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Loudspeaker directivity and frequency response are of great importance for speech intelligibility
estimation. In this work their respective influence is introduced in a new predictor. Properties of the
model are in good agreement with expected variations of scores when radiation and frequency
response are modified. An experiment shows the accuracy of the predicted scores. Limitations of the
model are discussed and future research perspectives are presente@99@coustical Society of
America.[S0001-496@9)03405-7

PACS numbers: 43.55.Hy, 43.71.GIDQ]

INTRODUCTION 6%. Simulation ofRy, and R variations leads to modifica-
tions of the predicted scores in good agreement with the

The three main predictors of speech intelligibility in & cyrrent knowledge of the influence of directivity and fre-

room are the energy ratios related meastifethe Speech quency response on speech intelligibility.

Transmission IndexS.T.1),® and the Articulation loss of

consonantgAlcons).* They can be directly computed from | |NITIAL MODEL

the impulse response of the loudspeaker-room-microphone _

system. With the two first predictors, intelligibility score pre- A- Initial predictor

diction is very satisfactory. Correlation coefficients between  The concept of useful and detrimental sound energy re-

predicted and measured scores are greater than 0.9 withted to speech intelligibility has been introduced by Lochner

small standard deviations. and Burget and developed by BradldyThe ratioU, of
Articulation loss of consonants depends on the distanceyseful-to-detrimental energies can be expressed as follows:

the volume of the room, and the reverberation time. A modi- R

fied formulation introduces the directivity fact@® of the U.=10lo T .

source> Measured scores in different rooms with loudspeak- ’ %(1_ R;)+10 "SR

ers of high, medium, and lo@ have been used to show an s the time limit between earlf, and lateE, energy; S/N

inaccurate prediction of Alcons method and better results fofs the signal-to-noise ratio in dB) (i.e., the difference be-

the other technique’ tween speech and noise sound leyeR. is the ratio be-
Alcons predictor seems to be the least accurate probablyveen early and total energiR,=E./(E.+E,).

because the loudspeaker influence is limited to its directivity  In Eq. (1) the numerator is the useful energy and the

factor Q. The other techniques include situ radiation and  denominator the detrimental energy. The preditigrieads

frequency response effects in the measured impulse ree the following third order polynomial equation between

sponse. speech intelligibility scores 8%) (using a Fairbanks rhyme
The object of this paper is to introduce loudspeaker contesh and U in the 1-kHz octave ban(Fig. 1):

tribution to intelligibility in a model based on an impulse 2

response estimatichEnergy ratio based predictors are cho—SI(%): 1.219Ugo—0.0246@ 50+ 0,00295J§0+ 95.65. (2

sen to separate room and loudspeaker influences on intelligi- Intelligibility scores have been measured in rooms

bility scores. where reverberation time values vary from 0.8 to 318 s.
The basis of the work is a model derived from the Loch-

ner and Burger signal-to-noise retiand from the useful-to- B. Modified predictor

detrimental energy ratio of Bradléyit is modified in order . . L .

to introduce the loudspeaker directivity and frequency re- A third order p(_)lynom|al _eq_uanon IS Chose_” to _5|_mp_ly

sponse related parameters narfag andR,. It is tested in represent the nqnlmear %arlatlon of speech intelligibility

highly reverberant conditions. Results of the prediction giveScores as a function of S.T.lor Ug [Eq. (2)]. But Fletcher

a correlation coefficient of 0.96 with a standard deviation Offor the Articulation Inde and later Lochner and Burder

@

have shown that intelligibility variations are described by a
“S” form (Fig. 2) adequate with the lowest scores.

dPresent address: Laboratoire d’Acoustique Applegterue Mchal. Joffre, e ; 2 &0
06400 Cannes; Electronic mail: Laurent.Faiget@wanadoo.fr In order to follow this “S” curve, predlCted score$ﬁ>)

PAuthor to whom correspondence should be addressed; Electronic maif'€ Compultled by EC(-3) based on Fletcher and Galtand
rruiz@univ-tlse2.fr Dirks et al.”~ formulations:
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SPEECH INTELLIGIBILITY , %

FIG. 1. Measured speech intelligibility scores versus 1-kHg values and
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best-fit third order polynomialfrom Ref. J).

