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Summary
In this paper an investigation about the influence of noise on speech intelligibility (SI) inside metros under two
different driving conditions (running in tunnel straight route (TS) and in curve (TC)), for female and male speak-
ers with four voice levels (normal, raised, loud and shout) is presented. Perceptual laboratory tests were carried
out where the noise of 11 metros was mixed with words of Italian language. The noise was always reproduced
with the same level, while the speakers’ voice amplitude differed, thus permitting to evaluate several signal-to-
noise ratio (SNR) conditions to find out the SNR providing best intelligibility aboard. SI was quantified as the
percentage of disyllabic words correctly understood (%WCU). Results showed, that %WCU was highly corre-
lated with SNR. Poor intelligibility rates corresponded to “normal” voice condition. Fair SI can be guaranteed
for SNR values greater than -6 dB in TC up to -3 dB in TS. Considering the use of raised vocal effort of 68,3 dB,
the target noise level aboard, providing good SI, should be less than 71 dB. Besides, the results showed that the
%WCUwas influenced by the route conditions (driving in TC resulted in lower SI), the voice amplitude (%WCU
rose with the increasing of the speech volume), the metro sound characteristics (SI scores differed in diverse met-
ros), the gender of speakers (the voices of male speakers generally were more intelligible than female ones) and
by the interaction of all the considered factors.

PACS no. 43.50.Rq, 43.71.Gv

1. Introduction

In the last decades the external noise of mass transporta-
tion systems has been well investigated in terms of expo-
sure, annoyance [1, 2], psycho-physical and health effects
[3, 4] in order to reduce its impact on inhabitants living in
proximity to their routes. Likewise, satisfactory acoustical
conditions have to be also guaranteed aboard these trans-
portation means, representing environments where people
spend a considerable part of their time travelling from and
towards downtown. In a survey [5] on the national distri-
butions of travel times to work in US population this time
was estimated in about one hour per day, considering travel
times to and from work.
The noise impact on passenger comfort inside standard

and high speed trains was thoroughly studied [6, 7, 8, 9,
10, 11, 12, 13, 14], but as far as the acoustics aboard met-
ros are concerned, very few investigations were accom-
plished [15]. Some recent measurements have showed that
the equivalent sound level aboard often exceeds the value
of 80 dB(A) [16, 17, 18, 19, 20].
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In EU States, in comparison with other mass transporta-
tion means, general preference towards the metros systems
has been noticed in the recent years. Over the 1995-2004,
the growth trend of metro use was observed [21], similar to
the growth trend of private vehicles and even higher than
buses/coaches and railway transport. In much the same
way, a research of Italian Ministry of Infrastructures and
Transport indicates that since 1990 till 2007 the number of
passengers increased from 438 million to 738 million with
an augmentation of 67.5% [22].
The combination of high noise levels, big number of

passengers and considerable commuting time suggests to
point out this topic.
The noise field inside metros can be characterized

mainly by four types of sources:
• vehicle-related sources: traction engine, HVAC sys-

tems, sirens, others machinery aboard;
• interaction-related sources: rolling noise, squeal noise,

breaking noise, tunnel crossing;
• transmission-related sources: airborne and structure-

borne noise transmitted through the car boundary;
• human-related sources: activities inside wagons.
The noise emitted from the first three typologies of sources
is non-stationary, it changes according to the operat-
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ing conditions (engine RPM, accelerations, decelerations,
curves, tunnel crossing, open/closed windows, etc.). Pas-
senger activities during the trips are partially responsible
for the loudness increase. These activities, consisting in
speaking, using cell phones, headsets for music, portable
gaming devices, strongly vary, depending on the social
habits of populations. In many situations sellers, singers
or musicians could constitute annoying noise sources.

During the years 2008 and 2009 several acoustic mea-
surements and registrations have been performed in 17 Eu-
ropean and not European metro lines in Naples, Rome, Mi-
lan, Turin, Paris, Berlin and New York. The results of this
noise recordings campaign have demonstrated that often
very high noise levels were noticed inside the metros dur-
ing the rides [23]. These levels can cause stress effects,
acoustical discomfort and, moreover, prevent the speech
communication of passengers and require additional stren-
uous vocal efforts to reach fair intelligibility rates.

