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Des essais dtintelligibilit6 de la parole et des mesures 
acoustiques ont 6tg effectu6s dans dix classes occup6es. On a 

ainsi mesurg en bandes d'octave les niveaux de bruit ambiant, 

les temps d'affaiblissement initial et les temps de 
rGverb&ation, ainsi que divers rapports son initial-son 

subssquent et le temps du centre. Divers rapports son 

utile-son nuisible par bande d'octave et l'indice de 

transmission du son ont 6 calcul6s. On a 6tudii5 les 

relations entre ces mesures pour prgciser celles qui 

convenaient le mieux dans les classes, et on a identifig les 

mesures qui permettent le mieux de pr6voir les pourcentages 

d'intelligibilits de la parole. Ces rgsultats ont servi 3 
dgterminer les conditions acoustiques optimales pour les 

classes, soit en termes de rapports son utile-son nuisible de 

50 ms, soit grhce 3 des combinaisons du temps de riSverb6ration 
et du niveau de bruit ambiant. 
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Speech intelligibility tests and acoustical measurements were made in ten occur -ooms. 

Octave-band measurements of background noise levels, early decay times, and reverberation 

times, as well as various earlyAate sound ratios, and the center time were obtained. Various 

octave-band useful/detrimental ratios were calculated along with the speech transmission index. 

The interrelationships of these measures were considered to evaluate which were most 

appropriate in classrooms, and the best predictors of speech intelligibility scores were identified. 

From these results ideal design goals for acoustical conditions for classrooms were determined 

either in terms of the 50-ms useful/detrimental ratios or from combinations of the reverberation 

time and background noise level. 

PACS numbers: 43.55.Hy, 43.71.G~ 

'ION 

ms are ar class roo^ L obvious example of rooms where a 

high level of acoustical quality is required. Convention- 

a teacher talks to a group of students who are intended to 

- everything that the teacher says. A number of studies 

nave indicated that excessive background noise and rever- 

beration can influence not only speech intelligibility, but also 

the achievements and behavior of the students. One must 

th-efore first decide what criteria high acoustical standards 

to be based upon. Many references contain suggested 

.imum background noise levels and reverberation times 

:lassrooms. The rationale behind the recommendations 

is often obscure, and there is not complete agreement among 

the various sources. Recently, a number of newer acoustical 

quantities have been proposed that are intended to better 

te to measures of speech intelligibility, but these remain 

ely untested, particularly in rooms similar to class- 

ns. The purpose of the present work was to evaluate a 

number of acoustical measures as predictors of speech intel- 

ligibility scores, and to determine preferred acoustical design 

criteria for classrooms. 

Acoustical design criteria for classrooms must include 

ts on interfering background noise as well as the acousti- 

~roperties of the room, which have conventionally been 

--Adered in terms of reverberation time. Several studies 

have considered the influence of intruding noise on students 

and have reported decreased students' achievement for more 

severe noise conditions. Bronzaftl found that word knowl- 

: and reading comprehension scores were 3 to 4 months 

rded for second, third, and fourth grade students in 

srooms exposed to overhead train noise. 

Cohen et a1.' reported further detrimental effects of 

noise on students in classrooms. Lukas et uI . ,~  in a study of 

the effects of road traffic noise, found reduced performance 

on reading and math tests; the reading test scores of the sixth 

grade students exposed to noise were 0.7 years behind com- 

parable students in quieter schools. Only the study by Lukas 

Df nl. included reasonably complete noise measurements, 
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and all three studies represented more extreme noise condi- 

tions. 

Several other studies have considered in detail the requi- 

sites for high speech intelligibility for students of various 

ages. NibElek and Pickett4 referenced several studies in 

which speech intelligibility scores increased continuously as 

reverberation time was decreased to zero seconds. Both high 

noise levels and the use of hearing aids aggravated the effects 

of reverberation. In a more recent paper, NabElek and Rob- 

inson5 again showed that speech intelligibility scores in- 

creased continuously as reverberation time was decreased to 

zero seconds, and also that the detrimental effects of rever- 

beration depended on the age of the subject. Thus both 10- 

year-olds and older subjects of 64 and 72 years were more 

negatively influenced by reverberation time than were young 

adults. NhbElek and Robinson also found that 10-year-olds 

required an extra 5 dBA of speech signal level to produce 

equivalent scores to young adults, and Elliott6 reported that 

7-year-olds required an extra 5 dBA of signal-to-noise ratio 

to produce equivalent scores to those of young adults. From 

these studies it is clear that optimum conditions based on 

tests with young adults (college students) are not stringent 

enough for most other subjects. In particular younger stu- 

dents, older listeners, and hearing impaired subjects require 

lower background noise levels and reverberation times to 

achieve the same optimum results. 