i\(%) — loq 1— 107[(S/N)eq+40]/60q)n_

(S/N)eq is called the equivalent signal-to-noise ratio and is

expressed

(S/N)eg

SIN is the signal-to-noise ratio in dB); « is the frac-

as follows:
R7
=10lo (1-R%)+ 10 S0
o, Joa(Hh?(t)dt
with RT—W

TABLE |. Mean reverberation timeR Tgo) of the reverberant room and the
church A.

f (Hz) 125 250 500 1000 2000 4000 8000

RTgo room (s)
RTgo church(s)

10,0 8,8 8,8 8,1 6,9 3,6 14
145 134 120 10,0 7,3 4,3 18

(church A. Reverberation times are reported in Table I.
They were measured from the smooth decay curve of the
Schroeler integrated impulse respon<e.

Two different loudspeakers have been tested: RB33 and
RB90. Their octave band directivity factogsare in the Ap-
pendix.

Twelve on-axis source—receiver combinations are stud-
ied, six in each room. All acoustic measurements are ob-
tained from a Maximum Length Sequence metkibtL.S.)
for estimating the Impulse Responé®). A procedure to
determine the real duration of the impulse respom@g is
applied®*® Indeed, it has been shown that significant errors
on energy ratios are obtained if the total time of acquisition
is greater than the real duratidnof the impulse response of
the system when the measurement is corrupted by extraneous
noise. The ratidR? is computed on echografm?(t) where
high sound level individual reflections are identified to apply

tion of the energy of an individual reflection integrated in thethe @ weighting[Eq. (4)]. Lochner and Burger curve§ig.

useful energy sunicf. Sec. | C1,%* R* is the early-to-total
energy ration andq are the two regression coefficieris-

10 in Ref. 2 are approximated by the following rule: when
the sound level difference between direct sound and indi-

stead of four normally used in a third order polynomial re-vidual reflections is greater than 2.5 dB, the 5-dB curve is
gression. h(t) is the impulse response.

C. Results

1. Rooms and acoustic measurements

applied; when the difference is betweet?2.5 dB and+2.5

dB, the 0-dB curve is used and when the difference is less
than—2.5 dB, the—5-dB curve is applied. This weighting is
done for all the samples of the echogram between 0 and 50
ms.

Measurements and speech tests have been performed in various sound levels of white noise are emitted by an-

a reverberant room of 1100%and in a church of 40 000 n

Intelligibility Score (%)

100 test vocabul. -
il

limited to 32 7/ = ?Z\

PB word: /] 4=
90 Sent Sentences (first

(l::o:l:iz7 presentation
80 | tisteners) g 1o listeners)

PB words
/ (1000 different words)
60 7 Nonsense syllables
/ (1000 different syllables)
50
/ 4[\ Rhyme tests
f /
40 7 Test vocabulary limited
/ to 256 PB words
NN B/ |
20 f - :
Note: these relations are approximate.
/ They depend upon type of material
10 74 and skill of talkers and listeners.
0 N T T
0 01 02 03 04 05 06 07 08 09 1.0

FIG. 2. “S” curves between intelligibility scores and Articulation Index

(from Ref. 9.

Articulation Index
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other loudspeaker in order to create signal-to-noise ratios
S/N varying from —10 dB(A) to +10 dB(A) in 5-dB(A)
steps at the listeners’ positions in the room. These positions
are also those of the corresponding impulse response mea-
surements. The experiment leads to 61 acoustical combina-
tions of distances and signal-to-noise ratios.

The choice of the time limit-is based on another set of
tests in other large reverberant rooms where 99 different con-
ditions of reverberation, noise, and loudspeakers have been
considered. The best correlation coefficient=0.99 be-
tween measured and predictdel. (3)] intelligibility scores
and the smallest standard deviation 9.3% are obtained for
7=50ms. The variation of has been sequenced from 10 to
100 ms by steps of 5 ms. As the purpose of this study is also
to predict scores in highly reverberant halls, the value of 50
ms has been selected both as time limit of theveighting
and of the useful energyRs, becomes th®«, of Thielel*
corrections derived from Lochner and Burger curves are ap-
plied to individual reflections between 0 and 50 ms accord-
ing to the preceding rule. Predict(®/N)4 is obtained by Eq.

