==5.8 dB were
enlenlated, The fitting procedure determined, per subject, the standard
doviation (s.d.) of the six SRT values from the best=fitting curve. The
wedian of these s.d. values is 0.85 dB. This value will be taken as the re-

ference for the goodness of fit,

Aoy , the flent weage of curve Eleeing wan porformed
on the {ndlvidual Cwaluen of the 50 hearing=lmpalirved subjects, This result-
ed, por subjeet, bo eatlnates of A+D and D, together with an s, of £t From
Lq.(2) it can be coneluded that for obtaining reliable estimates, the allows
able maximum value of class-A hearing loss is 56 dB., ALl subjects satiafy thins
ceriterion. The median of the 50 s.d. values of fit ig 1.14 dB,

After finding A+D and D, the second stage of curve fitting was applied to
the individual ASRT values, both for the test situation including lw.70 d A
(5 ASRT values) and for the situation without that level (4 ASRT values). Thin |
distinetion was made for studying the effect of PC or AGC circult actlvatlon
on the hearing aid's § value. According to Eq.(5), reliable estimates of G and
S for the situation where LNmax=55 dBA can only be expected if G = A=25,5 dIi
(median LI=22 dBA, see Sec.IIIF). For two subjects the observed G value wan
slightly below the criterion. The fitting resulted, per subject, in estimaten
of G and S, and a value of s.d.. The median of the 50 s.d. values ia 1.15 di
for the 5-point fit, and 1,05 dB for the 4-point fit. The medians of the 50
values of S are 1.25 dB and 1.15 dB, respectively.

The small differences between the 5-point medians and the 4-point medinnn
indicate that, at a noise level of 70 dBA, the output control of the aids doen
not substantially increase ASRT in noise. Therefore, the next data presented

on aided hearing will definitively include the noise level of 70 dBA.

B. Test of the model on the basis of PTA class

The applicability of the model, irrespective of type and gravity of hearing
impairment and of hearing-aid performance, has to be verified first of all,
To this end, the 50 subjects were grouped into the five PTA classes formerly
defined. Thus, each class consisted of five pairs of subjects, ecach palr
representing a specific type of hearing impairment according to Table [,

In Table III, for each class of ten subjects the medians of the meanrel
SRT's are compared with the corresponding SRT values derived from fitting a
curve, according to Eg.(l), to these medians. Similarly, the mediang of
individuélly computed values of A+D, D, and s.d. are compared with the cor-
responding values of the curve best fitting the SRT medians.

In Table IV, for each class a comparison is made between the medians of
the measured ASRT's and the best-fitting ASRT values situated on curves

described by Eq.(4). Furthermore, the medians of the individual values of 0,

S, and s.d. are compared with the corresponding values of the best=fitting
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emﬁw PIA dntevvalo ap defived in Seo, LD, Fov aach olaey the ,mm Pow
lvee the mediane of the individual SRT values measwred at five notee levels
liy ahown at the top of the table, and of the individual SHL values A+D and D.
i et row gives the SRY values defined by the curve best fitting the five
meadian BRI values of the olass, with the vesulting estimates of A+D and D.
Wlwﬁul avdy to the standard deviation of the five SRT medians from the
Dbant=fitting curve,

PPA SRT (dBA) SHL (dB) (dB)
lane L0 40 55 70 85dBA AD D s.d,

il median Mhan 55.8 5405 666 8.4 0 31.2 2.5
' best fit 44.9 45.5 52,8 67.1 82,1 1.4 2.7 0.85

e median 46.6 47.8 56.8 68.2 81.4 g%.4. 4.6
best fit 47.2 47.7 54.2 68.3 83.3 33.7 3.9 1.62

110 median 56.4 35.2. 59.2 68.6 82,0 42.7 3.9
besgt fit 56.3 56.3 57.9 68.1 B2.8  42.8 3.4 0.99

1w nedian 654 E.4 BTG 0.5 @8 537 3.8
best fit 66.2 66.2 66.4 70.1 B82.8 5% 04 0.52

69.0 68,4 69,0 7 83.8 55.7 4.9
best fit 68.8 68,8 68.9 71.8 83.9 55.3 4.3 0.26

e ng losses for speech (ASHL) in quiet (=A+D-G+S) and in noise (=D+5). The
ﬁu’dm&ual values of ASHL, for which the medians are shown, were achieved by
ﬂ:_‘.‘i.ng- the respective individual values of A+D, D, G, and S. The best-fitting
MHI. values were achieved by simply adding the seperate best-fitting values
of AtD, D, (given in Table ITI), G, and S (given in Table IV).

In Fig.3 the medians of the measured SRT and ASRT values are plotted,
for wach class separately, as a function of noise level. The solid curves
‘]Wﬂ been fitted to the SRT medians, the dashed curves to the ASRT medians.

The predominant impression from the results presented above is that the

| 4w valid, The discrepancies, in some cells of Tables IIT and IV, between

measured and fitted rvesults will bo disoussed and interpreted in Sec.IVA.

mﬂ mm nﬁ oy uumw-smmd cubduﬂl. vare fomgﬁ. W the baste

ASR?, G, and @ valuew, Mﬁhamom, thia vou shovs the medians of wu m:dnt
SHL (=ASHL) in quiet (sA+D=G+9) and in notee (=D+G). The newt vow given the
Five ABRT valuen deftned by the eurve best fitting the Pive ASRI mediams of
cach class, with the best estimates of G, 8, and ASHL n quiet and tn notnd,
The value s.d. ie the standavd deviation of the five ABRI mediavo from bhwe
best-fitting curve,

PTA ASRT (dBA) (dn) ABHL (i)
class

L0 257 4D 55 70dBA G 8 s, MDD DB

=8

1 median 29,8 31.2 41.0 52.8 66.8 13.7 0.9 15.4 4,0

best fit 30.3 31.0 38.9 53.2 68.2 6.1 1.1 1.32 16.4 3.8

IT  median 37.6 36.2 42.0 51.8 68.0 10.4 0.0 23,3 34

best fit 37.2 37.4 40.5 52.8 67.7 9.6 =0.6 1,011 234 3.3

111 median 35.4 36.6 43.4 52.8 68.4 PR PLLE [ 2.3 4.8

best fit 36.3 36.6 40.B 54.0 68.9 21.2 1.1 1,52 22.7 4.0

IV median B84 39.68 4e.5 552 0.2 2250 1240 25,6 6.

best fit 39.2 39.4 43.0 55.7 70.6 29.8 2,8 0.97 25.7 6.2

v median 45,9 45,4 48.4 55.8 73.1 28.4 3.3 32.6 'Byd

best fit 45.9 46.0 47.4 57.3 72.0 26.2 3.3 1.10 32.4 7.6

9115.3. Free-field SRT und ASRT for semtences as a function of notee level,
separately ehown for five classes of heaving-impaived subjacte formed on the
basis of PTA. The data points ave the medians as given in Tables LI and IV
The solid curves, marked ‘R, are reference curves pertinent to unatded Her b=
hearing listeners. The other solid curves and the dashed ourvea paprasent the
curves beet fitting the eaperimentual unaided and aided datw, ragpaatively,

(please turn ovaer, for the figure proper)
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A ment Lo _ 11D, a 'ronp ol ten subjects ﬁi'iﬁmif{’ﬁh' for
each type of nent considered. In all groups, two subjects per
PTA class partic afl, a# a result of which the distribution of hearing
losses is similar in terms of PTA. In Table V the medians of A+D, D, O, 8,
and ASHL in quiet and in noise are compared, for each group, with the cors
responding values of the two curves fitting the medians of BRT and ASBRYT,
respectively.

] , - ) I
It is obvious from Table V that the groups differ with respect to the :

relationship between SHL, and ASHL, in quiet and in noise, This iw Lllustrats
ed in Fig.4, where, for each group, the median of SHL in noise in piuttl‘
versus SHL in quiet, as well as the median of ASHL in noise versus ASHL in :

TABLE V. For each of the groups of ten subjects, formed on the bania of

type of hearing impairment (cf. Table I), the fivet row shows the medians

of the individual SHL values A+D and D yielded by the first etage of aurmie
Fitting, and of G and 5§ yielded by the second stage. Fuvthermore, the median
of ASHL in quiet (=A+D-G+8) and in noise (=D+3) ave given. The newt row gloen
the corresponding results from fitting curves, defined by Bqe.(1) and (4) pa=
spectively, to the SRT and ASRT medians (not shown) of the growps, The values
g.d. are the standard deviations of Fit.

Group Stage | (dB) Stage 2 (dB)
(type)
SHL ASHL (dB)
A+D D s.d. G S sud.  AdD= DHB
G+8
} median 44.8 4.6 8 0.6 28.4 5.5 .
best fit 43.4 5.3 0.85 3 0.3 0.%6¢ 2844 546 v
2 median 24,4 4.7 8.3 0.8 18.4 6.2 b ¥
best fit  24.6 5.9 1.67 6.0 0.4 1.29 19.0 6.3
3 median 42,5 3.4 15,0 1.2 26.7 5.9 N
best £it  43.4 3.8 1.29 18,1 2.0 1.30 27.3 5.9 =
. "
4 median 43.4 1.9 #3.8 1.5 PR .
best fit  43.4 2.3 0.43 19.8 1.0 1.48 24.6 3.4
5  median 48.1 1.8 29.4 1.0 22,5 2.4 e
best £it  48.2 1,8 0.81 26.0 0.4 0.92 22.6 2.3 .
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SHL IN QUIET (dB)

FIHd, Fon the same five groups of subjecte as presented in Tables V and VI,
the median of SilL in notse te plotted versus SHL in quict. Algo, the median
aff ABRL in notee te plotted versus ASHL in quiet. The arvows, pointing from
UG bo ASKL, ehow the effects of the hearing aids on speech intelligibility
both in quiet and in noise.

qulet, It should be realized that the deviating SHL in quiet shown by group
4 In present despite the equal distributionm of PTA for the groups. The figure
aluo clearly demonstrates that, in general, benefit of hearing aids is only

to be expected under relatively quiet listening conditionms.

