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Crowd noise spectra for the calculation of the speech
transmission index for public address systems

Pawel Dziechcinski

Abstract—Knowledge of interfering noise is necessary for the
correct design of a public address system. Noise sound levels can
be obtained, for example, from BS 5389-1. It is more difficult to
acquire knowledge of the interfering noise spectra, and the spec-
trum is also important for calculating speech intelligibility. As
shown in the paper, for crowd noise, it is possible to determine the
spectrum by pairing the level of noise to the speech spectrum for
appropriate vocal effort. The error in determining the speech
transmission index for public address systems for such selected
noise spectra, relative to values for measurement-acquired noise
spectra, is acceptable.
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I. INTRODUCTION

NE of the basic factors that affect speech intelligibility is

the signal-to-noise ratio (SNR). The speech transmission
index for public address systems (STIPA) [1], which is currently
a commonly used method for the objective evaluation of speech
intelligibility in sound systems in Europe, requires the calcula-
tion of the SNR (and thus knowledge of the spectrum of noise)
in the 1/1 octave bands from 125 Hz to 8 kHz. Obtaining this
knowledge for existing buildings is possible, for example, by
taking measurements. In the case of non-existent or unused
buildings, it is possible to obtain data on the basis of similar
buildings [2]. In design practise, knowledge of interfering noise
is obtained from the literature or predicted. Interfering sound
levels can be obtained, for example, from the standard
BS 5389-1 [3] on voice alarm systems (VAS). It is more diffi-
cult to obtain knowledge about the spectrum of interfering
noise. Problems with obtaining such data mean that the spectral
aspect of interference is often omitted during design, and, as
presented in the paper, the spectrum can be important for speech
intelligibility.

In previous work, the author has used mostly the spectrum of
pink noise and the long-term male speech spectrum as two ex-
treme cases of interfering noise spectra in public address (PA)
systems [4],[5]. However, the differences between the STI val-
ues for these cases can be relatively large. In order to properly
select the interfering noise spectrum, it is necessary to know its
source. One of the most common sources of interfering noise in
PA systems is crowd noise. Assuming that the main source of
this noise is the human voice, speech intelligibility can therefore
be analysed using the long-term speech spectrum as the inter-
fering noise spectrum. This type of interfering noise was con-
sidered by French and Steinberg [6], Houtgast and Steencken
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[7], or Brachmanski [8]. However, these studies mostly assumed
that the spectrum would refer to interfering noise levels typical
of direct speech communication. The levels of crowd noise, de-
pending on the public spaces in which they occur, can vary
widely. For example, in the case of libraries or classrooms, they
can be L., values of 60 dB or less [9],[10], and in the case of
noisy sports facilities, they can be greater than 100 dB [11].
With such a wide range of levels, speech intelligibility analyses
performed for a long-term speech spectrum of normal vocal ef-
fort can lead to an overestimation of the STI values obtained.

The primary goal of the work is to check if it is possible to
replace the crowd noise spectrum with a normalized speech sig-
nal spectrum to determine the interfering noise spectrum needed
for the STIPA calculation. Intuitively, this seems possible if a
typical range of noise levels is divided into intervals to which
the spectra of the relevant vocal efforts will be assigned. The
STIPA values obtained for these representative spectra should
be as close as possible, but not greater than for real crowd noise
(it is especially important for system designers). The use of
white, pink [8] and brown noise [12] is also common in speech
intelligibility analyses. For comparison, the paper also shows
the effect on STIPA of interfering noise with the coloured noise
spectra. The paper does not discuss the problem of modelling
the level of crowd noise. Such an overview can be found, for
example, in the work of Liu, Ma, and Kang [13].

II. RESEARCH DESIGN

As will be shown in the paper, the similarity of the normalised
and measured interfering noise spectra does not always translate
into similar STIPA results obtained in both cases. Therefore, the
similarity measures of ST/PA(SNR) vectors discussed in this pa-
per were used to evaluate the normalised spectrum. The statisti-
cal method from IEC 60168-16 [1] was used to calculate
STIPA. The effect of the interfering noise spectrum on STIPA
was evaluated by determining the characteristics of ST/PA as a
function of SNR, defined as:

SNR, = LAeq,s - LAeq,n Q)

where Ly is the A-weighted equivalent continuous sound
level of speech and L., of interfering noise.