The Speech intelligibility (SI) is the principal measure
for the assessment of human communication and commu-
nication systems efficiency [24]. It is the percentage of
speech units that can be correctly identified by a listener
over a given acoustic environment or the degree to which
speech can be understood within given conditions [25].
Thomas Brand define SI as a “proportion of the speech
items (syllables, words or sentences correctly repeated by
a listener for a given speech intelligibility test)” [26].
SI can be determined using a variety of metrics. To pro-

vide measurement accuracy, reproducibility, validity and
reliability, materials used for SI tests (sets of speech items
such as nonsense syllables, single monosyllabic or disyl-
labic words or sentences) should to be homogeneous in SI
and employ a representative sample of the speech sounds
under the investigated conditions of speech communica-
tion, and the distribution of phonemes should represent the
respective language. Just a possible cheaper cost of test-
ing (including economy in using human subjects) and the
potential for automation to simplify the administration of
tests and analysis of the results should be considered [27].
A large number of SI computing methods is available,

operating with both: technical (objective) and perceptual
(subjective) procedures.
The methods of the first group use physical parame-

ters to predict intelligibility according to a certain model:
AI (Articulation Index) described in ANSI S3.5-1969
[28], SII (Speech Intelligibility Index) defined in ANSI
S3.5-1997 [29], STI (Speech Transmission Index), RASTI
(RApid Speech Transmission Index) defined in SS-EN
60268-16 [30], STIPA (Speech Transmission Index for
Public Address Systems), %ALcons (Percentage Articu-
lation Loss of Consonants), and speech clarity indexes.
The perceptual metrics for assessing SI, or subject-

based methods, belong to the second category. These types
of tests provide a more “realistic” measure of intelligibil-
ity because they use actual people and, in some cases, the
participants are the final users of the systems being tested
[24]. They use listeners with normal and sometimes im-
paired hearing to assess the effects of the talker and inves-
tigated environment on the clarity of the speech be means

of PB (Phonetically Balanced Word Lists), MRT (Modi-
fied Rhyme Test), DRT (Diagnostic Rhyme Test) accord-
ing to the ANSI/ASA S3.2-2009 [27], however many more
tests have been carried out. Nonsense syllables and words
are usually used for the analysis of information transmis-
sion, while sentences represent a communication situation
more realistically.

Various factors affect the SI. First of all, to be intelli-
gible in noisy conditions, the speech must have adequate
audibility concerned with the signal-to-noise ratio (SNR),
thus, speaker’s signal level and background noise level are
usually the main factors to be considered. SNR is the ra-
tio of some measured aspect of a signal to a similar mea-
sure of concurrent noise expressed usually in a logarithmic
form.

It is often seen that in noisy environment some speak-
ers are definitely more intelligible than others. A signifi-
cant variation in inter-speaker intelligibility is present even
among speakers with similar SNR [31]. There were sev-
eral attempts to analyze the speakers’ gender impact on
SI, however the results differ from research to research,
and up to these days no unanimous consensus has been
reached. In the earlier research Silversteina et al. [32] re-
ported that male voices tended to be more intelligible than
female voices. Similarly, Lees et al. [33] reported that gen-
der of voice and the quality of signal do affect SI (regard-
ing the Text-to-speech synthesis), and that generally the
male voicing is more intelligible than the female voicing.
On the contrary, Cerrato [34] and Barker and Cooke [35]
have reported that women tend to be clearer than men.
Instead, Tielen [36] indicated that no proper difference
for male and female speakers was found, showing equal
word and phoneme intelligibility under all noise condi-
tions. At the same time, the differences between the indi-
vidual speakers’ intelligibility were rather large [35] where
in the high noise conditions, listeners identified 24% of
keywords from the least intelligible speaker but scored
68% for the most intelligible speaker.

There are also some interesting and contradictory re-
sults concerning the listeners gender impact on SI in the
literature. Osafo-Yeboah et al. [37] and Ellis et al. [38] re-
ported that in their researches they have not found any sta-
tistically significant difference in the intelligibility scores
of male and female listeners, however they noticed that
the overall impressions of speakers intelligibility differed.
Women estimated the male speaker as more understand-
able while men indicated that the female speaker was more
understandable [38]. On the contrary, Wilding and Cook
(2000) reported that female listeners showed an enhanced
ability to recognize female voices [39].

In this paper the research on the SI aboard metros is pre-
sented, the influence of different factors has been studied
and comfort noise levels for fair SI are proposed.