D, The benefit of hearing aids

I'or a better insight into the potential benefits of hearing aids for an

Individual, it is necessary to consider the relationship between SHL and ASHL -

Lur the subjects apart. In quiet, all aids are of benmefit with reductions of
ML between 2,5 dB and 36.1 dB. In noise, the situation is less positive. In
Pl S bhe hearing-aid effect on SHL in noise is represented on the basis of
!ﬂﬁ Iu guiet. It can be seen that most aids intensify an individual's SHL in
glnw or leave it unchanged. Although the deterioratiom is small in terms of
m typleally between 1 dB and 5 dB, the aid induces a substantial extra
handieap for the hearing-aid wearers in noise, since every dB of hearing loss
in nofse lowers sentence intelligibility by 177 to 20% (Duquesnoy,1982). Only
Lour subjects derived some benefit from the aid in noise (gain of more than

| diby condivional probability of §<-1dB, where mean § is zero, is about .6%).

m Analyses-of-variance

In order to systematically investigate the effects of relevant variables on

unalded and aided speech intelligibility, an analysis-of-variance was per-

~ formed on the SRT and ASRT values, as well aw on the SHL and ASHL values,The
varfables (factors) considered were in order of hierarchy: (1) type of hear-
f@n' dmpairment (1), (2) noise condition (M), () unalded/aided situation (UA),

.ii r! . il i i
g 10 + -~ III
= |
Zz 5 ‘o ; l o 4 ] L 4
i : il'
f 0 - ,? LL ?l 2 l -
T A A
g% -5 +———t
- 10 20 30 40 60

SHL IN QUIET (dB)

FIG.5. The effect of hearing aidon SHL innoise, shawn for each of the &0 pub=
Jecte tnvestigated. The subjects arve represented, accovding to thetr lype of
hearing tmpatyment (ef. Table I), by the following symbols: type 1: X, type

2: 0, type 3: 0, bype 4: ¥, and type 5: A. The arvows point to the corPaupOil=
ing ASHL values. The arrows were omitted for individuale for whom the i =
ference between SHL and ASHL does not eweceed +1.0 dB. The SHL (and AGHL) valusa
in notse are plotted versus SHL in quiet, so as to demonstrate the different
individual relations between SHL in notee and in quiet, depending on the Lype
of hearing impairment tnvoived.

(4) PTA class (C), and (5) subjects (S). Concerning SRT and ASRI' (written
below as (A)SRT), four test levels of noise Ly coineided, vig, 0, 40, 55,

and 70 dBA. Thus, a 5x4x2x5x2 factorial experiment resulted, involving 200
SRT values and 200 ASRT values. Concerning SHL and ASHL (written below am
(A)SHL), only two noise conditions applied, viz. (A)SHL in quiet and (A)HIL
+in noise, yielding a 5x2x2x5x2 design with 100 SHL values and 100 ASHL valuan,

In Table VI the results of the analyses-of-variance are listed. Only

main effects and interactions accounting for more than 17 of the total
variance are given, as far as they are significant. It is surprising that

the factor T, although significant, explains less than 1% of the variance

of both (A)SRT and (A)SHL. Apparently, the relatively low (A)SRI values for
group 2 at noise levels of 0 dBA and 40 dBA are not an important extrih soufcs
of variance. The factor N accounts for most of the variance. Also, the factors
UA and C contribute considerably to the total variance. Concerning (A)ART, Cthe

subjects are a minor though significant source of variance.




_ 2 uers tnﬂuw-d. Jmom! by: m- Wpc af ing 1
rma () mn), ﬂl notae oondtbton (4 and 8 lavale, respsatively), U= un=
atded/atded eituation (8 poaetbilitiea), = PIA olags (6 olasvesl, and 5=
aubJeate ( 8 subjeata per PIA clase in each type). The columne marked
Mantanoe" give the eontribution of the sources of variance (main effects
op interastions) to the total variance. Only conteibutions of more than 1%
e Llated, The thind columne ehow the eignificance level of the sources.

(A) SRT (A)SHL
fource of Variance Significance  Source of Variance Significance
varlance (%) (%) variance (%) (%)
N 50,2 <0,001 N 69.9 <0.001
A 13.0 U NxUA sy, "
© 10.9 1l UA 5.4 "
NAUA 6.7 u i 4.6 "
i 2.6 W NxC 2.3 "
UAxs 2.4 i T=N 1.8 "
ATARG 1.9 0.025
XN 1.8 <0,001
LS 100 i
IHUA [i8 0.110
o o

0 :ﬂﬁl obther relevant sources are all interactions between the factors.

o ﬂiily. {nteraction NxUA is very important, which is not surprising in
‘!ﬁ.ﬂ:@f the different effects of hearing aids on speech intelligibility (and
,ﬁilrin' losses) in quiet and in noise. Two other significant interactions

pertinent to both (A)SRT and (A)SHL are NxC and TxN. They imply, with respect
{6 (A)SRT, that the impact of PTA on (A)SRT varies with noise level, and that
the influence of noise level on (A)SRT depends on the type of hearing impair-
ment. Similarly, the interactions concerning (A)SHL mean that (A)SHL in quiet
and In nolse depend in a different way on PTA as well as on the type of hear—
in;,lmvlirmont. The remaining significant interactions to be dealt with apply
ﬁg.t#ilRT only. They are UAxS, UAxC, and TxUA, and indicate that the effect
1 of & hearing aid on speech intelligibility in determined by the subject using
~ the afd, by the magnitude of PTA, and by the type of hearing impairment.

=

with puyehophyafeal results

Firat, for each hearing aid the internal noise lavel L, was determined by
means of the procedure described in Sec.11C, The median of the resulting 50
values of Ly is 22 dBA, with a lower and upper quartile of 19 dBA and 26 dbA,
respectively. From Fig.2, where Ly was assumed to be 25 dBA, it can be wsoan
that ASRT in quiet cannot be made much lower than 35 dBA, unlesn excenslve
amplification is tolerated. This means that, in view of the median LI ol

22 dBA found, the minimum attainable ASRT in quiet is about 32 dBA for the
current hearing aids being set at a comfortable listening level.

Next, the relations between the electroacoustical hearing=aid gain fn
quiet, C,» and three psychophysical gain measures will be presentod. The galn
G, is defined as the average gain between 500 Hz and 4000 Hz, moasured at an
input sweep~tone level of 50 dB SPL. The psychophysical measures conglderad
are: (1) the average improvement, Gpt’ in the individual pure=tone thresholds
at 500, 1000, 2000, and 4000 Hz, (2) the model-derived acoustic galn G=f, amd
(3) the functionmal gain in quiet Ge (=SRT,-ASRT; cf. Pascoe, 1975). In Table

VIT the medians of the four gain measures are given for the five PTA=husud

classes. Another measure shown in the table is the gap ALy, which Lm the dlfs
ference between ASRT in quiet and the apparent total noise level Ly, at the

TABLE VII. Comparison between four kinds of hearing-aid gain in quiat for
the PTA-based clasecs of subjects presented in Table I1I. The measures von=
sidered ave: (1) the electroacoustic gain G,, (2) the puré-tone thraohold
Peduction.Gpt, (3) the model~derived gain G-8, and (4) the funatfonal gaii °.F
Purthermore, the laet colurm, marked ALy, gives the gap between ASRY {n quiath
and Ly, defined by Eq.(3). For each class the medigne are shown.

Class Ge Gpt G-3 Gf QLN (dB) ]
1 29.5 16.5 10.6 9.6 11.5 J
II §6.8 199 1 0. 1g
111 26.5 21.5 17.9 19.6 10.7
v 36.0 22,0 19.5 18.8 21.0
v 36.0 27.5 25.1 23.8 26.0




. .
whd'w miarophone, accordling to g, (3), N
order Lo oheck that the fnternal nolpe of thi ll(l ‘lll ali dltirtbrnne the
affect ivonens of amplification., Aw stated above, this holde for gaps » 10 dB,

Blmdlarly, in Table VILI the same four galo measures and ALN nre given
for the five groups of subjects formed on the bawls of typs of hearing impair-
mant . Goncerning group 2, the small medians of G=8 and G! are remarkable in
view of the large gain G .

In opder to gain a more detailed insipght into the relationship between
puychophysical gain and electroacoustic gain the model-derived gain G-§ is
plottad, in Pig.6, versus G, for each individual. Most data points represent-
fog (ndividunls suffering from type-2 hearing impairment fall outside the
plupber, as would be expected from the results presented in Table VIIT. If
{liahe Cen subjects with recruitment in the ear are left out of consideration,
the linear repgression of G-5 on G, for the other 40 ears is: G-5 = 0.7Ge—2.0,
with u correlation coefficient, r, of 0.82. The standard deviation of indivi-
dunl points from the repression line is 4.9 dB. For the ears with recruitment
no relationship between G-S and G, seems to be present.

nder noisy conditions the guality rather than the amount of amplification
{n erueinl, Tn this respect, second-harmonic and third- harmonic distortions
T e uneful measures of electroacoustie quality assessment. For convenience, the
{ullowing presentation of second and third-harmonic distortion measurements
wlill be gonfined to the absolute maxima observed in the frequency range between
80 Mg mnd 4000 Hz. Each peak value is expressed in dB relative to the level
ol the concomitant fundamental frequency. Lf a peak value is 24 dB or more
lwlow the fundamental level, the distortion is considered negligible (s6%).

PABLE VILY, Comparison between the medians of the same five measures in
qutet ao shown in Table VII, for the five typee of hearing impairment pre-
gintad in Table V,

Typw G G G-§ G AL, (dB)

—

govomRIn2s 14.2 1250 1845

] SOEBN 19h2 T.7 7.4 9.7
4 21,0 16.0 14.4 16,0 21,1
A 30,5, 28,7 22,9 21,8 |18:8
3 89.0 2700 27.9 27,2 129
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FIG.6. Model-derived gain, G-, versus G, for the 50 subdjeats tnvestigatad,
The ten dots in paventheses represenmt subjects suffering from type-8 haaving
impairment, The vegreseion line (solid lime) holds for the remaining 40 pointa,
and is described by: G5 = 0. 7G, ~ 2.0 {r=0.82). The standard deviation [rm
this line, as tndicated by the daahed Vines, Ze 4.9 dB.