(5):
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r=094 o=80%

n=171 q=020

TABLE II. Comparison between measur@) and predicted (%) scores

100 LN xX for the RB33 and the RB90 loudspeakers in the reverberant room at the
90 X oxe distan@ 4 m for three signal-to-noise ratios in @ (values in brackets are
80 LI associated standard deviatipns
701 Y S Reverberant
60t xS room (SNgpa)y  (SIN)gq 1(%) (%)
507 Y -10 -16  16,2(11,6 17,9
40t « RB33
30+ * -5 —-11,6 48 (4,8 47,9

. (a.Dsg=22,7%)
200 4 0 -81 637(11,7 697
10+ —-10 -13,9  61,0(2,7 31,8
0 . ) . , . RB90
20 -5 10 -5 0 5 10 -5 94  81,6(48 617
(5/N)eq (.Dgo=43,1%)
0 -5,6 90,7 (2,6 79,2

FIG. 3. Measured speech intelligibility scores ver§8i\)., corresponding
values[Eqg. (5)] and best least-squares fit based on the model of&Eg.

RB90 leads to real scores greater than those obtained with

(SIN)..= 1010 Dso the RB33 in the same source—receiver position. The same is
ed (1-Dgy+10 (SN0 true for predicted scores but with less accuracy. The increase
of definition Dg, improves both measured and estimated
Ja(t)h?(t)dt " etivity
with D2.==° (5) scores but in a different way. Therefore, directivity influence
07 [oh?(tdt must be better accounted for by the model.

Second, measured scores differ in two source—receiver
positions where loudspeaker, signal-to-noise ratio, and defi-
nition Dg, remain the saméTable 1l). The difference is

of 34 triphonemic French wordsnono or dissyllabics The greater for low S/N ratios. But the predicted corresponding

speaking rate is about nine phonemes per second. Evea}‘ores will be the same in the two rooms for the same S/N

word is preceded by a sentence without any semantic relatioftio- Indeed, thelS/N)q predictor only depends on these

with the word to be recognized. A trial list is proposed. TheParametersEq. (S)]. This result implies that botbs, and
subjects have to complete a form indicating the vdgel S/N ratios are not sufficient to predict intelligibility scores.
consonar(s), syllablgs), or word heard at the end of the Source—receiver position in the hall has an effect on mea-

sentence. They were approximately 25-year-old student%“red scores, whereas parameters of the model do not act in
the same way.

without any auditory problem. The obtained score is the per: X )

centage of correctly recognized phonemes. ' Finally, room and loudspeaker influence should be con-
sidered separately. A loudspeaker parameter related to its

radiation in the room should be introduced to improve pre-

diction particularly for high reverberation time values and

Figure 3 plots the results of the 61 speech intelligibility low signal-to-noise ratios.

scores versusS/N)g, corresponding values. The curve is a

regression of the form of Eq3). The Ieast—.squares.fllt IS |11 ROOM AND LOUDSPEAKER INFLUENCES

obtained fom= 171 andq=0.20. The correlation coefficient

r is then equal to 0.94 and the standard deviation is 8.0%. The general form of regression is the same as in(Bq.

Other forms of regressions have been tested such as "Sigmd]he objective is to introduce room and loudspeaker influence

dal functions. The accuracy of this model has not been imin the (S/N)¢q predictor of Eq.(5). It is necessary to identify

proved in terms of correlation coefficient and standard devia@nd separate their respective contribution in the echogram.
tion. The prediction is based on a measurement of the impulse

response by an M.L.S. technique in a given source-
microphone position in the room. This impulse respdmgdg
is defined by the following convolution equation:
The aim of this paper is to identify and quantify sepa-
rately the room and loudspeaker influence on intelligibility TABLE 11I. Comparison between measured intelligibility scoré%) for
scores. In order to prove the necessity of a predictor dependarious signal-to-noise ratios but for the same value of Definibigp (val-
ing on loudspeaker features and to evaluate the limits of thges into brackets are associated standard deviations
preceding global model of intelligibility, some experimental