2. Noise recordings
2.1. Investigated metros
Noise recordings was performed during the years 2008 and
2009 for 17 metro lines, having different constructive char-
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acteristics: tracks, wheels, speed, routes, etc. The investi-
gated lines were: Milan (Line M1, Line M2, Line M3),
Naples (Line M1, Line M2), Rome (Line MA, Line MB),
Turin (VAL), Berlin (Line S3, Line U2), New York (Line
M1, Line M4, Line MQ), Paris (Line M1, Line M6, Line
M7, Line M12). The lines are supplied mainly with iron
wheels except Turin VAL and Paris M1 and M6 which use
rubber wheels. No information could be obtained in terms
of effective metro speed, however the considered trains
drive at a speed lower than 85 km/h, while the commer-
cial speed (which includes the metro stops) ranges from
25 to 39 km/h.

2.2. Equipment setting and procedure of measure-
ment

The binaural audio signals (16 bits/44.1 kHz) were re-
corded during the rides aboard metros with the use of a
portable device "M-Audio Microtrack 24/96" and head-
phones “Sennheiser HDC 451”. Preliminary noise record-
ings were carried out in Naples, metro line 1, in order to
check the dynamic range of the noise aboard. Sequences
of recordings were arranged during travels on the entire
route, to test different gain and level configurations for
the digital portable device. The following gain and level
settings were used as standard setup for on board met-
ros recordings: Input levels=0 (L-R channels) and de-
vice gain=”low” (line-level). The left and right channel
of the measurement chain were then calibrated recording
a 94 dB/1 kHz pure tone signal of a 01dB-Metravib acous-
tic calibrator “CAL21”. The sound signals were then im-
ported in the dBFA-Metravib software according to spe-
cific reference calibration factors.

For each metro line the records were carried out as far
as possible in the same passengers’ position: in a motor
wagon close to the doors. The recordings were performed
on the entire routes for all the Italian metros and for more
than 4 minutes for other metros. Surrounding conditions,
such as tunnel crossing, acceleration/deceleration, break-
ing and open/closed windows were noticed during the
travels or during the playback and analysis phases in labo-
ratory.

2.3. Analysis of the physical data

The levels recorded by left and right channels of the head-
phones were averaged and analyzed in terms of Leq,A,
Lmax, Lmin, L10, L90 and in one third octave band. The
overall (20Hz–20 kHz) sound equivalent levels for each
metro line and for the entire route (Figure 1) range from
65.1 dB(A) (Berlin S3) to 86,0 dB(A) (New York City
M1). The level of 80 dB(A) is greatly exceeded inside all
New York metro lines, Rome MB and Milan M3, charac-
terizing high exposure conditions on board. Considering
theLmax, very hard noise conditions for all New York lines
and Naples M2, RomeMB andMilanM2 were noticed, al-
though observing the L10, these levels were present only
for a short period. Nine of the seventeen lines showed val-
ues of L90 greater then 65 dB(A). The quietest level was

Figure 1. Sound equivalent levels of the metros.

Figure 2. One third octave bands levels of all the metro lines,
mean values and standard deviation range (grey area).

observed in Berlin S3, which route lies at open air and
which has a long time of stops.

For every line, the signals were analyzed in one third
octave bands (Figure 2). All the curves showed similar
slope in the middle frequencies (about −4.0 dB for each
frequency doubling) and concentration of energy in low
frequency, especially for New York metros (M1, M4 and
MQ).
Each route section between two successive stops was

classified in terms of open-air or tunnel section and curve
or straight section. Corresponding signals were extracted
from total recordings and analyzed to obtain partial sound
levels.
In Table I the values of the average sound levels Leq,A

of each sub-section and doors closure (DC) are reported.

3. Perceptual tests

The perceptual tests for the evaluation of the speech in-
telligibility were performed in two running conditions: TS
and TC.

3.1. Test materials and speakers

The American National Standard proposes three sets of
test material in English for the SI measurement [27]: Pho-
netically Balanced Word List, Modified Rhyme test and
Diagnostic rhyme test. There are no regulations available
for the Italian language today, nevertheless, word lists
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Table I. Overall sound equivalent levels in dB(A) on board. TC: “Tunnel Curve”, OAC: “Open-Air Curve”, TS: “Tunnel Straight”,
OAS: ”Open-Air Straight”, DC: Doors closure.