This is the case with 48 hearing aids tested at an input sweep-tone level of
50 dB SPL. The remaining two aids show slight second-harmonic distortions,
only. For the 70-dB test condition, however, 14 aids show second=harmonle
distortions up to a level of =10 dB(=32%). Besides, two of thegse aids nhow
moderate third-harmonic distortions. For the highest test level applied (90
dB SPL) all, but three, hearing aids produce second-harmonic distortions up
to 7 dB(=224%), and 21 hearing aids alsc produce third-harmenic distortlons
up to a level of 2 dB(=126%).

It has been investigated whether the respective distortions at the 90
dB test level were linked with other electroacoustic hearing aid paramneters,
such as the gain in quiet Ge’ the type and degree of output limitation, and
the effective frequency range. The difference, AGe,betwemIGeandthuruduued
gainmeasured for an input level of 50 dB SPL was taken as a measure of oubpul
limitation. For 25 aids involved the output limitation was effectuated by
an AGC system, for 20 aids by PC circuits, and for three aids by a combinatlon
of AGC and PC. The remaining two aids had no separate output control. The
effective frequency range, Af, was determined by using the acoustic galn level
of 10 dB; the range between the intersections of this level and the {requency

response curve (50 dB input) defines Af of the aid (cf. Harford and Fox,
1978).
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Gonewning the second=harmonic dintort it, 47 aldw in=
volved), the only obvious relationship with the prosentod parametersy

fu the one with Gy Lies larger G values cause more distortions. Also, under
gomparable conditlons o miner tendency wan observed towards pomewhat lower
dlatorcion values for AGC systems than for PO systems.

Mor the 21 hearing aids showing third-harmenic digtortions (also 90 dB
Input) some interesting aspects were observed, The majority of these aids
have values of oo ﬁﬂe, and Af exceeding the corresponding median values for
all 50 aids together, viz: for 16 aids G >29.5 dB, for 14 aids AG_>9.0 dB,
and for 16 alds Af > 4735 Hz, Particularly, for the nine aids with distortion
leveln » =12 dB (>25%) large values of G_, 4G, and Af were measured, vizi
averapge values of 38.5 dB, 19.9 dB, and 5100 Hz, respectively. Eleven out of
(he 21 wide considered were equipped with AGC, and nine with PC output control.
Mo diffoerences in distortion level were found between the two systems.

At dmportant question is to what extent the second-harmonic and third-
hurionle digtortions affect the aided speech hesring in noise. The highest
baekground=noige level applied was 70 dBA, which implies that many pesks in
(e fluctuating speech signal simultaneously presented with the noise will
amply exceed a level of 70 dB SPL. Therefore, it is justified to relate the

podel=derived speech distortion S8 of the aids te the harmonic distortions
Weapured ol an input level of 90 dB SPL rather than to those measured at 70
Al BIL. The distortion S was plotted versus the second-harmonic peak dis-
porklon for cach of the 47 aids. The scatter diagram (not depicted) did not
vovenl any relationship between the two variables. In addition, in Fig.7
dintortlon 8 is given as a function of third-harmonic distortion for the 21
wldu in‘quustion. A certain relationship between S and third-harmonic dis-
tortlon (HDB) can be observed. Linear regression yielded: § = 0.16H03+ﬁ.2,
with r#0.53 and a standard error of regression of 1.9 dB. For these ZI aids
the median § value is 2.4 dB, whereas the median § of the remaining 29 aids
in only 0,7 dB. The 21 subjects wearing the more distorting aids have a median
U value of 3.1 dB, as compared to 3,3 dB for the others. Furthermore, the 21
sibjnets are evenly spread over the types of hearing impairment involwved, but
they show the larger hearing losses in terms of PTA.

Finally, some data on the relationship between S and type of output
Umitation are given. The median S value for the 25 aids with AGC system is
1,0 di, for the 20 PC systems it is 2,0 dB, and for the other 5 aids (no con-

trol or a different one) 0.1 dB. Thus, the advantage of AGC over PC is gene-
vally about | dB {n 8/N vatio,

T e oo
-2I4 -I.B =2 -6 0
THIRD-HARMONIC PEAK-DISTORTION (dB RE FUNDAMEMTAL)

HEARING-AID DISTCRTION s

#IG.7. Distoritton § plotted versus third-harmonic peak=distorlbion for tho
57 aide tnvolved. The solid line shows the regresgion of O on third=harmonto
distortion (HDg), desoribed by: 5 = 0.16HD, + 4.8. The dashed linea shew the

standard error of vegresston (1.9 dB).

IV, DISCUSSION

A. Validity of the model

First, the results from applying the model to individuals will be discunsed,
It ie shown in Sec. IIIA that the reference value for the goodness of it in
(.85 dB. The scarcely larger s.d. values of fit found for the hearing=lmpnirad
subjects (a median value of 1.14 dB for the unaided situation, and of 1,15 dil
for the aided situation (5-point fit)) are a promising indication of the
applicability“of the model. These values, however, do mot reveal aystematlo
differences, 1f any, between measured ;nd predicted SRT and ASKRT valueh, Thu
it was tested by means of the Chi square statistic (Dixon and Massey, 196H)
whether the differences obtained from the 50 subjects investigated wers ponls
tive and negative in a sufficiently random way. The statistic was applied,pey
test conditien, to the 50 individual differences under the hypothesin of equal
probability of plus and minus signs. The hypothesis was rejected at the |%
level of significance for the following situations: unaided, LN-BS dpa (10
plus, 40 minus signs); aided, LN=AO dBA (39+,11-) and 55 dBA (14%, 36=). I0
the case of 4-point fitting (aided situation), where the median &.d. value of
fit is only 1.05 dB (cf. Sec.ITIA), the Chi square statistic al#o rovealed
systematic differences in sign frequencies for Ly = 40 dBA (44+, 6=) and b4

dBA (G, 45=),




' _ o for ndlvidy
ity Ly apeaking, the model fien Ehe @xp
aynbomat e deyiations remain to be examined, To this end, the results pertaln-
lig to the five PTA-based classes will be considered in more detail.

I'rom the s.d. values shown in Table IIT for the unaided situation it is

gvldent that, except for class II, the model fits the class data better than
the {odlvidual SRT values (s.d.'s < 1.14 dB). This is corroborated by the
uliilarity of medians and fitted values for A+D and D. Furthermore, it is im-
portant te note that for the test condition Ly=85 dBA most classes show pre-
dloted values exceeding the median values. Nevertheless, only for class II the
dlifarance (1.9 dB) exceeds the s.d. value of fit (1.62 dB). However, for
wlamses I to IV another unaided test comdition, viz. Ly =55 dBA, yields con-
plutently negative differences between fitted and median values, which all
wiowod the corresponding s.d. values. This was not at all indicated by the
Chi wguare tests on individual differences. As will be explained later, this
duviation at Ly=55 dBA is mainly an arithmetical artefact caused by averaging
gukven, defined by Lq.(1), with the turning points at different noise levels
(uf, the curves in Fig.l, which have turning peints at LN‘ZO dBA and 60 dBA,
tenpoctively).

fummarizing the forepoing discussion, the validity of the model for un-
wldid conditions has clearly been demonstrated, although at very high noise
lavaln (LNbBS dBA) a trend towards measured thresholds slightly lower than
model=derived thresholds (maximally 1 dB) must be taken into account. This
trend might be related to an increased bandwidth of the ears at high levels.

Naxt, the class data from aided situatioms, as given in Table IV, will
hio dliseunned. For classes I and IIT the s.d. values of fit are larger than
the median s.d. for individuals, but for the other three classes a more accu-—
rale fit to the class data than to the individual data is observed. These
diffurences between classes in the goodness of fit are not recognized as such
in the differences between the medians and fitted values of G and 8. On the
eonlbrary, for class IIT (s.d.=1.52 dB) the conformity is striking, whereas for
claun IV (8.d.=0.97 dB only) the differences are striking. Closer investigation
of the latter case reveals that the distribution of the ten G values is so skew
46 to lead to a misleading median value. This skewness in the distribution of

4 {u alue observed in some other classes. It is caused by the diversity of am-

pliffeation settings between individuals within the same class. The estimation
of G and 8, with the A and D resulting from the first stage of fitting as

_— -

sonstants, N ough, In view of the exvelTent gaodnews o il
commonly aolileved &b hoth flrting stages. The overall accuracy 1 conflrmed

by the great uuﬁ!alﬁ{ﬁy of the medlan and fitved ASHL values (wee Table 1wy,
which L# attalnable only if the results from both fitting ntages ave correch.

Another aspect to be considered is whether the gystamatic differencen
observed batween the individually measured and predicted ASRT valuen at LN-

40 dBA and 55 dBA also become apparent in the class data. Indeed, for all
classes the differences at LN=&0 dBA are consistently positive, and at'bN-Bﬁ
dBA consistently negative. The differences at LN=40 dBA excead, axcopt lov
class V, the corresponding s.d. values; the differences at LN-55 dBA show the
reverse picture. A complicating factor at LN=60 dBA is the likely prosence of
an arithmetical artefact as mentioned before in the unaided case. Therefors,
for each class a separate Chi square test was performed on the signu of the
ten individual differences per test conditiom. For the classes I and I1L
significantly too many plus signs (2% level) were found at LN-40 dBA, but aluew
in the other classes the plus signs prevailed. Besides, the test did not re=
veal any significant irregularity at LN=55 dBA, although the minus signm pras
vailed in all classes.

Summarizing the above, the model is certainly valid for aidued limtening
conditions with background noise levels up to 70 dBA. The minor unomalies in
individual and class-based results point to a possibly somewhat smoother turns
ing point than described be Eq.(4), and to an § value not entiraly constant
with increasing noise level, since at LN=55 dBA the true § is slightly smaller,
and at LN=?0 dBA slightly larger than the model-derived § value., This tendency
in § is clearly related to increasing harmonic distortions at higher noinae
levels (ef. Sec.IIIF). Mevertheless, the model yields accurate and usulul
values for G and S for the conéitions tested.