2. Intelligibility test
The intelligibility test uses 10 phonetically balanced lists

3. Accuracy of the model

Il. LIMITS OF THE MODEL

. (S/N)gg(a) 1(%) Reverberant room 4 m (%) Church A 16 m
results have to be consider€Bables Il and Il).
First, Table Il shows that measured scol#sare better -5 81,6(4,8 62,0(4,0
predicted from the model for impulse responses obtained 0 g%zgg gg'gg’g
with the RB33 source. The higher the rabd is, the more 10 96.1(2.1) 917(1.3

directive the source will be. In very noisy conditions, the
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h(t)= hhp(t)* hg(t) +n(t). (6) TABLE IV. Valugg ofD.50, D2y, andRy; for RB33 and RB90 loudspeakers
at the same positions in the two halls.

hnp(t) is the impulse response of the loudspeakg(t) is

the impulse response of the room(t) is the sum of the Distance(m)  Dso (%) Do %) Rar

acoustic and electricdbr computatioh noises. 2 51 29 1,8
A procedure of deconvolution is applied to obtéit). RB33 4 27 19 14
Reverberant 6 23 18 1,3

It consists in finding the inverse filtefr(t) which verifies

f(t)*h(t) =hg(t) by inverting the module and taking the op- room RB90 i f’é 2 ?’2
posite of the phase ¢1,,(f ), Fourier transform ofy,(t).* 6 38 5 76
The deconvolution procedure uses the axial impulse response 2 79 8 9,9
of the loudspeaker. It is measured beforehand in an anechol RB33 8 41 14 2,9
chamber or by the near-field/far-field technid&he com- ~ Chureh A 126 8201 177 111212
plex multiplication F(f ).H(f) is equal toH(f) and an RB90 8 64 3 8”0
inverse Fourier transform leads iQ(t). 16 44 9 4,9

But the main assumption of the method is the absence of
noise. It must be removed before deconvolution by averaging
impulse responses after each Maximum Length Sequencg g . factor

emlsﬁﬁgﬁ this deconvolution procedure is achieved, the  TheRg; factor is defined by the following ratio.

on i s e e st OB o, o w
» (L), hpll)- ATDS, [n2(tdt/ fihd(tdt

A. Room influence: DZ, Rgir is linked to the loudspeaker radiation in the room. In an

The concept of useful and detrimental energies is apl_deal reflecting room with an ideal omnidirectional source,

plied to hy(t) to define room influence. The proposed ratiothe ampl_itude c_)f the first reflections is nearly the same as that
DS, is the same as definitioBs, but is computed on the of the direct signal andRy, reaches 1. If a very directive

deconvolved impulse responsg(t) and not on the global spurcg is used whose the msaun axis of radiation is in the
direction of the microphoneD:, becomes lower thais,

oneh(t): which tends to one, anBy; is greater. In an ideal aneclgol
Jhd(t)dt room, D, is equal to one because the duratiorn(f) is less
80~ Tz (M than 50 mgh(t)=h;(t)]. D, is al lto1b
50 fghs(t)dt an (t)=hpp(t)]. Dgg is also equal to ecause

h¢(t) is equivalent to a Dirac impulsion; therefoRg; = 1.
T is the total time of acquisition and O is the time of direct The higher the directivity of a loudspeaker, the higher
sound arrival measured dm(t). Integration onto the total Ry, for a measurement of an impulse response at the same
time T does not introduce errors because impulse response éurce—receiver location in the same room but for different
noiseless? It has been demonstrated that, without noise, tha@oudspeakers.
values of the energy ratios are close to equal even if the total By examining the results of Table IV, for the same loud-

duration of acquisition changés. speaker but for the two halls, it can be noted tRg} de-
If Es is the energy of speech, useft and detrimental creases when the source—receiver distance increases except
Eq ones are, respectively: for the reverberant room with the RB90 loudspeaker. This
s remark shows thaRy;, is not a characteristic specific to the
Eu_ D50Esa (8)

loudspeaker directivity: it is related to its radiation in the
Eq=(1—D$y)Es. (9)  room. Both in the two halls, the values bf, decrease with
distance, thus indicating a higher energy in the latter part of
The ratio Dz, represents the energetic contribution of the impulse response and/or a lower one in the earlier part.
reflections in the first 50 ms after direct sound arrival to the The reverberant Sound f|e|d becomes more important

entire energy of reflections in the room. The concept is theynd the direct sound level diminishes. FdE, the variation
same as Bradley but applied to the deconvolved impulse re-