According to this algorithm, the changes in STIPA(SNR 4) will
be the greatest for the reverberation time 7= 0 s [1],[4]. In this
case, the modulation transfer index my in the k-th 1/1 octave
band depends only on the signal-to-noise ratio in that band
SNRy, while it is independent of the modulation frequency,
source-receiver distance and the directional properties of the
loudspeaker and is described by (2):
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As reference noise spectra, standardised spectra for individ-
ual vocal efforts were used, or in their absence, spectra well doc-
umented in the literature. Vocal efforts are typically classified
in 6 dB steps. The typical range of speech levels Lgs4m
(A-weighted speech levels at 1 m distance in front of the mouth)
[14]1s 36-96 dB, giving 11 categories of vocal effort [15]. Treat-
ing speech as a source of interfering noise in the design of typi-
cal sound systems, this range can be limited to levels of 54-84
dB, corresponding to vocal efforts from “relaxed” to “shouted”
[14],[16]. In this paper range of levels is limited to vocal efforts
for which 1/1 octave bands spectra are available in standards or
literature. Such spectra have been described in a number of pub-
lications [17],[18], including languages other than English [19],
including Polish speech [20],[21]. Standardised spectra were
used wherever possible. For normal vocal effort, these include
the spectra used for STI measurements - for male speech from
IEC 60268-16:2020 [1], female speech from ISO 9921 [14],
unisex from ISO 3382-3 [22], BB93 [23] based on ANSI 3.5
[16] and ITU-T P.50 [24]. For Polish speech, spectrum of the
paper of Majewski, Rothman and Holien was used [21].

For higher vocal efforts, such spectra are described in ANSI
3.5. In this study, they were extended to include the 1/1 octave
band of 125 Hz by reducing the values from the 250 Hz band by
6 dB (according to BB93 and ISO 3382-3). The “relaxed” vocal
effort is defined in ISO 9921 as an Ls.41,» = 54 dB, but it does
not define a spectrum for this. Consequently, the spectrum for
vocal effort “relaxed” was chosen from the spectra of vocal ef-
forts defined as “casual” in Pearsons, Bennett, Fidell [16], and
“hushed” in Cushing, Cox, Worrall Jackson [18]. The spectra of
the reference noises are shown in Fig. 1, Fig. 2, Table I and Ta-
ble II.
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Fig. 1. Speech spectra for different vocal efforts.
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Fig. 2. Coloured noise spectra normalized to L., =0 dB.
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TABLEI
REFERENCE NOISE SPEECH SPECTRA

Vocal effort Lz, [dB] Lyeq

f[Hz] 125 250 500 1000 2000 4000 8000 [dB]
Hushed male [18] 435 458 42.8 36.5 34.0 343 285 443
Hushed female [18] 34.1 47.3 428 36.6 33.1 383 325 453
Casual male [17] 46.1 50.8 51.4 463 42.5 38.8 355 52.1
Casual female [16] 36.4 49.2 495 42.0 39.2 34.8 355 494
Normal IEC male [1] 57.5 60.5 60.0 54.0 48.0 42.0 36.0 60.0
Normal ISO female [14]  55.6 65.3 58.1 50.9 44.2 433 42.0 60.0
Normal ISO/ANSI [22] 51.2 57.2 59.8 53.5 48.8 43.8 38.6 59.5
ITU-T P.50 [24] 547 59.9 593 54.8 48.8 439 41.0 60.0
Polish male [19] 612 65.8 655 584 555 54.1 48.1 65.8
Raised ANSI [16] 555 61.5 65.6 623 56.8 51.3 42.6 66.5
Loud ANSI [16] 58.0 64.0 703 70.6 659 59.9 489 73.7
Shouted ANSI [16] 59.0 65.0 747 79.8 758 689 582 823