Houtgast7 obtained both speech intelligibility scores 

and estimates of the speech and background levels in class- 

rooms. He related aggregate speech intelligibility scores to 

A-weighted signal-to-noise ratios and concluded-that a 15- 

dBA signal-to-noise ratio eliminated the detrimental effects 

of interfering noise. Unfortunately no measurements of the 

acoustical properties of the rooms, such as reverberation 

times, were made. 

Sargent et a1.8 carried out a survey of the responses of 

teachers in British schools exposed to road traffic noise and 

aircraft noise. Their results show various degrees of "both- 

er" with road traffic noise, increasing with noise level from a 

threshold of about 50-dBA L,, outdoor noise level. 



Although decreased achievement scores are a more se- 

vere detrimental effect of adverse acoustical conditions, they 

are probably not the best measure to use to determine pre- 

ferred conditions for classrooms because they are not a very 

sensitive measure and are strongly influenced by many non- 

acoustical factors. It seems better to base ideal acoustical 

conditions on speech intelligibility tests, which will reflect 

only acoustical conditions. Further, when speech intelligi- 

bility is near perfect it is very unlikely that acoustical condi- 

tions would be detrimental to academic achievement. 

The present study consisted of both speech intelligibility 

tests and acoustical measurements in occupied classrooms. 

From the acoustical measurements a number of acoustical 

measures were calculated, and tested as predictors of the 

speech intelligibility scores. Comparisons among the various 

acoustical measures were also used to investigate their rela- 

tive merits and their appropriateness in rooms similar to 

classrooms. The results were then used to estimate preferred 

acoustical conditions corresponding to near perfect speech 

intelligibility. The conclusions are applicable to other rooms 

of similar size intended for speech. 

I. MEASUREMENT PROCEDURES 

Tests were performed in ten classrooms containing 

grade seven and eight students ( 12- to 13-year-olds) in Otta- 

wa, Canada. No hearing test information was available on 

the students, but those students who knew they had im- 

paired hearing were excluded from the analyses. The class- 

rooms were chosen to give the widest possible range of 

acoustical conditions typical of normal classrooms. They in- 

cluded school buildings of various ages in both suburban and 

inner city settings, as well as one school adjacent to a 

freeway. Acoustical details of the rooms are given in the 

results section below. 

Following the procedure of a previous study,9 a Fair- 

banks rhyme test was used to obtain speech intelligibility 

scores, as it is readily performed by inexperienced listeners. 

Students were tested in their regular classroom during their 

regular class time. Thus the noises present both from out- 

doors and from other parts of the school were completely 

representative of normal conditions. The students were very 

quiet during the tests and there was no significant noise from 

within the classroom being tested. 
The recorded speech material was played back at four 

different levels (varying according to local conditions) us- 

ing a loudspeaker with directional characteristics similar to 

human speakers. The source was positioned at the front of 

the room where the teacher might frequently stand. With the 

students sitting in their normal seats, the student seating 

area was divided into four approximately equal areas and 

acoustical measurements were made at the center of each of 

these areas. The speech intelligibility scores of all students in 

each of these groups were averaged and compared with the 

acousticaI measurements. Thus, with four measurement 

groups in each of ten classrooms for each of four different 

speech levels, there were a total of 160 sets of data obtained 

by administering 972 individual speech intelligibility tests. 

As there was an average of 24.3 students in each classroom, 
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each of the four groups of students in each classroom consist- 

ed of approximately six students. 
The acoustical measurements included both 1-m 

background noise recordings and pulse measurements in tl 

occupied classrooms. Integrated octave-band backgrour 

levels were determined in octaves from 125-8000 Hz imm 

diately after the speech tests with no noise-producing acti 

ity within the test room. As described in a previous study," 

0.38-caliber blank pistol, which was found to be suitably or 

nidirectional," was used to obtain pulse responses in tl 

room with the gun positioned at the same location as tl 

speech source. From these a number of acoustical measur 

were calculated in octave bands. These included reverber 

tion time (RT), early decay time (EDT), earlyflate sour 

ratios for 35-, 50-, and 80-ms early sound limits (C,,, C: 

C,,),  and Schwerpunktzeit or center time (TS). 

Lochner and BurgerI2 proposed a useful/detrimenl 

sound ratio (U,,), where the useful sound comprised the 

direct sound and early reflections, and the detrimental sound 

combined the later reflections and the background noise. 

Their procedure required a complicated summation of 

weighted early reflections to produce the useful early energy. 