Next, the mechanism underlying the arithmetical artefact will be demons
strated. The artefact may appear if SRT values pertinent Lo various curvod,
described by either Eq.(1) or (4), are numerically added in order to obtain
an average curve. Figure 8 shows two extreme cases of adding up curves,
described by Eq.(1). Curves 1 and 2 have their turning points at LN-SS dBAy
curve 3 has its point at 25 dBA. The position of the turning points im doters
mined exclusively by the value of class A hearing loss. The upper dashad curve
is characterized by A and D values, which are the arithmetic mean of the vors
responding values of curves | and 2. The lower dashed curve is describad by

the mean A and D values of curves 2 and 3. The upper crosses aluo shown res
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ML, 8, The solid curves 1 to 3 and the twe inmtermediate curves are all
dewortbed by Eq. (1), with values for 4 and D as spectfied. The arrows point
10 the turning points of the curves, at Ly=25, 40, and 55 dPA, respectively.
Uhe upper crosses represent, at six different notse levels, the arithmetic

Mugne of SR postitoned on curvee 1 and 2; the lower erosses show the ST
meana for eurves £ and 3. The dotted curve, marked 'artefact', connects the
lower orcsses, as far as they deviate from the dashed curve, marked 'correct'.

fhe artthmetical artefact at Ly=40 dBA amounts to 3.5 dB.

prasent, at various noise levels, the arithmetic mean of the SRT values
positioned on curves | and 2, respectively. All these crosses coincide with
the upper dashed curve. The lower crosses represent the SRT means for curves
2 and 3, In particular, the crosses at LN=40 dBA and 55 dBA deviate sub-
plantinally from the corresponding dashed curve, which defines the correct
Wil values, It is evident, therefore, that the addition ( and averaging) of
BIP values pertinent to curves with differently positioned turning points
Automatically results in a smoothed average curve, as shown in the figure by
the dotted curve, marked 'artefact'.
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A firat aspect to be noted from Table V concerns the genarally small n.d,
values achieved in both fitting stages, and the great confermity batwean
measured and fitted ASHL valugs. This agreement confirms the applicabdldty
of the model to the divergent types of hearing impairment considered.

Three other aspects of Table V to be noted are: (1) SHL and ASHL dn nodee
are largest for the high-tone and flat sensorineural losses (types 1, 2, and
3); (2) the detrimental effect of the hearing aid in noise (8 value) in
smallest for subjects with high-tone losses (types | and 2); notably, the Lwa
subjects who derived some bemefit from the aid in noise (8 value of =3.2 di
and -2.3 dB, see Fig.5) suffer from high-tone losses with recruitment (Lype
2); although it is not likely that the aids in question actually fmprove the
§/N ratio, the relative advantage in noise for subjects with steeply wloplng
audiograms may be attributed to retrieved audibility of speech components fn
a frequency region not contributing to hearing without the support of an whily
(3) the gain G of the aids in quiet is evident; particularly, the conduet fve
hearing losses (type 5) are easily compensated for by amplification, The galn
is less pronounced for the sensorineural losses. Especially the subjects with
yecruitment in the ear derive only a minor benefit in quiet. Their mad Lan BHL
in quiet is but small, and the internal noise LI of the aide hampers greater
benefit, despite considerable electroacoustic amplification (cf. Table VIIL).
Apparently, recruitment is attended by a rather deviating pattern of (ndded)
speech hearing (cf. Fig.4), even for the present group with average pure=tons
hearing losses completely matching those of the other types of lmpairment
considered.

There is not much to add to the results of the analyses~of-varlance. Thuy
are a systematic affirmation of the aspects of unaided and aided hearing als
ready discussed. Two interesting points to mention are: (1) the PTA lw nlaars
ly a measure pertiment to speech intelligibility in quiet only, and (2) the
benefit attainable with a hearing aid is, under comparable conditions, falrly

dependent on the user.

C. Relations between electroacoustic and psychophysical ronultn

First, the gain measures in quiet shown in Table VII, per PTA clasn, will hie
considered, Three aspects are to be discussed: (1) the medal-derived galn in
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ar all clannen Ay exceeds the Vimit of 10 db requir=
Ifleatdion (cf, Pig,2 and Sec,LILF)3 (2) there In &

I & smaller gain in speech intelliglbility than in pure=-tone
“ﬂﬁl‘iﬁﬂiﬁil i particular class 1T shows a substantial difference (8.6 di)
Detween the mediang of G and G-8, as against 7.4 dB between the correspond-
Ing means (not shown); ths latter diffevence is significant at the 2% level

(ona=ulded t=test); the differences in 1 and IT are primarily due to the sub-
Joets with high=tone losses (types | and 2); (3) the electroacoustic gain is
soneiderably larger than the threshold improvements for both pure tones and
apwech, Goneerning the last point, the internal noise of the aids can hardly
be the Limiting factor, definitely not for classes IV and V (ALy > 20 dB).
Iiuutdl:ivt is the finding of Pascoe (1975) that 2emI-coupler gain measure—
ments greatly overestimate the gain above 2000 Hzj he observed functional
galn drops of as much as 24 dB from 1500 Hz to 3000 Hz for aids showing a
alm!-unupiar gain up to 4000 Hz. Thus, in terms of real benefit to be expected
(Lo qulet) coupler measurements are misleading. Nevertheless, the linear re-
yrannlon, shown in Fig.6 for subjects without recruitment in the ear, may

perve ap o rough assessment of the functional gain in quiet from coupler

galn in quiet between 14 dB and 24 dB.

The deviating values of G-8 and G for subjects with recruitment (type 2
losnen) are clearly revealed by Table VIIT. It is important to note that
fhalr median 6LN value is slightly below 10 dB, which means that the ampli-
floatlon has been partially ineffective due to the internal noise of the aids.
iln in probably also the case for the subjects with conductive losses (type
%), Anyway, several subjects strived for an ASRT in quiet lower tham their aid
would manage because of its internal noise. It is desirable, therefore, to
gonptruct hearing aids with the maximum LI value well below 20 dBA, so that
A ABRT in quiet of about 25 dBA becomes acoustically realizable. Then, with
gueh an ald revalidation of subjects with moderate hearing losses (PTA be-
twoen 30 di and 40 dB) will be, at least in quiet, meore substantial than it
in now.

A finsl aspect to be noted in Table VILI is the large differemce between
4} " and G=8 ( and Gg) for the subjects with high-tone sensorineural losses
(typew | and 2). The median gap for the 20 subjects is 7.2 dB. This gap is
malnly attributable to the higher clans=b lonnes (inner ear distortiom) of

Medsurenents. Hence, a gain ¢, of e.g. 30 dB will generally yield a functional

AELELLLILA L LG Ll U UL UL BT BLLLLLUEL L L UL
the dintortion vesm # of the heuring alde. The gap abviously demonstrates the
experlence of wumerous sennortnoural=lmpaleed subjects that they can heay
what Lo wadd, but do got understand Le,

Concerning harmonie distortions, all hearing aids tested are satinfactorvy
amplifiers at moderate input sound-pressure levels, apart from the oscanions
ally large LI values (90th percentile of 28 dBA). However, at higher Inpul
levels (>65 dB SPL) second-harmonic and third=harmonic distortions are
readily produced, particularly if a high electroacoustic gain Gy haw baen
adjusted in combination with a progressive output limitatien for incraasing
input levels. A broad power bandwidth (Af » 5000 Hz) also causes extra diss
tortions. Furthermore, it is somewhat disappointing that AGC Limiting systemn
produce only slightly less second-harmonic distortions, and no less Ehirds
harmeonic distortions in comparison with PC outpulb control systems. Thipd-
harmenic distortions are detrimental to speech intelligibility in nolmne,
as shown in Fig.7. Linear regression analysis revealed that every dB of extiu
third-harmonic distortion adds about 0.16 dB to the psychophysical distorts
ion S. The relation between second-harmenic distortions and § is nol that
clear. The only small gain in noise of 1 dB of AGC relative to PC syntems ln
possibly due to the almost identieal third-harmonic distortions.

An obvious conclusion from the foregoing discussion is that the amplif i~
cation characteristics of today's hearing aids need further ilmprovement o an
to be more equal to the task set by the hearing impaired, especially in noduy
environments. This need is also expressed in recent recommendations on larger
bandwidths (Pascoe, 1975; Schwartz et al., 1979; Skinner, 1980). Although the
extra benefit to be derived from further improving the mere amplification of
hearing aids is fundamentally limited to a few decibels, the effort fm throughs
out worthwile because of the great impact of every dB of gain in §/N vatly on
speech intelligibility. A real break-through in the field of aided wpeech hears

ing is not to be expected, however, until more sophisticated signal processing
in the aids will make it possible to increase the aided §/N ratio beyond the

8/N ratic commonly prevailing in noisy listening environments,

V. CONCLUSIONS

In the previous sections several conclusions have been drawn which, for

ease of survey, are summarized below:

(1) Plomp's model on aided hearing, as described by Bq.(4), glves an accurats




duuripl:'i.;n af the afded BRT (=ABRTY, as a fonctlon of nmh:'.?n& nolwe lavel,
on the basls of only Clve pavametars, Two of these parameters (hearing

lans clawses A and D, vespectively) define the subject's SHL In gqulet
(embination of A and D) and in noise (D only); the remaining three
parameters (gain G, distortion 8, and internal noise level LI) describe

the hearing aid in a simple, but effective way. The model is wvalid irre-
upective of both type of hearing impairment and frequency response of the
liwaring nid fitted.

(2) In cases where the gap between the aid's Ly and ASRT in quiet is minimally
10 dB, the model-determined gain for speech intelligibility in quiet G-§
lw {dentical with the functional gain, which is defined as the difference
between the actually measured unaided and aided SRT in quiet,

(1) For a substantial revalidation of hearing-impaired subjects in noisy
Iiwtening environments improvement of the S/N ratio is a prerequisite.

In this respect, the currently available hearing aids, which all pro-
vide only aselective amplification of both speech and noise, cannot offer
penefit in noise. An average deterioration in S/N ratioc of more than 1 dB
was found for the hearing aids investigated; only 47 of the aids yielded
pome benefit in noise.

(4) lFor a substantial benefit to be derived from an aid in quiet listening
snvironments by subjects with mild to moderate hearing losses, LI of the
ald whould not exceed 15 dBA, which is almost the level at which normal-
hoaring listeners achieve 507% correct intelligibility of conversatiomal
wontences. Only 6% of the aids tested satisfied this eriterion.