TABLEII

REFERENCE COLOURED NOISE SPECTRA NORMALIZED TO L,z =0 DB

Noise Lz, [dB] Lieg

f[Hz] 125 250 500 1000 2000 4000 8000 [dB]
White noise 208 -17.8 -14.8 -11.8 -88 -58 -2.8 0
Pink noise 70 7.0 -7.0 -7.0 7.0 -7.0 -70 0O
Brown noise 32 02 -28 -58 -88 -11.8 -148 0

In this paper, the STIPA(SNR,) relationship was calculated
for SNR, in the range from 5 to 15 dB, which corresponds to
typical values used in PA systems. In the first stage of the study,
representative spectrum was selected for the "relaxed" and "nor-
mal" vocal efforts on the basis of the STIPA(SNR,) relationship
(Fig. 3). On the basis of preliminary comparative analyses with
measured crowd noise spectra and as the worst case is often as-
sumed in design, the spectrum for which the smallest ST/PA val-
ues were obtained was considered as such. For the “relaxed” vo-
cal effort, this was the hashed male speech spectrum [18], and
for the “normal” ISO/ANSI [16],[22],[23].

The effect of the reference noise spectra on STIPA for
Leqn =60 dB is shown in Fig. 4. The most difficult for speech
intelligibility is pink noise. On the contrary, the least degrading
spectrum for intelligibility are the “normal” and “raised” effort.
When choosing the wrong interfering noise spectrum, the error
of the STIPA calculations can be large. For example, for inter-
fering noise with a "normal" female speech spectrum (Fig. 3)
STIPA can be as much as 0.15 greater than for pink noise spec-
trum (Fig. 4).

For speech interfering noise, the smallest ST/PA values are
obtained for spectra corresponding to the extreme different vo-
cal efforts, "relaxed" and "shouted", with the "relaxed" spectrum
being the more difficult case, especially for low SNR4. In the
analysis range, an increase in the SNR4 value obviously results
in an increase in the STIPA value. However, the slope of the
STIPA(SNR,4) characteristic is different for the individual inter-
fering noise spectra. The average slope for white noise is
0.019/dB and for brown noise, 0.030/dB. For speech interfering
noise, the slope differences are smaller, ranging from 0.025/dB
for “shouted” effort to 0.030 for “relaxed”.
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Fig. 3. STIPA(SNR,) for relaxed and normal speech noise spectra
of Leqn = 60 dB.
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Fig. 4. STIPA(SNR,) for speech and coloured noise spectra of L ,,, = 60 dB.
The spectrum for the “rised” vocal effort was abandoned for

analysis due to its high similarity to the “normal” spectrum
(Fig. 5) and virtually the same effect on STIPA(SNR,) (Fig. 4).
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Fig. 5. Speech spectra normalized to Lye,, = 0 dB for “normal” and “rised” vo-
cal effort.

The variation in individual noise spectra does not carry over
directly to differences between the STIPA values obtained. For

example, for the most spectrally different white and brown noise
for SNR, = 10 dB, the STIPA value differs by 0.01, whereas for
very similar spectra corresponding to female speech and
ISO/ANSI for the "normal" effort, the difference can be as high
as 0.06. Therefore, the similarity of the normalised noise spec-
trum to the noise spectrum of a typical application was only a
preliminary selection criterion. The similarity of the
STIPA(SNR4) benchmark result vector r determined for the
spectrum of a given reference signal and the test vector x deter-
mined for noise spectra of a given type acquired by measure-
ment or from the literature was chosen as the main criterion. The
similarity of a given vector r and x was assessed using the Che-
byshev distance [25] dc(x, r):

dc(x, 1) = max|x; — ;] 3)

allowing the maximum error to be evaluated, and the Gower dis-
tance [25] do(x, 1):

1
dg(x, 1) = 20 |x — 7] )

allowing the average error to be assessed. In addition, a critical
index ¢p was proposed:
cp(x,1) = min;(x; —17) (5)

which, if negative, indicates that the use of the reference inter-
fering noise spectrum will result in an underestimation of STIPA
relative to the test spectrum. For the set of test vectors, the max-
imum value demax, the average value dga, and the minimum
value cpmin Were calculated from the results obtained, respec-
tively.