Simpler measures using the unweighted early energy sums, 

and based on C,,, C,,, and C,, have been successfully used in 

previous work. These useful/detrimental ratios are referr~ 

to as U,,, U,,, and U,,, respectively. Finally, the Spea 

Transmission index (STI), based on a modulation transf 

function concept,13 was also calculated. Where the speec 

level at each listener was required, it was calculated from t; 

known source level and the measured acoustical properti _ 

of the classroom. Measuring speech levels might have led 

more precise relations with speech intelligibility scores (S1 

but would not have reflected the real errors that would ari 

in designing classrooms where such quantities must be ci 

culated. 

II. RESULTS 

A. Measured conditions in the classrooms 

Table I presents the mean, minimum, maxlmum, and 

standard deviation for a number of the major variables mea- 

sured in the ten classrooms. Rooms varied from 253 to 529 

m3 and source-receiver distances in the rooms varied from 

2.9-8.0 m. All source-receiver distances exceeded the criti- 

cal distances in that room. The RT values at 1 kHz varied 

from 0.39-1.20 s with a mean of 0.72 s, and background 

noise levels in the classrooms varied from 3845  dBA. Table 

I includes similar information for three early/late ratios 

(C,,, C,,, C,,) and the center time (TS). The range of EDT 

values was very similar to that for RT values. 

Comparisons among the speech intelligibility scores 

each classroom can readily be made by determining tl 

mean speech intelligibility score in each room for a partic 

lar speech source level 1 m from the source. This was dor 

for source levels of 40 and 50 dBA by fitting curves to plots 

measured speech intelligibility scores versus the correspon~ ' 

ing speech source levels to eliminate the irregularities of pa 

ticular tests. The resulting mean speech intelligibility scor 

are shown for each of the classrooms in Fig. 1. This proc, 
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.E. I. Details of measur ed data. 

Minimum Standa rd deviatior 

Room value, m3 
. -. 

Source. receiver distance, m 

Background level, dBA 

C,, ( 1  kHz), dB 

C,, (I  kHz), dB 

C,, (1 kHz), dB 

m, s 
RT, s 

EDT, s 

dure is proposed as a simple method for comparing the over- 

all degree of speech intelligibility in different rooms. The 

relative ranking of the classrooms varies with the speech lev- 

el. Where the mean speech intelligibility scores are most de- 

creased at the lower speech level, interfering background 

levels would be expected to be the cause. Where scores are 

lower for both speech levels, poor room acoustics conditions, 

such as excessive reverberation, would be expected. Figure 1 

suggests that the measured classrooms include a reasonable 

of acoustical problems. 

predicted values, and the rms (root-mean-squared) devi- 

ation about the curve are given. These results show that one 

can predict many of the earlyAate ratio values with an rms 

error of just over 1.0 dB for the present classroom data. The 

errors are much larger in the lowest octave band ( 125 Hz), 

and are larger for C,, than for the other two earlyAate ratios. 

As the mean TS value at 1 kHz was 0.048 s, the associated 

rms error of 0.0059 s represents a 12% variation about the 

predicted curve. 

A previous study of measurements in larger rooms1o 

found much larger errors when attempting to predict mea- 

sured values of early/late ratios from ideal exponential de- 

cay theory. While such simple predictions were inadequate 

in larger rooms, they are more satisfactory in smaller rooms 

such as classrooms. Barron and Lee14 have recently pro- 

posed an improved method for predicting C,, values from 

the RT, room volume, and source-receiver distance. When 

his method [Barron's Eq. (7) 1 was tried with the present 

data, the rms deviation was reduced to 0.82 dB. Although 

this represents an improvement (rms error reduced by 0.2 

dB), it is probably not of great practical importance for 

smaller rooms. 

The EDT is usually a better correlate of subjective eval- 

uations of rooms. For the present data it was very closely 

related to the conventional RT of the room. Only at lower 

:errelation of physical measures 

Simple predictions of earlyAate ratios and center time 

can be made assuming an ideal continuous exponential de- 

cay.'' Figure 2 plots measured C,, values against measured 

RT values at 1 kHz, along with the predicted relationship 

assuming an ideal exponential decay. Measured values clus- 

ter quite closely about the prediction curve, and in this case 

the standard error about the curve is 1.09 dB. There is a 

small tendency for the measured values to lie above the curve 

as there is a mean difference between the curve and mea- 

sured values of 0.48 dB. Table I1 provides further results for 

other measures in octave bands from 125-8000 Hz. For each 

case both the mean difference between the measured and 

1 2 3 4 5 6 7 8 9 1 0  

CLASSROOM REVERBERATION TIME,  s 

FIG. 1. Mean classroom speech intelligibility scores for speech source levels 

of 50 dBA - and 40 dBA - - -. 
FIG. 2. Measured C,, values versus measured RT values at 1 kHz 

+ + + and prediction from exponential theory -. 
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TABLE 11. Prediction errors for ideal exponential decav theorv. 