(8) The gain of an aid in quiet can only roughly be estimated From electro-
deouptic pain measurements in a test box, although for subjects with re-
¢ruitment in the ear no predietion at all is possible. As a rule—of~-thumb,

10 dB of electroacoustic gain yields about 7 dB of functicnal gain in

BHTO.

(6) The benefit of an aid in noise is adversely affected by third-harmonic
digtortions. Generally, every 6 dB of extra distortion (relative to the
lovel of the fundamental) worsens the aided SRT in noise by 1 dB, Second-
linrmonic distortions do not show such a systematic detrimental effect.

(1) In terms of model-derived distortion S, the advantage of AGC output 1imi-
tation over PC output control is only | dB., This means that the need for
A lenn distorting output-control system is not yet sufficiently satisfied.

(H) Bubjects with high-tone sensorineural losses, both with and without re-

112

cruim more beneflt from an ald with rewpeot to

PUre=Lane 3Illdlilﬁiﬁ“ln to wpeach fnvelligibliley (In quieds Thin of feer
(7 dan [n the present study) i mainly cavsed by cthe high elaps=D Tonnas
of these subjects, and also illustrates why they need such favourdhle #/N

ration when nolse comes into the picture.

(9) If there i recruitment in an ear, a different pattern of (aided) wpeach
intelligibility is to be expected in comparison with cara having the sunme
overall pure-tone hearing losses without recruitment, Bavs with recrults
ment show a relatively small SHL in quiet and a maximum of GHL In nolaw,
Especially in cases where only a mild class-A logs has to be compennnled

for, the benefit of a hearinpg aid is marginal.
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y of Testing the

L 0 l for the hearing lmpa
In Chapter I the valldivy of the STT concept has been demonstrated fox
groups of elderly hearing=impaired subjects; only their SRT in nolwe, with
the speech presented without reverberation, needs to be measured to male
an accurate prediction of the SRT in a reverberant eoviroument, Further-
more, it has been shown (see Fig.4, Chapter I) that, in general, the pre-
dictive power of STI is sufficiently effective also in individual canen,
Strictly speaking, the validity of STI in the case of hearing=impaired
persons has been tested only in the diffuse sound field of both primary
speaker and interfering source. In small to medium-sized rooms this [leld
is found at distances between listener and sound source beyond approximately
2 m. There is neo reason to doubt that the STL is equally valid for any
listening condition, including direct sound fields, covered by lq.(2) glven
in Chapter II. For example, Fig.l of Chapter IL, which is based on Eq.(2),
can indicate how closely positionmed towards the primary speaker a listener
must be to understand a conversation. We know from Chapter T that a normal-
hearing listener needs an STI of more than 0.35, Then, if S/N=0 dBf and
T<1s, the listener can follow the conversation at any position in the
room. On the other hand, a hearing-impaired listener who needs an ST1 of
e.g. 0.50 (SH¥D= 4,5 dB) should approach the speaker to |.751:‘c or lens (only
about | m in medium-sized rooms).

The STI model has been designed primarily to describe listening altua-
tions in rooms where the interfering sounds can be regarded as a continuous
noise signal. In view of the speech-hearing results presented in Chapter 1V
(Table II and Fig.3) for normal*heariﬁg listeners tested under conditions
with different types of interference, we must be prudent in plainly apply~
ing STI diagrams in the case of fluctuating fields of interfering sounds,
Clearly, a complicating factor is that not only the acoustic S/N ratio nt
the listemer's position is decisive for speech intelligibility, but aluo
the sound character (spectral and temporal Features) of the interfering
gource itself,

A practical situation where the above becomes manifest is the cocktail
party. In this situation, with a large group of people in a limited avoen,
the listener is positioned both in the diffuse field of many tallers at a

distance, and in the (mainly) direct field of competing speakers alollr ﬁ; -

the listener, The diffuse field can be regarded as continuous, but the dirveot




ntarfering Pleld 18 defintitely fluctuntiom, Vol Chanter
TLy o 81T value partioent to thin Dlavenlog condbEbon va tad ,
where the disturbing effect of the interfering speakers in the direct fiald
must be taken inte account by the (constant) long-term average intensity of
thin Inverference, Since for normal=hearing listensrs I{n the dirvect field a
Ilapaning condition with continuous interfering nolse is less favourable
than a wituation where the interfering sound has the same long-term average
Litennity, but is fluctuating in time (see Chapter IV, Fig.3, maximum dif-
foarence In 8/N ratio 7 dB), this implies that for normal-hearing listeners
the caleulated STL value represents a less favourable listening condition
Ll wetunlly experienced by them. Because of the random orientation of the
competing speakers in the direct field and the considerable contribution of
the diffuse noise field, the difference between the SRT of the listener pre-
dloted on the basis of the STT value and the actually occurring SRT will be
pubtantially lower than the value of 7 dB, in terms of S/N ratio, found in
Uhapter 1V for conditiens without reverberation and with one competing
npaaker only.

1n addition, the results presented in Chapter IV on elderly listeners
with perceptive high-tone hearing losses will be considered {see also Table
11 #ud I'ig.3 of Chapter TV). The SRT's of the elderly are determined mnot so
much by the type of interference as by the acoustic S/N ratio alone. Further- 1
Wore, the pain obtained by moving the interfering source to a lateral posi-
flom Is also small in comparison with the gain for normal-hearing listeners.
Iilw means that the STI pertiment to cocktail-party conditions may be con-
pldered to be representative of the listening situatiom as it is experienced
by hearing=impaired listeners with high-frequency losses.

It {8 clear that the STI model is a powerful tool for characterizing a

broad weala of practical listening situations for both normal-hearing and

lear lng=impaired listeners. A decisive advantage of the STI medel is the
Jupetional link it provides between statistical parameters of room
acountlon (rfrc, T, V, $/N ratio) and hearing impairment. By comparing the
WL value measured at the position of the listener in a room with the STT
vilue required by hearing-iwmpaired persons (in gemeral: STI>0.60), an
punepament of their handicap in the room can be made; and, what is very
rulevant, the 87T model allows a quantitative treatment of how to adapt the
aeountien of the room to the enhanced acoustical requirements of the hear-
fng lmpaired,

Wy TR T TR A

The valldity of | IM‘ waring model dmpllen that we are able to characters
ize effectively the unalded and alded speech=hearing abilivy of the hearing
impairved as 4 funetlon of background nolse level by just Elve paramelens,
viz. A, T, @, 5 and by (sep Chapter V, Eqs.(1), (3), and (4)), The para~
meters A and D, pertinent to unaided hearing and, therefore, characteristlo
of a subject's hearing impairment, can be determined on the basis of Lwo
measurements of SRT (for sentences) taking about 8 min. Thisg alse holds for
the parameters G and 8, specific for the hearing aid tested. The interoal
noise LI of the aid can be measured electroacoustically, but to pave timne
it is throughout reasonable to take LI equal to 22 dBA (median value, ¢l
Chapter V). As a result, it is possible to achieve a satisfactory lowlght
into a subject's unaided and aided speech hearing, representative of hius
everyday-communication ability, within 20 min of measuring time.

From the results on aided hearing, presented in Chapter V, it ln ¢lear
that the currently available hearing aids fail to meet the requlrements ol
the hearing impaired in noisy circumstances. A prime requisite Lor a heariog
aid to provide substantial benefit in noise is that it increascs the /N
ratio by at least 5 dB. This means that the performance of present=day
hearing aids, which have an average S value of | dB (cf, Chapter V), has to
be improved by 6 dB or more, in terms of 8/N ratio.

Can recent developments in hearing aid design meet this requirvement!
It is unlikely that the present topic of individual fitting of hearing=ald
frequency responses, as advocated by Skinner (1980) and Miller et al, (1980),
will provide an SRT improvement in noise of more than 3 dB. Another attempl,
by Villehur (1973), is to improve the .SRT in noise by dynamic range comprepss
ion of speech. Villchur presumed that loudness recruitment in the ear ls Cle
main origin of hearing problems in noise. Although subjects with rvecrul buent
in the ear show high type-D losses (ef. Chapter V, Table V, group 2), thers
are other subjects having similar pure-tone and type-D losses without ro-
cruitment in the ear (cf. Table V, group 1). This does not corroborate
Villchur's assumption on the origin of a hearing handicap. Apart from thin,
to date there has not been a promising follow-up on dynamic range comprenslon
(see Lippmann et al., 1981).

So, what are the prospects, for the near future, of mitigating a nub~

ject's hearing handicap by a hearing aid more substantially than s posslble

now? Evidently, the short-term possibilities for this arve quite Limited,




performance of the alda, ar

(1) A further veductlon of harmonle and intl!ﬂnlﬂ%l‘iiﬂ dlutortion of the
anipl il ler wectlon,

(2) In wids with AGC (automatic gain control), a reduction of overshoots
during the attack and release time,

() lxtended high frequency amplification as far as tolerated by the uger
(annoyance should be avoided),

4) Individual ficting of the aid's frequenmey response to a subject's

hoaring by means of a programmable hearing aid.

(%) tmprovement of the front-random ratio (directivity) of the directional
mlerophones,

(6) The provigion of aids with very low-noise microphones to improve the
ST under quiet listening conditions (cf. Killiom, 1976, subminiature
mlerophone XD-985).

It weems unlikely that even a combination of the above-mentioned points of

loaring-aid improvement will provide a gain in SRT in ncise of more than

5 dl, but every dB of gain in SRT in noise is very wvaluable for the hearing

Impaired, as demonstrated in this thesis.

In the future, significant progress in hearing aid performance must
“he wearched for in another direction. In my opinion, the most promising
approach ls to develop some kind of noise-suppression technique, independent

ol the Lype of hearing loss to be compensated for. Many attempts have

ulepady been made to increase the §/N ratio in that way, but a real bottle-

fmik dn this respect is the continuocusly changing spatial position and

Wlgnal structure (in the time and frequency domain) of both the speaker

(who munt be understood) and the interfering source (the level of which

musl be sufficiently reduced). Because of this type of signal conditions

many, oluewhere successfully applied, correlation techniques for noise sup-
prosndon become ineffective and useless. Anyhow, it will remain a challenge

for engineers in the field of (acoustic) signal processing to search for

ey and powerful methods of noise suppression.
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Iy lontroduction

Puture research in our department will be directed towards the auditory han-
dlcap of heaving-lmpaired persons with regard to speech understanding in
wvieryday sltuations. As a measure of speech intelligibility the Speech-
Woception Threshold (SRT), defined as the sound-pressure level at whiech 50%
ol the swpeech material is correctly understood, will be used. The speech
will be prosented monaurally through circumaural earphomes, both in quiet
and apgainst a background of interfering noise.