The tested noise spectra were taken from the literature and
the results of measurements carried out by the Acoustic Testing
Laboratory of the Wroctaw University of Technology and Sci-
ences (spectra given in tables without literature references).
These spectra are presented in the chapter with test results. For
the purpose of analysis, the levels for a given group of spectra
were normalised to the value given in the description. After pre-
liminary analyses, it was decided to do research for three ranges
of crowd noise levels:

1) group #1 for Lyeqn < 70 dB,

2) group #2 for 70 dB < Leq, <90 dB,

3) group #3 for Leqn > 90 dB.

Group #1 are the levels of interfering noise, which are as-
sumed in the design of PA systems for building areas such as
waiting rooms and concourses of railway stations and airport
terminals, classrooms, banks, courtrooms, libraries, museums,
galleries, and quiet: cafeterias, food courts, and shopping malls.
Group #2 are the levels that occur, e.g. in noisy: sports halls,
offices, cafeterias, and restaurants. Group #3 are the levels of
interfering noise that occur mainly in stadiums and halls for loud
ball games [3].

III. RESULTS

In group #1, two cases were selected for analysis for five
building areas: concourse of the railway station, departure hall
of the airport [26],[27], food court, shopping mall, classroom
[91,[10] (noise of student activity). The interfering noise spectra
for these areas are shown in Table III and in Fig. 6. The spectra
for the “relaxed” and “normal” vocal efforts were used as refer-
ences. The results of the analyses are presented in Fig. 7 and
Table IV.
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TABLE IIT In group #2, four cases for restaurants [28],[29] and three for
TESTED CROWD NOISE SPECTRA — GROUP #1, Lrq.v <70 DB noisy situations in stadiums [11] were selected for analysis. The
interfering noise spectra for these areas are shown in Table V
and in Fig. 8. The spectra for the “normal” and “loud” vocal
Symbol JIHe] 125 250 500 1k 2k 4k 8k [dB] efforts were used as references. The results of the analyses are

Building area Lz, [dB] Liey

RS1  Railway station 1 59.6 59.6 60.1 584 56.7 49.4 41.0 63.2 presented in Fig. 9 and Table VI. The interfering noise at
RS2 Railway station 2 60.4 59.7 60.4 57.8 54.5 49.5 42.9 62.5 Hughes Stadium (H), Folsom Field (F) and Invesco Field (I)

AT1  Airport 1 [26] 62.0 60.0 60.0 57.0 53.0 49.0 45.0 62.0  measured by Egan [11] was divided in relation to on-field events
AT2  Airport 2 [27] 64.1 63.5 63.7 60.0 57.2 51.9 442 653  into offence (O), defence (D) and touch down (T). In Tables V
FC1 Food court 1 63.6 62.1 63.2 59.9 56.8 52.0 454 649  and VII, in brackets, the first letter denotes the stadium code
FC2 Food court 2 63.1 657 68.1 64.8 61.1 553 47.1 69.5  given above, and the second the on-field situation.