sponse.
dB A
Lmean+ 1.5 /m """"""""""""""""""""" 7\1
B. Loudspeaker influence Liean / ‘
Loudspeaker influence on speech intelligibility is stud- e 77/
ied from its on-axis impulse response measurement. The as-
sumption is that all speech energy emitted by the loud-

speaker is useful to intelligibility contrary to the room f(HZ)V
influence in which reverberant energy can act as a noise to

degrad? SpeQCh perception. Therefore, the Cor_responding feaG. 4. Simulation of a loudspeaker frequency response with up and down
tures will be in the numerator of th&/N)q predictor. limits for the computation oRy (+1,5 dB from mean sound levélea)-
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Bouyer RB33 Frequency response  Rrf=58 % r=096 ¢=62% n=2203 q=0.18
r : . . T ]

T T 1T T T .
0 90 - ™
@10 ~ 80| e S
o 70t
10° 10° 601
Bouyer RB90 Frequency response  Rrf=30 % 50 -
0 1 1] ; I 401
10 &ﬁ% e %‘vx 301
% N 20t
-30
10 10° 107
O s s s s )
FIG. 5. Frequency responses of the two loudspeakers used in the experi- -5 -0 -5 O(S/N)ez 10 15 20
ments with up and down limits for the computation®f (=1,5 dB from
mean sound levgl FIG. 6. Measured speech intelligibility scores veré8&N),, predictor cor-
responding valuefEq. (3)] and best least-squares fit based on the model of

is different in the two rooms. The deconvolution of loud- Ea. ().

speaker impulse response shows h& increases with dis- ) ]
tance in the church for the two sources tested. This is exl0 @ 4% decrease of the score. An equivalent antiresonance

plained by the number of reflections in the first 50 ms whichonly leads to a 1% decrease. He concludes that resonances
grows with distance in such a long room. The result is nof'ave a greater detrimental influence than antiresonances and

observed in the reverberant room because its volume i&at the frequency response of a system can accept irregu-
smaller. The sense of variation By, andD, with distance ~ larities but with as few wide bandwith resonances of high

can be different which leads also to a variable onegy.  |€vel as possible. . . _
Here the purpose is to choose an amplitude tolerance in

the band 100—4000 Hz and to define a feature to quantify the

2. R,y factor frequency response shape on intelligibility scores. The toler-

The influence of bandwith on intelligibility has been ance is fixed at=1.5 dB in order to be more restrictive than
studied in telephony applications. Experiments with high-the usual+3-dB audio tolerancébut on a larger bandwith
and low-pass filtered speech and masking white noise hav@hd than the imperceptible 2-dB resonances on frequency
shown that the band 300—-4000 Hz is sufficient to ensuréesponse?
intelligibility syllabe scores greater than 90%.n other The criteriaR;; which takes into account frequency re-
similar experiments with nonsense CVC word lists, the scoréponse fluctuations in the 100-4000 Hz band is defined by
was greater than 97% for the band 100-4000‘HzZonsid-  the following relation:
ering that this band is sufficient for a good intelligibility, it is Eno—Enp E.n
necessary to ensure a flat frequency response of the system in R= pE L1 E” P
order to reproduce speech without any alteration. Bucklein hp hp
has measured resonance and antiresonance influence on @uantitiesky,,, E, n, are obtained when the tolerancel,5
telligibility scores'® The influence exists, for example, a dB is applied on the loudspeaker frequency respoRig 4).
25-dB amplitude resonance in the band 1000—-2000 Hz leads;,, is the energy of the frequency response in the band

(11)

Measurement of the Measurement of the Measurement of the
Loudspeaker-Room Loudspeaker Impulse Response Signal to Noise Ratio (S/N)
Impulse Response h(t) hy,(t) in an Anechoic Room in dB(A) in the Room
A Computation of the
Computation of Frequency Response
the Definition Dy, H, (D) of the Loudspeaker
[
v v
Computation of the Computation of the
Inverse Filter R,;Ratio FIG. 7. Method of(S/N)e, computa-
tion.
Deconvolution Process
to obtain the
Room Impulse Response v
‘ Computation of (S/N)eq
Computation of the ol [,
R Ratio " sy, =10.10g D”*R"']f_g;'ﬂ -
iy |1-Di)+1070
L] Computation' of the f
R, Ratio
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920 T T T

SIN = -20dB(A)
SIN = -15dB(A)

S/N = -10dB(A} FIG. 8. Predicted intelligibility score versi; for dif-

i S/N = -5dB(A) ferent signal-to-noise ratid$/N). Values are computed
SIN = 0dB(A) from the mode[Egs.(13) and(14)] with Ry;,=1,4 and
SIN = 5dB(A)

Dg,=20%.