According to the definition of SRT, the sound-pressure levels re 2.10H5
Piy produced in cthe headphones, have to be known. For this purpose we carried
ot seoustical measurements on circumaural headphones by means of an artifi-
olul ear on which a flat-plate coupler was mounted. Generally, the real-ear
rasponse of circumaural headphones is larger than the flat-plate coupler
response (cf. Shaw and Thiessen, 1962), In the present report two procedures
[or entablishing these response differences (for ome type of headphone) are
dualt with, In both cases the real-ear responses were measured for ten
novmul=hearing subjects (7 male, 3 female, age 24-34). The sound materials

applied consisted of noise signals and ten lists of everyday sentences.

4, lixperimental configuration

The experiments were conducted in an anechoic room. In the longi-
tudlnal axis of the room a loudspeaker and an armchair fitted with a head-
Yunl were situated. The distance between the loudspeaker and the entrance
of the individual ear canals was made exactly 2 m. The center of the loud-
upaiker was placed | m above floor level. Two electret microphones were
wtuck just outside the entrance to the narrow part of the left and right
war cuanals of each subject. The microphones were connected to an amplifier
behind the chair. The experimenter and the play-back equipment were outside
the anechoie room. Communication tock place by means-of an intercom. Behind
the arm=chair a videocamera was placed to check outside the room
whather the subjects correctly carried out the instructions concerning
lioad fixation and alternate replacement of headphones and one-sided ear
delender, Both camera and microphone amplifier were direct-current supplied
from putside the room to exclude transformer hum,

The playback block=diagram fa shown In Mg, 1. The speech material and

11 >> ATT.2 —
2)

NOISE |

FIG.1. Block diagram showing the play-back equipment inoide and oubetde
the anechoic room. The symbols |>»| vepresent audio amplifiers, and AT
stands for 'Attemuator'. REC. means Recorder,

the noise were played back on channels Tand IT, respectively, of the taps
recorder. After impedance transformation and separated attenuation to con-
trol the signal-to-noise (S/N) ratio, the two sipgnals were mixed, The oo
bined signal was presented to the subject through either the loudspeaker or
the earphones (Sharp Scintrex MK IV).

The electret microphones were applied for measuring sound=level differen:
ces between various stationary noise signals at the entraunce of the enr
canal., After a fixed attenuation of 50 dB the microphone signalu wore elec-
trically coupled to a sound-level meter (B&K Type 2205, provided with a BNC
connector) indicating in dB(A). Various noise levels were measured ulupo
with the flat-plate coupler. The coupler consists of a rigid metnl plate at
the center of which a condensor microphone (B&K Type 4144, mounted on BAK
artificial ear Type 4152) is positioned with its diaphragm lying in the plane
of the plate. The right or left earphone was placed on the coupler lu a
central position with respect to the microphone and the gealing cushlon was
held in contact with the plate by a weight of approximately 500 g, The out-
put of the artificial ear was measured with a sound-level meter (BAE Type
2203).

As speech material ten lists of 13 sentences were available (devalopud
by Plomp and Mimpen, Institute for Perception TNO, Soesterberg) with, an
far as possible, equal numbers of the various (Dutch) phonemes in each Liat,
The chance of correct recognition of the sentences was equalized for all
lists. In addition to the recording of these lists a atandard-noiwe nigual

having the same level and long-term average sound spectrum as the 130 sen-

tences was recorded both on the second track of the tape and on the sentanos
track, preceding the sentences, to enhable easy calibration of the B/N ratle
(for details mes Memp and Mimpen, 1979),




Tgﬂn.&ihnnmtnltinn of the response differences mentioned in the Introduetion
In baned on two different types of real-car responscs. The fivet typo of

~ pealesar vosponse consists of Specch=Reception Thresholds (SRT), the second
type conniats of sound levels of noise meagured at the entrance of the ear
gannl, Therefore, the first type,requiring active mental participation, is

U subjective measure, whereas the second type,which merely utilizes the
uuter ear of the subject, is objective.

The following adaptive procedure for measuring SRT was applied. The first
wuntencs of o ligt is repeatedly presented at a higher level until the lis-
mlﬂlf ¢un reproduce the sentence correctly. The level of the second sentence
dn decreased by 2 dB. If this sentence is correctly repeated, the level of
the next sentence is decreased hy 2 dB apain; if it is not, the level is
Anereased by 2 dB. All remaining sentences are presented in this manner.

he average presentation level of sentences 5 to 14 (the last one is

WL motunlly presented, but its level is known from the response to sentence
4) L4 assumed to represent SRT. Sentences 1 to & are for training purposes.
he fdrut type of real-ear response was measured by using all 10 lists,

. Iiuts were presented under four conditions in quiet, wviz. 2 lists to

Wy presenting 2 lists per condition insight can be obtained into the within-
;lﬂhilﬂt?flli&bility of the SRT. The remaining lists were presented in noise
wi%ﬁ l.i&?al of 55 dB(A) under two conditions, viz, one list by means of a
loudupeaker and one list through earphones, both presented to the left ear
‘only, The BRT measured in noise gives an indication about the possible
peproduction-quality difference between the loudspeaker and the earphome,
ﬁiﬂlultj if no difference exists, the required S/N ratio should be identical
for the two transducers. ‘
Liwts | to 6 were invariably presented to the left ear, lists 7 to-
10 to the right ear. The intelligibility of these split lists does not need
Lo be equal because the responses will be averaged over the left and right
earn, In order to compensate for learning processes and fatigue,the list
R iiﬁﬂlhnt for successive subjects was rotated. In Table T the distribution
of the Lists and conditions per subject is summarized.
In order to know the SRT levels in dB(A) it wuffices to measure the
“flald sound level in dB(A) of the noine ﬂiggqutnq the sentences, at

the eubJuota, Wher ! the mumber apeot flen @ ba prapented, q = 880
tn quiet, N & BRI in notee, L = left eav, Rk = right ear, = loudapeaker,
and @ = eavphonea.

Subjects
1 2 3, 4 5 6 7 i 9 10

1-QLe 1-QLL 3-QL1 3-QLe 5-NLe 5-NL1 7-QR1 7-QRe O-QRe G=Qil
2-QLl 2-QLe 4-QLe 4-QL1 6-NL1 6-NLe 8-QRe 8-QRl 10-QR1 10~0Re
3-QLL 3-QLe 5-NLe 5-NL1 7-QR1 7-QRe 9-QRe O0-QRL [=QLL [=QLe
4=QLe 4-QL1 6-NL1 ELNLe B-QRe 8-QR1 10-QR1 10-QRe 2-QLe 2=QLI
5-NLe 5-NL1 7-QRlL 7-QRe 9-QRe 9-QR1 I1-QL1l 1-QLe 3~-QLe 3=QLI
6-NL1 6-NLe B8-QRe B8-QR1 10-QR1 10-QRe 2-QLe 2-QL1 4-=QLL 4=QLe
7-QR1  7-QRe 9-QRe 9-QR1L 1-QLL 1-QLe 3-QLe 3-QL1 5=NL1 S5<NLe
8-QRe 8-QRl 10-QRl ID-QRe 2-QLe 2-QL1 4-QL1 4-QLe 6-NLe 6=NLI1
9-QRe 9-QR1 1-QL1 1-QLe 3-QLe 3-QL1 5-NL1 5-NLe 7-QRe 7-QRI
10-QR1 10-QRe 2-QLe 2-0QL1 4&4-QLL 4-QLe 6-NLe 6-NLL 8=(QRl 8-QRe

e o

the position of the listener's ear. On the assumption that the individusl
SRT's found in quiet and in noise are independent of the type of transducer
used to reproduce the sentences, earphone speech-reproduction can be call~
brated against free-field speech reproduction. In the case of supra-aurul
earphones the above assumption is omnly wvalid for frequencies helow [500 1
(Villehur, 1969).

The second type of real-ear response was obtained with the electref
microphones to which the standard noise from the speech track of Che tape
was presented. The responses at the two ears were measured for three dif-
ferent noise levels in the free-field and earphone situation. Ag a result,
earphone noise reproduction can be calibrated against free-field noluse
reproduction.

In addition to the real-ear responses the flat-plate coupler rasponses
were measured for the same rhree noise levels. The differences between (he
two types of real-ear responses and the coupler responses are usad for calls
brating the artificial ear plus coupler apainst free-field nolse Etﬂﬂdﬂumlﬂﬂﬂﬂ



ronef | tlons yleld
outpa -di-!dlwmnl terms GI. Gi. and 03 shown In the velatlon diagram of

Wlge2, The nolse levels in this figure were achioved as follows:

= {ree=l{eld noise level at a distance of 2 m from the loudspeaker, after
50 dB of amplification of the input signal which was supplied to the
loudspeaker to obtain a sound signal at SRT level;

!' » [ree~field noise level at a distance of 2 m from the loudspeaker, the
lnput of the loudspeaker corresponding to the 50-dB amplified input
uignal as supplied to the earphone at SRT level;

H&-!-fril-ﬁield noise level measured with the electret microphenes, given
that o prefixed input is supplied to the loudspeaker;

uh.' noise level under the headphomes measured with the electret microphones,
glven the same input as in the case of Ny is supplied to the headphones;

N_:l'- identical to 8,;

N&‘I noise level under the headphones measured with the artificial ear, given
that the same input as in the case of S7 is supplied to the headphones.