City ID From To All TC TS OAC OAS DC

Berlin S3 Hackescher Zoologischer 65.1 - - 65.6 66.4 63.7
U2 Ernst Reuter Alexanderplatz 75.3 79.6 75.5 70.5 70.5 74.9

Milan M1 Bisceglie Sesto Marelli 79.2 78.6 80.1 - - 83.2
M2 Abbiategrasso Cascinagobba 80.1 83.8 75.2 70.9 72.4 76.1
M3 Maciachini San Donato 85.4 91.4 84.5 - - 77.5

Naples M1 Dante Piscinola 80.2 86.1 78.8 83.4 76.5 84.0
M2 Gianturco Pozzuoli 78.0 - 75.5 68.8 78.8 77.4

New York M1 Chambers St. 59th St. 86.0 85.7 86.5 - - 90.3
M4 Brooklyn Hall 14th 82.6 83.6 80.2 - - 88.7
MQ 57th Canal St. 81.3 - 82.6 - - 76.4

Paris M1 Saint Paul Châtelet 71.9 - 71.6 - - 77.9
M6 Pasteur Place d’Italie 72.3 74.0 73.5 - 67.1 77.5
M7 Place d’italie Châtelet 73.3 75.0 73.0 - - 75.0
M12 Concorde Pasteur 75.8 81.1 75.8 - - 74.2

Rome MA Anagnina Battistini 73.9 75.7 70.6 - - 74.5
MB Laurentina Rebibbia 83.0 87.8 81.6 78.6 71.8 85.0

Turin VAL Porta Nuova Fermi 75.3 71.7 74.8 - - 77.0

Table II. Example of word lists used for perceptual testing.

A B C D E

cielo nudo rete ira fiele
era quindi campi tarma orlo
tordo spinta prova chiesa cento
alpi giunco tesa unto piedi
freno sete lunga niente tempo
chiuso venti bravi zia strada
sarti lei urli gelo mai
radio seno lire scopa calda
bionda marzo versi ponte onde
ali sua lega neo tela

elaborated in 1950 by Bocca and Pellegrini are useful
for intelligibility tests [40]. These lists, composed of 295
words and 50 logotomes, balanced by difficulty and pho-
netic composition, were used as speech materials for the
perceptual tests. An example of list is presented in the Ta-
ble II.
Four native and audiologically normal speakers (two

women and two men) with a representative range of ages
(25–45 years) were selected to describe different voice
characteristics (young and mature voice, male and fe-
male speech). A list of 50 words composed by 5 sub-
lists of 10 disyllabic words was assigned to each speaker
and recorded. According to ANSI S3.2-2009 [27] require-
ments, before the recordings, the speakers were trained un-
til they became thoroughly familiar with all test words and
until they learnt to maintain a constant vocal effort dur-
ing all the experiment. The records were performed in the
anechoic chamber (5m × 5m × 5m) of the Laboratory of
the Second University of Naples. The receiver consisted of
binaural headphones “HDS 451” on the head of a dummy,

Figure 3. Recording of SI test material: speaker-dummy distance
1m face-to-face.

positioned face to face to the speakers, with a distance of
1m from their lips (Figure 3).

Afterwards the single words extracted from the audio
files were used to prepare the test signals consisting of
10 words, separated with a pause of 2 seconds from each
other.

The comparison, in the octave frequency bands among
250 and 8000Hz, between the recorded mean voice levels
and those indicated in [29] is shown in the Table III.

3.2. Participants

The laboratory SI tests were performed with 56 Italian par-
ticipants (n.32 male and n. 24 female) who stated that they
had never had speech problems or faced hearing defects.
Two groups of 28 listeners were chosen mainly from stu-
dents and personnel of Faculty of Architecture of Second
University of Naples. The mean age of the listeners was
28.5 years (s.d. = 8.1).
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Table III. Sound levels of speakers versus ANSI Standard S3.5-
1997 for different amplitude degree.

Speaker (+0dB) (+6dB) (+12dB) (+18dB)

Giuseppe 63.2 dB 69.2 dB 75.2 dB 81.2 dB
Lia 62.1 dB 68.1 dB 74.1 dB 80.1 dB
Umberto 64.5 dB 70.5 dB 76.5 dB 82.5 dB
Valentina 59.1 dB 65.1 dB 71.1 dB 77.1 dB

Mean levels 62.2 dB 68.2 dB 74.2 dB 80.2 dB

Normal Raised Loud Shout
ANSI 62.4 dB 68.3 dB 74.8 dB 82.3 dB

3.3. Procedure

The tests were conducted in the anechoic chamber of the
Laboratory of Second University of Naples. According to
ANSI/ASA S3.2-2009 [27], before the experiment imple-
mentation all the listeners were trained until they could
perform the appropriate perception-discrimination task,
receiving in the beginning the following instructions (in
Italian): "This test is aimed to define intelligibility of the
speech aboard of metros in normal conditions of motion.
Series of audio signals, consisting of background noise
and sequence of words will be offered to listeners to under-
stand. During this test 11 audio signals, recorded aboard of
different metros, will be reproduced – one signal for each
examined line. A list of 10 words is associated to every
metro signal. Each listener is asked to identify and write
down the words as he/she perceives them, considering that
the same word list would be repeated with four different
speech volumes, to make out which sound levels are more
clear”. The procedure among participants was randomized
in terms of subway background sounds and of the word
lists. Moreover, in order to avoid the participants’ recall-
ing of the words, for each subject and background sound
condition the word lists were presented in a randomized
order and always increasing the 4 speech volumes. An ex-
ample of the test time schedule is shown on Figure 4.