SM1 Shopping mall 1 63.7 61.3 61.3 58.0 54.7 49.9 43.7 63.1

SM2 Shoppingmall2 617 63.8 66.3 63.7 59.8 54.2 45.1 68.0 TABLE V

TESTED CROWD NOISE SPECTRA — GROUP #2, 70 DB < L4z, v <90 DB

SA1 Classroom 1 [9] 57.5 61.8 57.2 542 52.0 46.4 38.1 60.0
SA2 Classroom 2 [10] 55.0 56.0 57.0 52.5 49.0 44.0 37.0 57.9 Building area Lz, [dB] Lyeq
Symbol f[Hz] 125 250 500 1k 2k 4k 8k [dB]
70 RS1 R1  Restaurant 1 [28] 62.0 69.1 71.6 69.4 65.7 58.6 48.3 73.6
65 R2  Restaurant 2 [29] (B) 68.5 74.0 79.0 75.0 71.0 64.0 54.0 79.7
& e — RS2 R3  Restaurant 3 [29] (C) 67.0 73.0 80.0 78.0 73.5 66.0 54.0 81.7
60 Sy & RN - N S— —&—ATL R4 Restaurant 4 [29] (A) 71.0 78.0 84.0 83.0 78.0 71.0 57.0 86.3
_ —+—AT2 S1  Stadium1[11] (HO) 61.0 67.5 74.5 74.0 71.0 62.0 53.0 77.6
S 55 W= R —e—FC1 S2  Stadium 2 [11] (FO) 69.5 73.0 79.5 79.0 74.5 67.0 57.5 82.3
§ oo | J: _______ E _______ i - & =FC2 S3  Stadium 3 [11](IO) 68.0 73.0 83.0 81.0 76.0 69.5 58.0 84.6
= 50 | | |
H H H H - <4 =SM1
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: : : : = R1
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TABLE IV CA-.R4
RESULTS FOR CROWD NOISE SPECTRA OF GROUP #1 FOR L v = 60 DB 0'661 - 6--81 |
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Reference vocal d d . . 62< ~6-83
. Cmax Gav Dmin B L L L L L
effort noise 5 6 7 8 9 10 M 12 13 14 15
Normal 005 004 -0.05 SNR,, [9B]
Polish 0.02 001 -0.02 Fig. 9. STIPA(SNR,) for group #2, Lyc,, =80 dB.

Relaxed 0.03 0.01 0.00
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TABLE VI
RESULTS FOR CROWD NOISE SPECTRA OF GROUP #2 FOR L 4z, v= 80 DB

Reference vocal

effort noise demac daar CDmin
Normal 0.02 0.02 -0.01
Loud 0.02 0.02 0.00

In group #3, nine cases for loud stadiums [11],[30],[31] and
one for a sports hall [11] were selected for analysis. The inter-
fering noise spectra for these areas are shown in Table VII and
in Fig. 10. The spectra for the “loud” and “shouted” vocal ef-
forts were used as references. The results of the analyses are
presented in Fig. 11 and Table VIII.

TABLE VII
TESTED CROWD NOISE SPECTRA — GROUP #3, Lz, v > 90 DB

Building area Lz, [dB] Lieg

Symbol f[Hz] 125 250 500 1k 2k 4k 8k [dB]

S1  Stadium 1 [11] (HD) 67.0 70.5 85.0 87.5 83.0 77.0 64.4 90.2
S2  Stadium 2 76.7 83.8 87.5 88.7 83.7 74.0 60.2 91.4
S3  Stadium 3 [30] (B)  75.0 81.0 88.0 90.0 85.0 77.0 64.0 92.6
S4  Stadium 4 [11] (HT) 89.0 85.0 87.5 91.5 84.0 77.0 70.0 93.3
S5 Stadium 5 [31] 76.0 81.0 91.0 91.0 86.0 77.0 65.0 93.9
S6  Stadium 6 [11] IT) 82.0 81.5 90.0 93.0 86.0 79.0 69.0 95.0
S7  Stadium 7 [11] (ID) 83.0 81.0 89.0 95.0 92.0 85.0 69.5 97.8
SH  Sports hall 85.9 90.1 93.7 95.1 90.8 85.3 73.0 98.2
S8  Stadium 8 [11] (FT) 79.0 80.0 90.0 97.0 89.0 81.5 73.0 98.3
S9  Stadium 9 [11] (FD) 78.5 80.0 93.0 98.0 90.5 85.0 72.0 99.6

100
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= 80
= - & =56
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Fig. 10. Tested crowd noise spectra — group #3 (Leq, > 90 dB)

TABLE VIII
RESULTS FOR CROWD NOISE SPECTRA OF GROUP #3 FOR L 4z,xv=95 DB

Reference vocal

effort noise dcmax deay CDmin
Loud 0.03 0.02 0.00 (-0.004)
Shouted 0.03 0.02 0.00 (-0.002)