The output-difference terms can now be expressed as follows:

Gy =8, -5, (1
ﬁz mN -N (2)
‘Gﬁ I.Ne'- Nl‘ : (3)
]
8 f
"I R
1 l e\\
= D
- IL] l 03 | Bl g :
1, —’/'VF=NE
ll c I Dnn
N —————2—-—-——|——-- N /
3l i e
(free-field) | (under earphone)

PIG. 8. Relation diagram of the noise levels measwred (S, N, and N'), where
Andon I meana loudepeaker condition and e means earphones. C,, Cy, and Cy
f bhe owlpub=difference terms given by lge.(1), (8), and (3). D, @ D
v the reaponse diffevences (or covraotion faators) given by E’qs. ( 5) amf ( 6).

that tha usumm holdn
Ny =yl e {h)

Then, the response differences between the coupler regponsas and the two
types of real-ear respomses can be calculated by using the exprossions (1)

to (4), according to

Dsn C3 c] Ne Se (3

D, =Cy=Cp=NT =N, AR |
i
As can be seen from Eqs.(5) and (6), the type of loudspeaker, hoadphones
and electret microphones applied cammot systematically influence D lhd-nnn
as far as overall energy-output differences of the devices are concorned,
Therefore, in theory it should be expected that S, equalB.Ne, resulting o
Dsn being equal tao Dnn' However, speech intelligibility is not only detors
mined by the overall energy output of & transducer, but also by the shuape

of its frequency response, whereas electret microphones having an almowt {lat

frequency response are only sensitive to the overall output, In practiece,

the frequency response of loudspeaker and headphone at the entrance of the
ear canal will differ to some extent and,therefore, it can be expectod that
D __ does not equal D_ .

sn nn

5, Results

The first type of real-ear response consists of SRT's measured according to
Table I. The SRT in quiet was obtained under four conditions; wach one win

tested twice. The resulting standard deviation of individual SRI''w in quiet
is 1.3 dB, This number is defined as the root mean square divided by V2 of

the 40 differences between the two SRT values per subject under each cond(~
tion. By excluding conditiens in which headphones were removed botwesn Lesl
and retest, the standard deviation decreases to 1.1 dB. Replacement of (he 1

headphones appears to increase the standard deviation to 1.6 dBb, The averay-
ing of the free-field SRT's in quiet over all 20 ears rvesulted in an AVETARe
value of 15.2 + 0,5 dB(A). The output-difference term C, found by combdning
the free~field and headphone SRT's is 10.8 + 0.5 dB. .




M 5- torme of !fN utin. an average value of =6,0 di ﬁl the 1uudlpuknr
Gm Lion, and an average value of =6,2 db for the headphones, An each con=
ditfon was tested only once, the reliabilivy of the resultn cannot be de=
Lormined, However, in a similar experiment Plomp and Mimpen (1979) found a
wtandard deviation of 0.9 dB. In view of this number t:he. quality difference
ul 0,6 db found in the present case is not significant.

In Fig.3 it is shown how the standard deviation of SRT values in quiet
depends upon the number of sentences included in calculating SRT. As can be
weun, presentation of more than eight sentences hardly increases the
‘paliability,which indicates that a list of 13 sentences, including three
rnlndng sentences, issufficient for determining SRT accurately.

Pigure 4 shows how the chance of correctly understanding the individual
sentences in quiet depends  on the presentation level relative to the SRT
luvel (50%-correct score). The curve was obtained as follows. To each sub-
Jeet eight lists were presented in quiet under four conditions. For each
1lut the number of sentences (with omission of the first sentence) correctly
vepented after presentation at levels of 1 dB, 2 dB, etc. below or above the
average level (rounded off to whole dB's) was determined. The numbers per
pulutlve level were almost identical for each condition and, therefore, the
punults of all 80 lists have been incorporated in the curve shown. Over the
mi‘ﬁli range of the diagram the intelligibility inerement is approximately

plr tB sound level increase.

)

; 20 i
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NUMBER OF SENTENCES

. Bbandard deviation of SRT in quiet ao a funstion of the number of
noas uaed for datermining SRT.

INTELLIGIBILITY SCORE &%

RELATIVE LEVEL (dB)

FIG.4. Intelligibility score as a function of presentation level velatiis
to SRT (level of 50%-correct scove), averaged over the veaulia foom B0
aentence liste presented in quiet (2 lists x4 conditions » 10 nubfeotnl .
The curve is the cumulative probability-distribution curve [itted plawally
to the data points.

The second type of real-ear response consists of nolse lavel measure:
ments using electret microphones. The noise levels were also measured with
a sound-level meter under free-field conditions at a distance of 2 m [vom
the loudspeaker. The levels thus resulting were 35, 50, and 65 dBCA), ra-
spectively. The lowest noise level may be partially affected by amblient
noise (<15 dBA) and instrument noise (<17 dBA). The between=subject standard
deviation of the electret measurements is 1.5 dB for the free=field condis
tion and 2.1 dB for the headphones condition. The placement of tha hesdphons
over the auricle appeared to be rather critical with respect to the wlectrat
output, thus causing a larger spread in the results. The cutput=differenoe
tern C, found by combining the free-field and headphones olectrat levels Ln
9.2 + 1.1 dB. '

In additioy to the real-ear responses the flat=plate couplor RIDFGﬂlIl!
for the above three noise levels yielded an output=difference turm C: of |
8.8 + 0.2 dB.

Based on the above-presented values of CI, 02, and C3 the rosponue ﬂt‘J
ferences D and D, calculated according to Eqs.(5) and (6), becomer

D= =2,1 4 0.5 dB

Dy ® “0ué & 101 dB . .-




ltanntly from gero (pe0,0001),

cluding remarks

With due regard to the limited scope of this investigation (only one speech
ppuctrum applied), aceurate calibration of sound levels measured with an
artdtietal ear is made possible by using the correction factors Doy and D
Uonearning sentence intelligibility, active mental participation is involved,
uo that the subjectively derived factor Dsn should be used. This means that
Lhe wound=pressure level of sentences presented under headphones will be
known (bn terms of free-field levels in dB re 12.10_5 Pa) b§ measuring the /
lovel of the equivalent noise, preceding these sentences, with the flat-
plate coupler, and by adding afterwards 2.6 dB to this level, If, on the
other hand, signals not specifically related to speech perception are to be
measured, it is recommended that the objectively derived correction fac-
Lor 13’m be used.
Home secondary results from this experiment based on 10 young normal-
hearing subjects are:
(1) the monaural SRT in quiet is 15.2 #+ 0.5 dB(A) (free-field conditiom); k
(!) (he monaural SRT in noise, expressed in S/N ratio, is -6.5 dB;

()) (he intelligibility-score increment near SRT is about 15 %/dB.

can

o W, and Mimpen, A.M. (1979). "Improving the Reliability of Testing the
[ wpch=Reception Threshold for Sentences," Audioleogy 18, 43-52.
m\ «A.G., and Thiessen, G.J. (1962). "Acoustics of Circumaural Earphones,"
J.Acoust.Soc.Am. 34, 1233-1246.
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ehelft wordt een systematisch onderzosk naar het apraak-
versboan van ll.chthorendan in praktijksituatios beschroven, ULtgangspunt
vormde de vaak geuite klacht van slechthorenden, dat zij vooral moellfjli-
heden hebben met het verstaan van gesproken woord tegen ecen achiergrond
van andere geluiden, zoals gercezemoes, een interfererende stem, verloern:
lawaai, ete. In ruimten met veel nagalm, zoals kerken en allerlel apurbmre
gebouwen, ondervinden zij extra hinder. In deze situaties bLijkt sen howr-
toestel weinig profijt op te leveren, waardoor vele gebruilers telaurge
steld zijn over hun toestel.

Een groot deel van het onderzoek was gericht op het testen van [wes
psychoakoestiséhe modellen, Beide modellen benaderen het begrip npraak-
verstaan in termen van signaal-ruisverhoudingen. Het ene model, do w5,
Sprazk Transmissie Index (STI) van Houtgast en Steencken (1973), mankt
het mogelijk op quantitatieve wijza het effect van nagalm op de spraplks
verstaanvaardigheid van slechthorenden te vervangen door hat golljlwaardlgs
effect van een additionele ruiscomponent zdnder magalm. Hel andure model,
ontwikkeld door Plomp (1978), beschrijft de drempel voor het verptann van
spraak als functie van het niveau wvan storende achtergrondruis (wbnder
nagalm), met inachtneming van het effect van zowel slechthorendheld aln
hoortoestel., De drempel voor het spraakverstaan is gedefiniesrd aln het
geluiddrukniveau (in dBA), waarbij 50% van een serie alledaagne korte
zinnen correct wordt verstaan. '

De modellen werden grotendeels getest aan de hand van drompals vers
kregen voor het beste oor bij 110 bejaarden (tests inclusiol nagalm
effecten). De test (zonder ﬁagalm) naar het effect van een hoortoentel
geschiedde met behulp van 50 slechthorende toestelgebruilers jonger dan
65 jaar. Bij alle tests werd als storende achtergrond een ruls ten gehors
gebracht met hetzelfde geluidsspectrum als dat van de korte zinnen, Onder
identieke testomstandigheden werden bij 30 jonge normaalhorenden evensein
de drempels gemeten ter verkrijging van referentiewaarden voor spraak:
verstaan. Het blijkt, dat de combinatie van beide modellen sen wolide
basis vormt voor quantitatief onderzoek naar slechthovendheld in praktd ke

situaties.

Ter uitbreiding van bovenstaande beperkte luisterconditie werd Li|

20 bejaarden onderzocht in hoeverre de riechting en het karakter van de
atoorbron de grootte van het gehoorverlies mede bepalan, Do atoorbron werd




e . M. s
Idnke of rechts van de luisteraar onder een horizontale hoek van 90"
penltueerd on beutond uit 8f een storende spreker df een ruisbron met sen
poluldeppectrum gelijk aan dat van deze spreker. De korte, primaire zinnen
werdon recht vodr de luisteraar ten geliore gebracht. In dit experiment
luluterden de proefpersonen met beide oren. Tien jonge normaalhorenden,
dle son dozelfde test werden onderworpen, dienden als referentie.

Nawnt de drempel voor spraak werd bij alle proefpersonen eveneens de
drempe | voor zuivere tonen in stilte (toonaudiogram) pemeten zonder, en
Vourgover van toepassing, mét hoortoestel. De 50 betrokken hoortoestellen
wirden bovendien electroakoestisch doorgemeten.