A picture of a metro interior was put on the room wall
to create an atmosphere close to that real, and soundtracks
examples were given to listen to the people participating
in the experiment as an additional training. The experi-
ments were performed by personnel, completely familiar
with system and qualified to work with all the laboratory
equipment needed.
During the test the soundtracks, consisting of different

metro TS and TC sections noise (only one type for each
participant) and random sequence of words were repro-
duced by a laptop, a PCMCIA digital sound card and two
loudspeakers "M 160 dB Technologies" (Figure 5). All the
listeners accomplished their task individually (one by one)
being positioned between the loudspeakers with a distance
of 1.5m from each sound source. Beforehand it was ver-
ified that the noise levels, reproduced at listeners’ posi-
tion, were similar enough (±1.0 dB) to those measured on
board.

Figure 4. Example of the test time schedule.

Figure 5. Perceptual test in anechoic room.

A person participating in experiments had to recognize
speech cues byone speaker mixed with the sound of differ-
ent metros.
The metro noise was held at the same reproducing level

while the word lists were replayed with four amplitude
degrees: +0 dB (normal), +6 dB (raised), +12 dB (loud),
+18 dB (shout). The playback speech levels at the 4 vo-
cal efforts are in line with the levels of the ANSI Standard
S3.5-1997 [29], Pearsons [41] and with the more recently
study of Cushing et al. [42]. Moreover, even if a loud or
yelled (shouted) speech can lead to slightly differences in
spectral composition [41] due to the different phonation
process, an increase of the vocal effort leads to an increase
in between-subject variation [42]. For this reason the au-
thors have not considered any spectral changing as the vo-
cal effort increase.

The listener wrote down the recognized words, complet-
ing a form, specially prepared to facilitate further elabora-
tion and analysis of the results by statistical methods.

3.4. Results

The results of the word understanding for all the 56 partic-
ipants (28x2) are summarized in figures 6 and 7, where the
differences between all the metros for the four amplitude
degrees are shown.

The results show poor intelligibility rates for “normal”
voice condition: = 2.25/10 for TS and = 1.71/10 for TC
conditions. Good words comprehension (= 8/10) is reach-
able with a +18 dB voice amplitude degree for 8 metros in
TS and for 5 metros in TC.
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Figure 6. Number of words correctly understood for 28 subjects
in TS condition. Four amplitude degree bars for all the metros
and relative standard deviation (SD95%) are shown.

Figure 7. Number of words correctly understood for 28 subjects
in TC condition Four amplitude degree bars for all the metros
and relative standard deviation (SD95%) are shown.

Specific critical situations were detected in Milan M3,
Rome LB for TS conditions, where less than 30% of words
were recognized at+12dB. In TCwith voice amplitude de-
gree of +18 dB for 6 metros the number of words correctly
understood were fewer than 6.
Afterwards the results of perceptual tests were com-

pared with the real voice level of the speakers and of the
metro noise.

4. Analyses of results

The analyses of the SI aboard metros were fulfilled com-
paring both physical and perceptual data in the octave band
speech spectra between 250 and 8000Hz. The character-
istics of the 11 soundtracks, used for intelligibility tests,
are reported in Table IV. The values, calculated by mean
of dBSonic software were averaged for the left and right
channels.
To investigate the effect of SPL and the specific psy-

choacoustic parameters on SI, scores were averaged over
subjects as a function of each metro. Then, correlation
analyses of acoustic parameters of each metro and mean
intelligibility scores were carried out. The Pearson corre-
lation coefficients were computed separately for each driv-
ing condition and for each voice level.
Results showed that in both TS and TC conditions and

independently from the voice level there was a negative
and significant correlation between Leq, Loudness and

Table IV. Characteristics of the metro noise soundtracks in the
octave bands 250–8000Hz. Leq: Level in dB(A), N: Loud-
ness (soneGF), S: Sharpness (acum), FS: Fluctuation Strength
(cVacil), R: Roughness (cAsper).