Measure 
- - - 

C35, dB 

Go, dB 
Go, dB 
TS. s 

C,s, dB 
Cso, dB 

Cue, dB 
TS, s 

~ n d  frequency, Hz 
loo0 2 

Mean differences 

0.88 0.34 0.; 0.85 

0.59 0.48 0.t 0.76 

0.48 0.47 0.C- 0.67 

0.00592 - 0.00305 - 0.00255 - 0.00373 - 0.00376 - 

rms differences 
2.42 1.67 1.27 1.24 

2.16 1.37 1.09 1.02 

2.00 1.10 1.04 0.97 

0.0107 0.00608 0.00593 0.00621 

frequencies were there substantial differences between EDT 

and RT values, and these differences diminished with in- 

creasing frequency. Figure 3 plots measured EDT values 

against measured RT values at 125 Hz; the EDT values devi- 

ated from RT values by up to 50% in the worst case. At 500 

Hz, differences were diminished to a maximum of 0.1 s and 

continued to decrease at higher frequencies. Thus for these 

smaller rooms it would be important to differentiate between 

RT and EDT values only at lower frequencies. 

The ST1 values derived from modulation transfer func- 

tions have a quite different origin than do early/late ratios. 

Figure 4 compares measured ST1 values with measured C,, 

values. These ST1 values do not include the effects of back- 

ground noise. Although the best-fit curve is not linear, the 

two measures are very closely related, and knowledge of one 

implies, to quite a high level of precision, knowledge of the 

other. This confirms earlier results for larger rooms,1° and 

further demonstrates the strong relationships that exist 

between various newer acoustical measures. 

0 . 5  1 . 0  1 . 5  

R E V E R B E R A T I O N  T I M E ,  s 

FIG. 3. Measured EDT values versus measured RT values at 125 Hz 

+ + + and best-fit regression line -. 

C. Predictors of speecn ~nrelligibilit! 

Various acoustical measures were considered as predic- 

tors of speech intelligibility scores by fitting third-order 

polynomials to each set of data and considering the resulting 

multiple correlation coefficients and associated standard e 

rors (SE) as indicators of the prediction accuracy. Figure 

shows the example of measured speech intelligibility scor 

versus measured steady state A-weighted signal-to-noise r 

tios [S/N(A) ] and the best-fit curve. The mean trend su 

gests that speech intelligibility scores increase with increc 

ing signal-to-noise ratios up to approximately + 15.0 ~ B A ,  

where a plateau is reached. Similar ideal minimum signal-to- 

noise ratios were obtained in two other recent s t u d i e ~ . ~ . ~  The 

multiple correlation coefficient for the third-order polyno- 

mial fit to the data of Fig. 5 was 0.805, with an SE of 

+ 9.94%. When the articulation index (AI)  was used as a 

predictor, the resulting multiple correlation coefficient was 

0.828 and the SE was + 9.38%. Thus the S/N( A) ratio a] 

the A1 exhibited very similar prediction accuracies. 

0 . 2 t l , ,  , , 

0  5 10 15 

cgo .  d B  

FIG. 4. Measured ST1 values versus measured C,, values at 1 kHz 

+ + + and best-fit regression curve -. 
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f 
S I N  ( A ) ,  d B A  UgO, d B  

FIG. 5. Measured SIvaluesversus measured S/N(A) values + + + and FIG. 6. Measured SI values versus measmed U,, values at 1 kHz + + + 
best-fit regression curve - . best-fit regression curve to t h s  data - and best-fit regression curve to 

similar data from Ref. 9 - - -. 

and 

prev 

men 

lar. I 
exhil 

In previous work9 the 80-ms useful/detrimental ratio 

(U,,) was one of the better predictors of speech intelligibil- 

ity. Figure 6 plots speech intelligibility scores versus U,, val- 

ues. The solid line is the best-fit curve to the present data, 

the dashed line is the best-fit curve from the data of the 

ious research. The two curves are in very close agree- 

t and the mean trends of both sets of data are very simi- 

However, compared to Fig. 4 of Ref. 9, the present data 

bit greater scatter about the best-fit curve. 

Table I11 gives the multiple correlation coefficients and 

absuciated standard errors for third-order polynomial fits to 

each measure in each octave band. The multiple correlation 

coefficients are generally similar in magnitude, and almost 

all of them are greater than 0.8. The standard deviations 

show that the best predictors predict speech intelligibility 

within an SE of close to + 9.0%. There are only small differ- 

ences between the different useful/detrimental ratios, and 

only in the 125-Hz octave band do the errors increase a great 

deal. Although the Lochner and Burger useful/detrimental 

ratio values (U,,) are more complicated to calculate, they 

were of essentially the same prediction accuracy as the less 

complex Us, values. In comparison, the third-order fit 

between speech intelligibility and ST1 values, including the 

effects of background noise, produced a multiple correlation 

coefficient of 0.844 and a standard error of + 9.0%. Thus it 

was of similar prediction accuracy to the bther measures in 

Table 111. 