SIN = 10dB(A)

ﬁ—%}——faj
10 20 30 40 50 80 70 80 90 100
Rif (%)

100—-4000 Hz. All of the energy above and under limits of The numerator sums the useful parts of speech erteygynd
the tolerance are summed up to gikég,,. In the case of the denominator the detrimental on€s, is the noise en-
antiresonances, even if energy is not present under the lowergy). After simplification, Eq.(12) becomes:

limit, this missing quantity is added @, ,, like energy of DS 4+ R+ Ra
the resonances above the upper limit. Thereforg,ifs the 50" T T Tdir _
speech energy, the useful energy transmitted by the loud- (1_D§o)+107(S/N)/1°
;pegkgr is the produ&erEp.. When the frequency response SIN is the signal-to-noise ratio in dR).

is within the tolerancek:,, , is null and 100% of the energy

is useful. Figure 5 shows two loudspeaker frequency reg
sponses with their respectiy®; values.

(S/N)eg=1010 (13)

Figure 6 plots the least-squares regression line between
he 61 measured scorés. Sec. | C ) and the predicted ones
by the form of Eq.(3) with (S/N)¢q given by Eq.(13). Pa-
rametersan andq are, respectively, equal to 2203 and 0.18.

IV. MODEL INCLUDING SEPARATED INFLUENCE OF The equation of the model is the following:

LOUDSPEAKER AND ROOM

The new model equation is given by E¢3). The
equivalent signal-to-noise rati®/N)¢ is:
D2Est RiEst RyiEs

(1_'D§0)Es+'En

[ (%) — 1oq 1— 107[(S/N)eq+ 40]/(60x 0.1&)2203. (14)

The coefficient of determination? is equal to 0.92, which
means that 92% of the total variance is explained by the
regression giving a correlation coefficienbf 0.962° Stan-
dard deviation is equal to 6.2%.

(S/N)eg=10 Io% (12)

100

90~

80+

701

SIN = -20dB(A)
6ot SIN =-15dB(A)
_ %/ o S/N = -10dB(A) FIG. 9. Predicted intelligibility score versuy;, for
g sof / o =+ 8/N =-5dB(A) different signal-to-noise ratiogS/N). Values are com-
/ e | gm =ggg§2§ puted from the mode[Egs. (13) and (14)] with Ry
/ —f =
40 / =30% dDZ,=20%.
~ «—  S/N = 10dB(A) © aniso=2%
Vs
30 g
/// //P//J
sl // %/
/ T
10r / T
e
o /—4%///:/ & & o m g
2 3 4 5 6 7 8 9 10

Rdir
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70 T T T

GOEW
SOW =— o Rdir=1

e T T &——= Rdir=2
R e+ —t|— Rdir=3
e

40r e 1 |+—+ Rdir=4 . . -
= e —_ Rdir=5 FIG. 10. Predicted intelligibility score versug; for
< ,4///'/”*/ Rdir=6 different Ry, . Values are computed from the model
30l ,KI/*'””/M ] Rdir=7 [Egs. (13) and (14)] with (S/N)=—10dB(A) and D},
L . 4| Rdir=8 =20%.
e o—=o Rdir=9

200 M 1 |e—= Rdir=10

10 20 30 40 50 60 70 80 90 100
Rif (%)

It appears that the separation of room and loudspeakds. Properties of the model
influence on intelligibility scores estimation is obtained with-
out a decrease of the quality of the estimation. The accurac
of the model is slightly better comparing with the results of
the first predictor(Fig. 3).