IV. DiscussioN

The first range of analysed interfering noise is crowd noise
with Lyeg,n levels of 50-70 dB. Intuitively, it may seem that a
suitable normalised spectrum for these levels would be the spec-
trum of “normal” or “rised” vocal effort. However, the obtained
results (Fig. 7, Table IV) indicate that this approach could give
overestimated STIPA values (dcmax =0.05, dgav=0.04,
cpmin = 0.05) relative to the test spectra obtained by measure-
ment. A very safe approach to designing PA systems for such a
range of crowd noise levels is to adopt a spectrum defined as
“relaxed”. For this spectrum, no ST/PA values were obtained
greater than for the tested spectra (cpmin = 0.00). The average
and maximum error obtained for this spectrum (dcme = 0.03,
dgav=0.01) should be considered satisfactory, since for STIPA
the maximum deviation for repeated measurements is approxi-
mately 0.03.

One of the spectra tested was the Wijngaarden and Atsma
spectrum [24], which is the average ambient noise spectrum ob-
tained for different areas of the Amsterdam Airport Schiphol.
Although this spectrum differs slightly from the “relaxed” spec-
trum (Fig. 12), the STIPA(SNR.) values obtained for both spec-
tra are virtually the same (Fig. 7).
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Fig. 12. Speech spectra normalized to L e, = 0 dB for “relaxed” vocal effort
and form Wijngaarden and Atsma [26].

For crowd noise with Lyeq, . levels of 70-90 dB, "no rmal" and
"loud" spectra were checked. The results for both spectra (Ta-
ble VI) yielded the same mean and maximum error
(dcmax = 0.02, dgay = 0.02). For the "loud" spectrum, no ST/PA
values greater than those for the tested spectra appeared
(cpmin = 0.00). For the “normal” spectrum, cpmi» = -0.01, which
means that a spectrum for which smaller STIPA values were
obtained appeared among the spectra tested. A safe choice for
crowd noise with L., levels of 70-90 dB is therefore to use the
“loud” spectrum.

For crowd noise with L., levels greater than or equal to
90 dB, the “loud” and “shouted” spectra were checked. Using
the typical precision of the STI results, both spectra provided
the same error (domax = 0.03, dgay =0.02, cpmin = 0.00). How-
ever, in Fig. 11, it can be seen that slightly ST/PA values are
obtained for the “shouted” spectrum and closer to the most dif-
ficult of the cases tested.

CONCLUSION

As shown in the paper, it is possible to determine the interfer-
ing crowd noise spectrum by relating its level to the speech
spectrum for the corresponding vocal effort.
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On the basis of preliminary analyses, representative spectra
were selected for individual vocal efforts. For “relaxed” this was
the “hashed” male speech spectrum from the Cushing, Li, Cox,
Worrall and Jackson [18], and for “normal” from the
ISO 3382-3 standard [22]. For the other vocal efforts, the spec-
tra defined in the ANSI 3.5 standard [16].

As shown in the paper, the use of colour noise spectra to sim-
ulate crowd noise leads to an underestimation of STIPA values.
For speech interfering noise, the smallest ST/PA values are ob-
tained for spectra corresponding to the extreme different vocal
efforts, "relaxed" and "shouted", with the "relaxed" spectrum
being the more difficult case, especially for low SNR4. For small
and medium levels of crowd noise (Leq,» < 70 dB), the spectrum
corresponding to the vocal effort "relaxed" is a suitable spec-
trum. For high and very high noise levels
(70 dB < Leg,» < 90 dB), the "loud" spectrum can be used, alt-
hough for very high levels of crowd noise (L4eq»>90 dB) a
slightly safer approach is to use a “shouted” spectrum. For the
spectra selected in this way, a maximum STIPA error of 0.02-
0.03 was obtained, which is no more than the maximum devia-
tion for STIPA repeated (0.03).

In the future, similar analyses are planned for other sources
of interfering noise such as ventilation, traffic noise, and audio
visual equipment.
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