TS Leq N S FS R

Naples M1 81.40 44.45 1.00 12.45 34.75
Naples M2 74.05 36.25 1.10 4.90 35.45
Rome MA 76.70 39.05 0.95 19.35 27.20
Rome MB 87.70 72.75 1.00 10.10 40.60
Milan M1 82.35 54.00 1.15 14.15 41.50
Milan M2 75.95 38.45 1.15 5.05 34.95
Milan M3 90.85 84.70 1.00 14.15 62.35
Turin 76.75 40.60 1.20 7.45 35.15
Paris M12 74.20 36.20 1.20 5.75 37.55
Berlin U2 74.30 34.15 1.20 7.70 36.30
New York M1 85.35 55.05 1.00 11.80 45.25

TC Leq N S FS R

Naples M1 90.15 87.40 1.10 27.05 42.75
Naples M2 74.60 36.20 1.00 9.40 29.75
Rome MA 77.00 43.85 1.30 20.25 34.45
Rome MB 90.80 89.85 1.30 19.05 51.25
Milan M1 80.30 46.60 1.20 20.45 36.15
Milan M2 83.10 64.50 1.65 20.75 42.70
Milan M3 90.80 76.20 100 21.25 49.40
Turin 81.55 51.30 1.20 6.45 36.00
Paris M12 85.45 62.05 1.00 27.85 40.30
Berlin U2 84.25 63.60 1.05 19.30 38.15
New York M1 88.80 95.40 1.00 27.00 48.50

Table V. Pearson correlations between metro noise characteris-
tics and SI scores as a function of driving condition and voice
level (N = 11). *: p-level < 0.05 (2-tailed); **: p-level < 0.01
(2-tailed).

TS Normal Raised Loud Shout

Leq -.462* -.721** -.872** -.825**
Loudness -.448* -.698** -.875** -.896**
Sharpness .110 .270 .413 .375
Fluct. Strength -.069 -.064 -.220 -.243
Roughness -.410 -.605** -.685** -.710**

TC Normal Raised Loud Shout

Leq -.561** -.800** -.794** -.823**
Loudness -.544** -.761** -.776** -.838**
Sharpness .064 .055 -.052 -.014
Fluct. Strength -.358 -.523* -.483* -.508*
Roughness -.504* -.734** -.730** -.777**

Roughness and intelligibility scores. Only in TC condi-
tion in increased voice amplitude degrees there was a neg-
ative correlation between Fluctuation Strength and WCU.
In general data showed that the correlations grow with the
increase of the speech amplitude (Table V).

To analyze main and interactive effects of considered
factors on intelligibility, a mixed factorial 4×11×2×2×2
ANOVA treated speech volumes and metros as four-level
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and 11-level within-subject factors respectively, and gen-
der of speakers, gender of listeners and driving conditions
as two-level between subject factors.

Results showed that SI is affected by speech vol-
ume, F (3, 144) = 1870.2, p < .001, η2p = .975, metro,
F (10, 480) = 161.37, p < .001, η2p = 0.771, route con-
dition, F (1, 48) = 29.04, p < .001, η2p = .377, gender of
speakers, F (1, 48) = 15.97, p < .001, η2p = .250, and by the
interaction of all the five considered factors, F (30, 1440)
= 1.63, p = .017, η2p = .03. The Bonferroni correction has
been used to analyze post-hoc effects.

As regards the speech volume, mean comparison
showed that SI grows significantly as the speech volume
increases (Ms = 0.70, 2.47, 4.86, 7.10, respectively for
the normal, raised, loud and shout voice volumes).
As regards the metro effect, mean comparison analyses

showed that Metro 4 interfered particularly to the intelli-
gibility, providing the lowest WCU scores (M = 1.12).
Metros 7, 1 and 11 also interfered much to SI (Ms =
1.94, 2.26, 2.64 respectively), Metros 9, 6, 8, 5, 10 pro-
vided medium SI (Ms = 3.51, 4.17, 4.31, 4.53, 5.11 re-
spectively) and, finally, Metros 3 and 2 showed highest SI
scores (Ms = 5.94, 6.07).
Mean comparison analyses of the speakers’ gender SI

revealed that men were more intelligible than women (Ms
= 4.36 and 3.20 respectively).

As regards the driving condition, mean comparison
showed that SI was higher in Tunnel Straight (M = 4.57)
than in Tunnel Curve (M = 3.00).