Properties of the model are obtained from Etf) with
(\’/S/N)eq given by Eq.(13). To show the respective influence
of Ry and Ry, the variations of predicted intelligibility
scores are plotted for constant values of the other parameters
(D%, SIN, and, respectivelyRy, and Ry). Charts of Figs.
8—11 are then obtained. Values of S/N vary from a noisy
situation[—20 dB(A)] to a comfortable ong+10 dB(A)] by
A. Computation of the equivalent signal-to-noise ratio steps of 5 dBA). R, goes from 10% to 100%, i.e., from a
(S/N)eq very irregular loudspeaker frequency response to a perfectly

Figure 7 illustrates the procedure 8/N)e, computa- flat one. Variations oRy;, are chosen from 1 to 10. One is
tion. Three measurements are necessary. The first one is thepresentative of an omnidirectional sound source in a rever-
estimation of loudspeaker impulse response on its main axigerant room and ten is representative of a more directive one
of radiation in an anechoiroom or by a near-field/far-field in a more absorbing enclosure. Figures 8 and 9 show that the
technigue. The room-loudspeaker impulse respiifseand  improvement of scores does not vary linearly versus S/N.
the signal-to-noise ratio depend on the room tested. For a given value oRy; or Ry, a S/N variation of 5 dBA)

70

60

50 Rrf=10%
Rrf=20%
Rrf=30%

Rrf=40% . T
RH=50% FIG. 11. Predicted intelligibility score versugy, for

Rrf=60% different R;. Values are computed from the model
Rr=70% [Egs. (13) and (14)] with (S/N)=—10 dB(A) and D,
Rrf=80% =20%.

Rrf=90%
Rrf=100%

40+

1 (%)

30

[N
=3

Rdir
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TABLE V. Mean reverberation timeR Tg) of church B in which accuracy

of the model has been tested. 1 . ' . . Churlch 2m . . .

f (H2) 125 250 500 1000 2000 4000 0

RTso (S) 58 6,7 71 6,2 53 38 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 «© 2

1 ‘ ; . —Church 4m ‘ . .

between two negative values has a greater influence thar°|f*
between two positive ones. For example, if S/N is modified ooz 04 05 08 1 12 4 16 18 2
from —10 dBA) to —5 dB(A), the gain is about 30%Fig. L)
8), but if this modification occurs from 5 to 10 dB) the 1 : : : —Church 8m : . [

gain is less than 5%. Examination of Fig. 8 reveals that the o}
greater improvement of score is approximatively 10% for L R By B R T T
S/N=-10dB(A) when R, varies from 10% to 100%. The t(s)

effect of a regular frequency response is important when S/N ,

is low. W '
0
For S/N=+10 dB(A) improvement is about 6% between , , L , l ‘ . .
e ; o 02 04 06 08 1 12 14 16 18 2

R=10% and 100%. Such a result is identical to Bucklein : i ' ' ' : ' S
one. He has shown that a great degradation of frequency
response can induce a 4% decrease of sqaviés phoneme  FIG. 13. Impulse responses in the church at 2, 4, 8, and 16 m from the Bose
lists) in situations where masking noise has no influeffce. 101 loudspeaker.

Influence ofRy;, is shown in Fig. 9. The effect of vary-

ing Ry;r is more important than th& one. The gain is about  gpeaker is less necessary. Such conclusions are identical to
56% whenRy; varies from 1 to 10 for an S/IN—10dB(A).  those of Jacob in his experiments with sources of different
This improvement is smaller when signal-to-noise ratio iSdirectivity factors®
greater[zo%.for SIN= +10 dB(A)]-_ All of the plots have been obtained for BZ,=20%.
When signal-to-noise ratio is too lof-15 or =20  \hen other values db, are chosen, the conclusions about
dB(A)], influence ofRy;, or Ry is not as important as for Ry, and Ry effects on scores are the same.
other negative S/N. The model shows that when noise sound Properties of the model are in good agreement with
level becomes too high, scores cannot be improved eveghown loudspeaker and room influence on intelligibility
with directive and/or flat frequency response loudspeakers. Aqgres.
substantial gain of score is obtained when S/N becomes
greater than or equal te 10 dB(A).
As shown in Fig. 10, for a given negative value of S/N C. Model accuracy

ratio, a significant enhancement of scores can be obtained by An experiment is done to test the accuracy of the model

increasing directivity whqtever the value Bf;. Flggre 11 The hall is another empty church of 12000
makes it clear that the improvement of scores is smaller

. m° (40 mx15mx20m) (church B. A new loudspeaker
when the frequency response is flattened for the same negfﬁose 10} is placed on the altar and four points on axis are
tive S/N ratio and whateveRy;, is.