Although many of the present results in classrooms are 

quite similar to the previous tests in larger rooms,9 there are 

some differences. In the larger rooms, the 80-ms useful/de- 

trimental ratio was a slightly better predictor, while in the 

smaller rooms of this study U,, was slightly better. In the 

present study speech intelligibility scores were not signifi- 

cantly related to any of the octave-band early/late ratios or 

to any of the decay time measurements. The best predictions 

in the present study had associated standard errors of 

f 9.0% or larger, while in the larger room study, standard 

errors were approximately 2.0% smaller. The increased 

scatter in the present results is largely due to the difficulty of 

precisely representing the background noise levels that exist- 
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ed during the classroom tests. Because the tests were carried 

out during school hours there were many intermittent noises 

from other classrooms and from outside the school. Noise 

measurements after the speech intelligibility tests were com- 

pleted did not always precisely represent the noise levels that 

existed during the speech tests. In the previous large room 

study, conditions were more controlled and intruding noise 

was a relatively minor problem. There may also be some 

increased scatter in these results because the subjects were 

younger than the adults of the previous study, and on aver- 

age there were six subjects in each group compared to the 

nine of the previous study. Although the number of subjects 

in each group was smaller in this study, each group covered a 

much larger portion of the room and so acoustical condi- 

tions within each group could have been more varied. 

D. Compound predictors 

Partial correlation analyses were used to identify other 

variables that could be combined with those discussed in the 

section above to form improved compound predictors. Us- 

ing this technique the variance associated with particular 

TABLE 111. Prediction accuracies of third-order polynomials. 

Octave-band frequency, Hz 
Quantity 125 250 500 1000 2000 4000 8000 

Multiple correlation coefficients ( N  = 160) 

U,, 0.725 0.832 0.838 0.841 0.835 0.835 0.838 

U,, 0.758 0.844 0.835 0.842 0.836 0.835 0.838 

U,, 0.823 0.829 0.826 0.832 0.835 0.831 0.835 

U,, 0.725 0.829 0.837 0.843 0.837 0.833 0.837 

Standard errors, percent speech intelligibility 

U,, 11.5 9.3 9.2 9.1 9.2 9.2 9.1 

U,, 10.9 9.0 9.2 9.1 9.2 9.2 9.1 

U,, 9.5 9.4 9.5 9.3 9.2 9.3 9.2 

U,, 11.5 9.4 9.2 9.0 9.2 9.3 9.2 
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U~JUI variables is first panlalled out, ana tne remaning vari- 

ance in speech intelligibility scores is then related to the vari- 

ance in other possible predictors. Three different sets of anal- 

yses were performed partialling out the effects of the 

third-order polynomial predictors associated with S/N(A), 

U,,, and Us,. In all three cases, earlyflate ratios in the 250- 
Hz octave band exhibited strong positive partial correlations 

with speech intelligibility scores. In addition, there were 

strong negative partial correlations with the 250-Hz RT, and 

somewhat stronger negative partial correlations with the 

125-Hz EDT values. For each of these measures the partial 

correlations in other octave bands were smaller in magni- 

tude and sometimes not statistically significant. 

Multiple regression analyses were then performed re- 

gressing speech intelligibility scores onto combinations of 

third-order polynomial predictors and either the 250-Hz Cs0 

values or the 125-Hz EDT values. The new compound pre- 

dictors produced increased multiple correlation coefficients 

and decreased standard errors by about 0.5%. Similar analy- 

ses were carried out on the data from the previous study of 

large rooms but these suggested that the 125-Hz C,, value 

was the most important additional predictor. The impor- 

tance of these additional predictors cannot be completely 

determined from the existing data, but results from both sets 

of data do suggest that lower frequency earlyAate ratios in- 

fluence speech intelligibility, and should be included in bet- 

ter acoustical measures. The precise nature of the necessary 

combination of early/late ratio values from different octaves 

might best be determined using synthesized sound fields in 

laboratory studies. 

Further compound predictors were produced with com- 

binations of either S/N( A)  or A1 with one of the decay time 

measures (RT or EDT). Combinations of A1 values and 
either RT or EDT values at 1 kHz were no better as predic- 

tors of speech intelligibility scores than the A1 values alone. 

Combinations of S/N(A) values with either RT or EDT 

values at 1 kHz produced small improvements in prediction 

sccuracy. In both cases the standard error decreased by ap- 

S I N  ( A ) ,  d B A  

FIG. 7. Best-fit curves from multiple regression analysis of measured values 

of SI vs S/N(A) for RT values of 0.5 (top), 1.0 (middle), and 1.5 s (bot- 

tom). 
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proxlmatay u . 4 ~ 0 .  ~ n e  resutlng regression equation ror 

combinations of S/N(A) and the 1-kHz RT values was 

SI = 2.26 S/N(A) - 0.0888 S/N(A12 - 13.9 RT + 95.0. 