To interpret the interaction effect, further analyses have
been carried out. The analyses were performed separately
for the two driving conditions, and listeners’ gender factor
was excluded because it didn’t show neither relevant main
effect, F (1, 48) = .61, p = .437, η2p = .013, nor interaction.

4.1. Analysis of results for TS condition
As regards the TS condition, the mixed factorial 4×11×2
ANOVA that treated speech volumes and metros as four-
level and 11-level within-subject factors respectively, and
gender of speakers as two-level between-subject factor,
showed that SI was affected by: speech volume, F (3, 78)
= 1289.32, p < .001, η2p = .98; metro, F (10, 260) =
70.03, p < .001, η2p = 0.73; and by the interaction: speech
volume×metro×speaker’s gender, F (30, 780) = 4.34, p <
.001, η2p = 0.14. The Bonferroni correction has been used
to analyze post-hoc effects.
As regards the speech volume, mean comparison

showed that SI increases significantly as the speech vol-
ume grows (Ms = 0.9, 3.2, 5.9, 8.0, respectively for the
normal, raised, loud and shout voice volumes).

As regards metro effect, mean comparison analyses
showed that Metros 4 and 7 interfered more to the intel-
ligibility, providing the lowest WCU scores (Ms = 1.65
and 1.80 respectively), Metros 11, 5, 1 and 9 interfered
less to SI (Ms = 3.76, 3.95, 4.02, 4.87), then Metro 8 (Ms
= 4.9), then Metros 6 and 2 (Ms = 5.67, 5.87) and, fi-
nally, Metros 10 and 3 represented highest SI scores (Ms
= 6.53, 6.80).

As far as the three-way interaction effects in TS route
condition are concerned, mean comparison between male
and female speakers’ intelligibility as a function of speech
volume and metro (Table VI), showed that in some cases
no statistically significant differences were noticed inde-
pendently from the speech amplitude conditions (Metros
1, 2, 3,4, 9, 10 and 11). In other cases differences between
male and female speakers SI were observed as a function
of voice amplitude. When the speech volume was normal,
the difference between male and female SI was observed in
Metros 5, 6 and 8, where male speech tended to be clearer
than the female one. For raised vocal effort the same direc-
tion of the SI difference was noticed in Metros 5, 6, 7, 8. In
both loud and shout speech conditions, males were more
intelligible than females in Metros 5, 7. Moreover, data
showed that the sound pattern of the Metro 7, the noisiest
one, interfered particularly with female voice intelligibil-
ity, which remained quite poor, regardless of the speech
volume, while male speakers’ intelligibility grew with the
augmentation of speech volume.

4.2. Analysis of results for TC condition

As regards the TC condition, the mixed factorial 4×11×2
ANOVA that treated speech volumes and metros as four-
level and 11-level within-subject factors respectively, and
gender of speakers as two-level between-subject factor,
showed that SI was affected by speech volume, F (3, 78)
= 781,98, p < .001, η2p = .97, metro, F (10, 260) = 173.97,
p < .001, η2p = 0.87, speakers’ gender F (1, 26) = 17,14,
p < .001, η2p = .38 and by speech volume×metro×gender
of speaker interaction, F (30, 780) = 8.22, p < .001, η2p
= 0.24. The Bonferroni correction has been used to ana-
lyze post-hoc effects. As regards the speech volume, mean
comparison showed that SI increases significantly as the
speech volume grows (Ms = 0.5, 1.7, 3.7, 6.2, respec-
tively for the normal, raised, loud and shout voice vol-
umes).

As far as the metro effect in TC condition is concerned,
mean comparison analyses showed that Metros 1 and 4
interfered more to the intelligibility, providing the lowest
WCU scores (Ms = 0.45, 0.52), Metros 11, 7, 9 and 6
interfered less to SI (Ms = 1.59, 2.01, 2.12, 2.68), then
Metros 8, 10, (Ms = 3.705, 3.714), then Metros 3 and 5
(Ms = 5.06, 5.13) and, finally, Metro 2 represented high-
est SI scores (Ms = 6,223).

As regards the three-way interaction effects in TC route
condition, mean comparison between male and female
speakers’ intelligibility as a function of speech volume and
metro (Table VII), showed that in some cases no statis-
tically significant difference, caused by speakers’ gender,
was noticed independently from the speech amplitude con-
ditions (Metros 2, 3). In other cases differences between
male and female speakers SI were observed as a function
of voice amplitude. When the speech volume was normal,
similarly to the TS condition results, the difference be-
tween male and female SI was observed in Metros 5, 6
and 8, where male speech tended to be clearer than female
one. For raised vocal effort the same direction of the SI dif-
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Table VI. The SI mean scores (WCU) comparison of the male and female speakers’ for the TS condition. Note: equal letters indicate
equal means (p > .05).