When noise is predominant, the directivity influence ischosen at distances of 2 m, 4 m, 8 m, and 16 m from the

greater. In a noisy ambience, the use of a highly directiVesource. Beforehand, reverberation time has been measured

source is recommended for a good intelligibility. But in aand G\ézgij%z?ngziglsogoéﬁiai?slef\roe. uency response of the
hall with a positive S/N ratio, the use of a directive loud- : -d y pons
Bose 101 loudspeaker in an anechooom have given a

o859 value of 85% forR;; (Fig. 12. Figure 13 shows impulse
10 . Bose 101 Frequency Response  Rrf = 85 % responses at the chosen points in church B before deconvo-

5 lution procedure. Results of the computationDgf, and Ry;
are reported in Table VI. With these valu€&/N)4 is com-
0 puted[Eqg. (13)], and predicted scord€q. (14)] are indi-
P e/ . Wt cated in Table VIl for the corresponding signal-to-noise ra-
(WA e i e N tos
-10 ¥ U '
|13 TABLE VI. Values of D5y, Dgy, Ry in church B for the loudspeaker used
_20 (er:85%)
-25 Distance(m) Dso(%) D%, Rir R(%)
B0 0 2 79 52 15 85
f(Hz) 4 56 31 1.8 85
8 34 22 15 85
FIG. 12. Bose 101 loudspeaker frequency response with limits for the com- 16 13 11 1,2 85

putation ofR;; .
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TABLE VII. Predictedi(%) and measureti%) scores for different signal-  source (20—20000 Hg in the same vertical plane as the
to-noise ratiogS/N) at 2, 4, 8, and 16 m from the source in church B. speech Ioudspeaker. Weighting coefficients depending on

Distance(m) SIN (dB(A)) %) %) detrime_ntal influenc_e of positicﬁs) and s_pectral(or time)
properties of masking noi&® could be introduced in the
3 83 84 predictor.
2 g ;2 23 Simulations of theRy, and Ry influence on score have
0 24 85 shown that when the signal-to-noise ratio is too small, the
4 2 68 72 enhancement is difficult. But in real cases, an increase of
-6 47 49 high frequency sound levels can improve intelligibility. Such
0 70 78 a kind of modification of the source is not taken into account
8 -3 59 63 by the model and could also be included after complemen-
_g 22 gg tary studies.
16 -3 52 37 Another limitation concerns voice quality. In related se-
-8 22 21 curity applications where recorded messages are not used but

a “natural voice” must speak, quality of the voice is very
important not only for message recognition but also for the
Intelligibility tests (cf. Sec. 1C 2 have been performed emotional content transmitted. Indeed, listener reaction can
at the same points as impulse response measurements witepend on its perception of speaker emotion. Some acoustic
12 subjects divided in 4 groups of 3, each group at one of theodifications of vowels and consonants are measured when
four distances. White masking noise is emitted by anothed speaker is under streSsbut they are not taken into ac-
loudspeaker in the same vertical plane as the one used for tigeunt in the speech intelligibility models.
lists. The sound level of emission is chosen in order to sat- Finally, even if these points limit the application of the
isfy the required S/N ratios. The sound pressure level of th@rediction for the moment, this model is a basis for future
speech lists is 70 dB). development and now includes a separation of room, loud-
Scores are averaged for each group of listeners angpeaker and masking noise influence.

Table VIl is a comparison between the predicfee%) and
measured (%) scores. The mean absolute difference is 6%APPENDIX

Prediction is in good agreement with the measurements.
TABLE Al. Octave band directivity factor® for the three loudspeakers
used(RB33, RB90, Bose 101

V. CONCLUSION
f (Hz) 125 250 500 1000 2000 4000

All of the speech tests carried out in order to build the 11 12 16 o1 g i1
score database have been performed with listeners in thg>> 17 17 25 25 28 49
main radiating axis of the loudspeaker. The procedure 0&;,..10: 1,2 1,3 2,0 32 3,8 6.4
deconvolution to obtain the room impulse response uses an
on-axis measurement of the loudspeaker impulse response.

Therefore, impulse response measurements in the hall arss. Bradley, “Predictors of speech intelligibility in rooms,” J. Acoust. Soc.
always done in this axis. Scores are predicted by the mode|Am- 80, 837-845(1986. _ _ _
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