(1) 
Figure 7 is based on this same regression equation and 

plots speech intelligibility score (SI) versus S/N (A)  for 1- 

kHz RT values of 0.5, 1.0, and 1.5 s. As the associated stan- 

dard error was + 9.6%, the above equation and Fig. 7 iepre- 

sent a practical method of estimating SI values from readily 

available acoustical measures. They will also be used in the 

following section as one approach to determining preferred 

design goals for acoustical conditions in classrooms. 

Ill. DETERMINING PREFERRED DESIGN GOALS FOR 
ACOUSTICAL CONDITIONS IN CLASSROOMS 

To specify preferred acoustical conditions for clas 

rooms one must specify both maximum permissible bac 

ground noise levels and preferred room acoustics conditio~ 

(which have usually been specified in terms of an optimu 

reverberation time). One can find a range of recommendc 

values in various references. Beranek15 suggests NC 3 W  

(Noise Criterion) for classrooms, Stumpf16 and Sharland 

recommend NC 30-35, Parkin and Humphreys18 give an 

octave spectrum that approximates NC 25, while Burns19 

gives NR 20-30 (Noise Rating) as ideal. Analysis of the 

present classroom data indicated that A-weighted back- 

ground levels were on average 5.6 dB greater than NC val- 

ues. Further, NR values can be taken as approximately equal 

to NC values. If we take the low end of the various recor 

mended ranges to be more ideal, and convert them to a 

proximate A-weighted levels, we obtain recommended ma 

imum background noise conditions for classrooms rangir 

from 26-36 dBA. Preferred reverberation times for speec 

are frequently based on Knudsen and Harris's curve, 
which recommends a value of 0.7 s for a room of 300 m3. 

A. Combinations of RT and S/N(A) 

The simplest approach to determining ideal conditlo~ 

from the present results is to use Eq. ( 1 ) as illustrated in Fi 

7. As a criterion for excellent acoustics, it is again9 arguc 

that this corresponds to the point where the best-fit curve; 

approaches most closely to 100% speech intelligibility for 

these results using the rhyme test. Various combinations of 

S/N(A) and 1000-Hz RT in Eq. ( 1 ) would lead to an ex- 

pected speech intelligibility of 100%. Such combinations 

were determined and are plotted as the dash-dot curve in 

Fig. 8. This curve indicates that reverberation times less than 

0.7 s are necessary for 100% SI. As reverberation time dl 

creases below this, some increase in background levels can 1: 
tolerated while still expecting 100% SI. For example, th 

curve suggests that with 0.4-s RT, an S/N(A) of 6 dBA 

could be accepted. 

These S/N ( A) can be used to determine maximum per- 

missible background noise levels using accepted normal 

speech levels, and typical acoustical conditions for a class- 

room sized room. Pearsons et determined mean speech 

source levels for males, females, and children as a function of 

the level of vocal effort. For "normal" vocal effort, femalt 
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00% SI values from Fig. 7 - . -, and ST1 equal to 0.6 - - -. ' S/N(A) values. 

lad the lowest mean speech source level of 55 dBA with a 

tandard deviation of 4 dBA. Thus 51 dBA (i.e., one stan- 

lard deviation less than the mean) represents a conservative 

peech source level, below which the levels of few speakers 

vould fall. For rooms of 300 m3 a conservative estimate of 

he reduction in levels from the source to positions in the 

everberant field is - 2 dBA.9 Thus if one selects an opti- 

lum S/N(A) of 15 dBA, as suggested by the data in Fig. 5, 

ne arrives at a recommended maximum background level 

f 55 - 4 - 2 - 15 = 34 dBA. Similarly, S/N(A) values 

rom Fig. 8 could be converted to maximum preferred back- 

round noise levels. 

The influence of RT is predicted by the - 13.9 RT term 

n Eq. ( 1 ). This indicates that SI values would decrease by 

3.9% for a 1.0-s increase in RT. It is of interest to compare 

this rate of change of SI scores versus RT with other results 

in the literature. NabElek and Robinson5 presented word 

identification scores as a function of RT for various age 

groups including 10- and 27-year-olds. Elliott's results6 sug- 

gest that the 12- and 13-year-olds of the present study would 

perform approximately intermediate to the 10- and 27-year- 

?Ids of NabElek's research. When the results of the 10- and 

7-year-olds were averaged to obtain closer agreement with 

he 12- and 13-year-olds of the present study, the mean slope 

vas - 12.6% per second of RT. For the 27-year-olds the 

slope was less and for both younger and older subjects there 

were stronger effects of RT. Finitzo-Hieber and Tillman's2' 

results for younger children also showed a larger effect of 

ncreased RT, - 19.2% per second of RT. In an earlier pa- 

ler Nab6lek and Pickett4 quote results from a number of 

tudies in terms of percent words correct versus RT. For 

conditions of negligible background noise, the average mean 

slope was - 12.3% per second of RT; for conditions with 

background noise, the average mean slope was approximate- 

ly - 21% per second of RT. All of these results suggest 

continuously improved speech intelligibility as RT is de- 

creased to 0 s, and do not find nonzero optimum RT values. 