Wleronder zijn enige belangrijke resultaten uit het onderzoek naar
slechithorendheid samengevat.

(1), Indien het gehoorverlies voor spraak tegen een achtergrond van ruis
wordt uitgedrukt in termen van de verbetering van signaal-ruisverhouding
(ufﬂ). die voor de slechthorende nodig is om in dezelfde mate spraak te
lunnen verstaan als normaalhorenden in dezelfde ruisconditie, kan dit
pelioorverlies worden vertaald in een t.o.v. normaalhorenden verhoogde
wanrde voor de Spraak Transmissie Index (STI). Deze verhoogde STI-waarde
voorppelt wat de invloed van een toename van de hoeveelheid nagalm op de
pprankverstaanvaardigheid van de slechthorende zal zijn. Bijvoorbeeld,
Wik hwt gehoorverlies in ruis 6 dB bedraagt, vereist compensatie hiervan
(ubnder nagalm) een 0,2 grotere STT-waarde. De resulterende verhoogde
Wilswaarde voorspelt dan, dat de maximale nagalmtijd, waarbij de slecht-
horende onder zeer storingvrije luisteromstandigheden nog juist de helft
van het gesprokene kan volgen, korter dan &&n seconde behoort te zijn.
(4), Do 811 kan vergroot worden zowel door de §/R-verhouding te verbeteren
ale door de nagalmtiijd te verkleinen. In de meeste praktijksituaties is
het viljwel niet mogelijk om op directe wijze de S/R—verhouding zodanig
to verbeteren, dat slechthorenden er voldoende baat bij vinden. In veel
pevallen vormt dan het reduceren van de nagalmtijd een effectieve oplos—
alng voor dit probleem. In het geval, dat de luisteraar zich in het indi-
fecte goluideveld van de spreker bevindt (zoals in klaslokalen en gehoor-
wilen), behoort de nagalmtijd veor iedere dB te behalen winst in S/R-ver-
lhouding met 25% verkort te worden, ofwel de reductiefactor bedraagt 0,75
por di (bijv. 3 dB winst vereist reductie tot 0,757=42% van de oorspron-
bold ke nagalmeijd). Als de luisteranr zich in het directe geluidsveld
Vil di spraker bevindt (zoals in restaurants, loyers, e.d.) bedraagt de

benodigde veductie 18% per db (reducticfactor 0,82). Dat oen wellswanr
kontbate teductie van de nagalmtijd, z@ker in ruimten waar vaak bejaarden
vertoeven, zinvol is blijkt hieruit, dat het aantal personen met sen hes
paalde mate van gehoorhandicap met 307 vermindert per dB winst in 8/K-
verhouding. Bijvoorbeeld: stel men is gehandicapt indien het gehoorverlloy
in ruis groter is dan 5 dB; op 75-jarige leeftijd heeft 35% der batroklas
nen een verlies in ruis van meer dan 5 dB, en 25/ een verlies groter dan

6 dB; een winst van | dB in S/R-verhouding betekent derhalve, dat hat
aantal gehandicapten zakt van 35% naar 257 (304 reductie).

(3). Het hoormodel wvan Plemp kan ieder gehoorverlies voor sprask aldosnde
karakteriseren door middel van twee verliescomponenten: een vorliestype A,
dat de geluidsverzwakking in het oor aangeeft, en een type D, dat de
geluidsvervorming in het cor vertegenwoordigt. Type A is vooral hinderlljk
bij zachte spraak in een rustige omgeving, terwijl type D vooral wen hans
dicap vormt voor het verstaan van spraak in geroezemoes. Hat 1 absoluut
noodzakelijk om beide typen gehoorverlies te meten om een julste Indruk
van iemands gehoorverlies te verkrijgen. Uit regressie-analyse bldjkt, dat
bij bejaarden de verhouding tussen type A verlies en type D verlies Lo lot
algemeen 6:1 bedraagt (correlatie coéfficiént van 0,62 met N«102), Type D
verliezen zijn ondanks hun geringe prootte ernstig, wat onder andere hinr-
uit blijkt, dat elke dB van een dergelijk verlies de zinsverstaanvaardlg:
heid in gercezemoes met ongeveer 187 vermindert.

(4). De experimenten, waarbij zowel de richting als het karakter van de
stoorbron gevarieerd werden, wezen uit dat bejaarden in een anntal altuas
ties ernstiger gehandicapt zijn dan het type D verlies sangealt. Mol name
als de stoorbron een interfererende spreker is (in plaats van een diffusn
ruis met dezelfde intensiteit), kunnen de bejaarden niet langer profltaren
van de relatief stille intervallen tussen de woorden, terwijl jonge nups
maalhorenden hierbij een winst van ongeveer 7 dB behalen. Ook het vers
plaatsen van de stoorbron van recht védr naar opzij van de ludsteraay
levert bij bejaarden 4 dB minder winst op dan bij normaalhorenden,

(5). Het hoormodel van Plomp beschrijft eveneens het effect van sen hoors
toestel op het verstaan van spraak met behulp van slechts twee variabelen
de versterking G, die een type A verlies kan compenseren, en do Lossiels
vervorming §, die de toename in de drempel voor het spraakverstasn ln ges

roezemons Lengevolge van de vervorming in het hoortoestel aangeeft an ders

halve apn het Lype D verlies kan worden toegevoagd. Deze benadering van
van hoortoentel blijkt voor ulteenlopende typen slechthorendheid (hoge




k personen met slechts matige verliezen
recruitment in het oor) een hoortoestel aan te
ct kunnen sorteren, gezien de beperkingen van de

n van de benodigde S/R-verbetering.
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3)

4)

5)

6)

)

8)

HIKL

heef

(Illl: praefs ehrift)

Voor een adequate beoordeling van de auditiws hang
in praktijksituaties is de bapalins wvan twee 507 8
voor korte alledaagse zinnen vereist: de drempel in sti
tegen een achtergrond van ruis met het geluidsapectrum

(Dit proefschrift)

Het effekt van een hoortoestel op het spraakverstaan wo
drie toestelgrootheden: 1) de interne ruis, 2) de ak
bij het trommelvlies, en 3) de "functionele' vervormi .
(i.e. de door toastalveworming verhoogde spraakverstaan rempel
van signaal-ruisverhouding).

(Dit proefschrift)

Indien gehoorklachten van patiénten hoofdzakelijl blijlen te Lerus
geluidsvervorming (in plaats van verzwakking) in hun gehoor, lkan men
klachten met de huidige hoortoestellen niet verholpen. y

(Dit proefschrift)

Het verdient aanbeveling, dat audiologische poliklinieken, die B‘M‘Hl‘? i
efficiénte spraakverstaantest, repraaantatief voor prakti ks 1
willen beschikken, de op het Instituut voor Zintuipfysiologie
berg) ontwikkelde zinslijsten met achtergrondruis als testmabe
toepassen. B

5

De door psychofysici veelvuldig toegepaste Two=Alternative
procedure voor het meten van perceptie-drempels is weinig gesc A
de praktijk van de klinische audiclogie. 1

Aangezien ook hedendaagse hocrtoasts’uan geen winst in
ren, blijft Carhart's "Comfort Level'-methode bepali
akoestische versl:arkin_,g van een hoortoestel van

(R.Carhart, Laryngoscope. 56, 1946, 510=526)
De konklusie van Nabélek en Robinson omtrent een ln“.hlﬁlh i

winst bij binauraal horen in nagalm wordt door hen exper
bvettuigand onde.rbuuwd



‘onderlinge vergelijkbaarheid van resultaten uit spraakverstaanvaardig-
ﬂilupl imenten zou sterk bevorderd worden indien minder onderzoekers
in zouden nemen met het meten van slechts &&n scoringspercentage op
r geluidsniveau,

het cogpunt van spraakverstaanvaardigheid is de diagnostische waarde
de door Jerger en Speaks als belangwekkend alternatief voor woordlije-
pepresenteerde SSI (i.e. Synthetic Sentence Identification) test
felachtig,

(J.Jerger en Ch.Speaks, J.Speech Hear.Dis.33, 1968, 318-328)

ring van de handicap van slechthorenden bij door beveiligings~
T e loketten is het gewenst de geluidstransmissie van deze
erbeteren en de loketbedienden te doordringen van het belang
rd spreken.

]
[«
i

unsen gevolgde methode van Electrosncephalogram (EEG)-znalyse,
v_'WEG 8 op voorhand onderverdeeld worden in quasi-stationaire
van 1.28 sec., die vervolgens beschreven worden met een auto-
model, waarvan de coéfficiénten met behulp van het Kalman {
de geschat, gaat geheel voorbij aan de essentie van het Kalman :
et adaptief kunnen schatten van in de tijd variBrende parameters.

(.

n de late Middeleeuwen was men letterlijk en in vele opzichten ook
irlijk zéér bij de tijd. Wie deze eeuwen nog als een "duistere" periode -
chouwt, moet nodig zijn licht gaan opsteken.

(J.Gimpel, The Medieval ‘Machine, ?en3u1n Books, 1976) d ‘ I/

.Jansen, Academisch proefschrift, Vrije Univ.,1979, Amsterdam) e

Lstrlbuaerd bij cen wetenschappe11jke promotie, kan sterk worden
gd door voortaan het opnemen hierin van een samenvatting van het
chrift verplicht te stellen,

overheidspolitiek van gegarandeerd lage huurlasten en jaarlijkse
ouwplanning dreigt volledig vast te lopen. Het is drlggend gewenst
kshuisvesting weer aan het particulier initiatief over te laten met o | -
eidelijke afschaffing van allerlei subsidieregelingen en knellende Y [
ueratie, zoals Voorschriften en Wenken voor de Bouw en de Woonruimte- .J

kking uit 1974,

lo benaming "Het Oor van Dionysius" voor een S-vormige grot met krach- ' & —
J Siracusa op Sicilié, zou men kunnen afleiden dat de Grieken |

ieke oudheid reeds op de hoogte waren van het verschijnsel

jk populair aangeduid als de Kemp-'echo'.

(D.T.Kemp, J.Acoust.Soc.Am.G4, 1978, 1386-1391)

ber 1982 A.J.H.M. Duquesnoy