The detrimental influence of RT depends on both the age of 

le subjects and also the amount of background noise that is 
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present. For similar conditions and age of subjects the pres- 

ent results agree with other published work and suggest a 

decrease of between 12% and 14% per second of RT. 

B. Derivation from useful/detrimental ratios 

In previous work,9 optimum conditions for speech werl 

derived from U,, values, which were found to effectivel: 

combine the detrimental effects of background noise and latl 

reflections with the beneficial effects of the direct sound an( 

early reflections. The present work suggests that Us, is bette 

suited for predicting speech intelligibility in classrooms 

From the regression analyses the best-fit curve relating mea 

sured SI values to U,, values at 1 kHz was: 

SI = 1.027 U,, - 0.838 . Uso2 + 99.42. (2 

Using this mean trend, 100% SI is reached for a U,, ot 

approximately + 1.0 dB. A U,, of + 1.0 dB can be achieved 

by various combinations of S/N(A) and C,,. This is illus- 

trated in Fig. 9, which plots U,, versus C,, for a range of 

values of S/N( A) .  In the present results in classrooms (see 

Fig. 2), C,, values were quite closely related to RT values. In 

fact, at 1 kHz one can predict C,, values from RT values 

with a standard error of slightly less than + 1.0 dB. The 

best-fit curve to the measures of C,, versus RT at 1 kHz was 

given by: 

CsO = - 20.83 RT + 7.020 RT2 + 14.204 + 0.98 dB. 

(3) 

Using Eqs. (2) and (3) with Fig. 9, one can determine 

combinations of RT and S/N(A) that should combine to 

produce a U,, of + 1.0 dB and hence correspond to 100% 

SI. Such calculations were performed in an iterative manner 

until a number of points describing the Us, = + 1.0 contour 

were obtained. This contour is plotted in Fig. 8 for compari- 

son with the contour derived from the consideration of 

S/N(A) and RT values. The result is a second contour that 

is quite similar to the first contour, and that differs most 

from the other contour at larger RT values in the range of 

0.7-0.8 s. The two methods seem to combine background 

noise and reverberation effects in a similar form. 
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C. Comparison with 

Houtgast8 derived a similar contour based on the ST1 

concept. His ST1 = 0.6 contour was said to separate "fair" 

conditions from "good" conditions. This contour is also 

dotted in Fig. 8, and it too is quite similar to the 
J,, = + 1.0 contour. The ST1 = 0.6 contour is approxi- 

.nately 2 dB higher, except at larger RT values, where it 

differs by a greater amount. Thus the three contours suggest 

a somewhat similar trade-off between S/N ( A ) and RT val- 

ues for preferred classroom acoustics with some disagree- 

ment for cases of lower background noise and larger RT 

values. For example, at S/N( A)  values in the range of 15-20 

dBA, the three contours specify optimum maximum RT val- 

ues varying between about 0.7 and 0.9 s. 

D. Combinations of RT and background levels 

The results in Fig. 8 suggest that improved speech intel- 

igibility should occur as RT is decreased to 0 s. This is be- 

cause the beneficial effects of reverberation have been ig- 

nored, and anechoic conditions are certainly not optimum 

for a classroom. Reflected sound is needed for satisfactory 

speech intelligibility when the person speaking is not looking 

directly at a particular listener. Reverberation is also related 

to beneficial increases in speech levels in rooms. We really 

only want the beneficial increases caused by early reflections 

and not the addition of later reflections, which can only de- 

grade conditions for speech. Unfortunately, in real rooms 

the provision of strong early reflections will lead to some 

later reflections and hence to a preferred condition with a 

nonzero reverberation time. Assuming the useful/detrimen- 

tal ratio concept optimally combines the signal/noise and 

room acoustics factors, it is possible to estimate an optimum 

trade-off in terms of conventional acoustical quantities. 

Calculations similar to those performed to obtain the 

Us, = + 1.0 contour in Fig. 8 were carried out, after first 

calculating the reverberant field levels that would exist in a 

300-m3 room for each reverberation time, source, and back- 

S A T  I S F A C T O R Y  

E X C E L L E N T  

- 3 

0 . 2  0 . 6  1 . 0  1 . 4  1. 8 

REVERBERATION TIME, s 

FIG. 10. Equal speech intelligibility contours in a 300-m3 room based on 
calculated U,, values. 
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ground level. In this way WIILOU~S for = + 3, 

- 1, and - 3 dB were calculated and are plotted in Fig. 10. 

These can be regarded as equal speech intelmbility con- 

tours for this size of room. Values of Us,>3.0 have been 

labeled "excellent," - 1.0 to + 1.0 "good," and ( - 1.0 

"less satisfactory." All contours have maxima at RT values 

greater than zero. Thus there is an "optimum" RT in that at 

these maxima greater background noise can be tolerated for 

the same speech intelligibility. The combination of Knudsen 

and Harris's recommended RT of 0.7 s and the 36 dBA (NC 

30) recommended by a number of sources comes close to the 

U,, = + 1.0 contour and is seen to be acceptable using Fig. 

10. However, the present results indicate that a smaller RT 

between 0.4 and 0.5 s is optimum in that more background 

noise can be tolerated in this range of RT values. 

Plots similar to Fig. 10 can be produced for rooms of 

larger volumes. The curves would follow the same form and 

the scale on the vertical axis would vary as ten times the 

logarithm (to the base 10) of the room volume if one consid- 

ers only positions in the reverberant field. Further adjust- 

ments should also be made to account for expected higher 

voice levels in larger rooms. Correcting only for volume, an 

acceptable background level of 30 dBA would become 20 

dBA in a room of 3000 m3. However, if one assumed that a 

"raised" voice level would always be used in this larger 

room, then from the data of Pearsons et ~ 1 . ' ~  the voice level 

would be raised by an average of 7.0 dBA. Thus the 30-dBA 

background level for a "normal" voice level in a 301) m3 

room would be equivalent to a 27-dBA background level in a 

3000-m3 room with a "raised" voice level. 

From the work of NhbElek and Rob ins~n ,~  E l l i ~ t t , ~  and 

others23 we know that these conditions will not be optimum 

for all subjects. Although young adults may perform slightly 

better than the students of the present study, younger stu- 

dents and older adults will require better conditions than 

those found optimum for the 12- and 13-year-olds of the 

present study. Nabglek and RobinsonS suggested that seven- 

and ten-year-old students would recjuire a 5-dBA larger sig- 

nal level. Elliott6 suggested younger children require a 5-dB 

greater signal/noise. Nabzlek and Robinsons and Neuman 

and HochbergZ3 showed that younger children were more 

strongly affected by reverberation. Thus, in rooms designed 

for younger children, the RT should fall between 0.4 and 

0.5 s and the maximum background level should be 5 dBA 

lower than the values of Fig. 10. Where rooms are designed 

for general audiences including adults of various ages, again 

more stringent conditions are required. Thus overall opti- 

mum conditions for classrooms or other rooms of similar 

size intended for speech could comprise an RT of 0.4-0.5 s 

and a maximum background level of 30 dBA. All of the ten 

classrooms in this study had background noise considerably 

in excess of this optimum value, and only two rooms had RT 

values close to this optimum range. 

IV. CONCLUSIONS 

Although a number of published studies have demon- 

strated the importance of several newer acoustical measures 

such as early/late ratios, early decay times, and center time, 

in the smaller rooms that are representative of normal class- 
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rooms, the importance of sucn measures seems to be dimin- 

ished, because many of these quantities could be predicted 

within an error of about & 1.0 dB from the measured rever- 

beration times. Such predictions could be made on an analyt- 

ical basis to almost the same accuracy by assuming that de- 

cays were ideally continuous and exponential in form. 

The 1-kHz U,,, U,,, and U,, values as well as the ST1 

values were the most accurate predictors of speech intelligi- 

bility scores and were of essentially equivalent prediction 

accuracy. As both the Lochner and Burger type of usefuV 

detrimental ratios (U,,) and the ST1 values are consider- 

ably more difficult to calculate, there seems to be no particu- 

lar advantage to using them. The C,, values, and hence U,, 

values, were less accurately predictable from RT values than 

were U,, values. Much previous work has been based on 

measures incorporating a 50-ms early sound limit, and it 

would appear to be the preferred measure for evaluating 

classrooms and other similar sized rooms intended for 

speech. Because of the good approximate relationships 

hetween the newer measures and reverberation times, speech 

ntelligibility scores can be predicted with only a little less 

ccuracy from steady state signal-to-noise ratios and rever- 

leration times for these smaller rooms, where they cannot be 

directly measured. The 1.0-kHz U,, values are a better and 

more universal measure for predicting speech conditions in 

such rooms, and an optimum of + 1.0 dB is required for 

ery good speech intelligibility. 
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