Voice amplitude Normal Raised Loud Shout
Speakers Male Female Male Female Male Female Male Female

1 Naples M1 0.21a 0.00a 1.64a 2.36a 4.57a 6.50a 8.07a 8.79a

2 Naples M2 1.43a 2.29a 4.43a 5.21a 7.14a 7.93a 9.07a 9.43a

3 Rome MA 2.29a 2.21a 6.57a 6.79a 8.50a 8.86a 9.36a 9.79a

4 Rome MB 0.00a 0.00a 0.14a 0.14a 1.43a 2.14a 4.43a 4.93a

5 Milan M1 1.57a 0.00b 4.50a 0.43b 6.64a 3.36b 8.50a 6.57b

6 Milan M2 4.21a 0.14b 6.21a 2.29b 7.71a 6.71a 9.07a 9.00a

7 Milan M3 0.21a 0.00a 1.00a 0.00b 3.79a 0.79b 6.36a 2.29b

8 Turin 2.29a 0.00b 5.64a 1.57b 7.79a 5.07b 8.93a 8.07a

9 Paris M12 0.43a 0.14a 2.79a 2.36a 7.43a 7.57a 9.00a 9.21a

10 Berlin U2 1.71a 1.00a 7.21a 5.93a 8.64a 8.64a 9.57a 9.50a

11 New York M1 0.64a 1.21a 2.14a 1.21a 5.29a 4.43a 8.14a 8.64a

ference was noticed in Metros 5, 6, 7, 8 and 10. In the loud
speech volume condition the SI differences were detected
in Metros 1, 4, 5, 6, 7, 8, 9, 10 and 11. In almost all listed
cases the male speakers were more intelligible than the fe-
male ones. The only exception was Metro 1, where the
female voice intelligibility was higher than the male one.
Finally, as regards the shout condition, the same SI differ-
ences were detected in Metros 1, 5, 6, 7, 10 and 11. Also
in this condition in Metro 1 the female voice SI was higher
than the male one, and in all other metros men tended to be
clearer than women. Similarly to TS conditions, the sound
pattern of the Metro 7 interfered particularly with female
voice intelligibility, which remained quite poor indepen-
dently from the speech volume, while male speakers’ in-
telligibility grew with the augmentation of speech volume.

The data show that speech intelligibility is influenced by
the interaction between the considered components: noise
type and sound characteristics, the speech reproduction
volume and speakers’ gender. It means that we should pay
attention to the SI test correct implementation, using dif-
ferent types of voice and several noise patterns in the ex-
periments, as to fulfill trustworthy measurements, all these
factors should be manipulated. Only in this way it is pos-
sible to provide generalized and reliable data to define fur-
ther appropriate recommendations or standards on inter-
nal comfort for the producers of transport means. In this
sense, the measures of this study, since they used differ-
ent sampling conditions, when all analyzed factors were
manipulated, can be considered as quite reliable.

4.3. Analysis of results in terms of SNR

For the further analyses, the subjective speech intelligibil-
ity was quantified as the percentage of disyllabic words
correctly understood (%WCU).
The Pearson correlation for the data of 11 metros in 2

driving conditions (TS and TC) for 4 voice levels and male
and female speakers showed existence of the positive sig-
nificant correlation between %WCU and SNR (ρ = 0.827,
p < 0.001, N = 352).
The results of all perceptual tests for TS and TC condi-

tions were fitted with a sigmoidal Gompertz function (Fig-

Figure 8. Perceptual intelligibility tests results for all the metro
lines and speakers. “x”: single answers for TC condition; “+”:
single answers for TS condition; solid curve: Gompertz fitting
function for TC condition; dashed curve: Gompertz fitting func-
tion for TS condition.

ure 8). The fitting curves show a slight difference between
them for SNR less than about −10 dB where the difference
in percentage of WCU is less than 5%. For values of SNR
higher than −6 dB (TC) up to −3 dB (TS) an intelligibil-
ity percentage of 80% (Fair Intelligibility rating) can be
guaranteed for the whole the conditions.
Perceptual intelligibility tests results for all the metro

lines, male and female speakers are represented on the Fig-
ure 9.
Considering the noise levels inside the metros (TS: from

74.9 to 95.2 dB, TC: from 75.5 to 96.9 dB) the 80% of
WCU could be achieved only with an amplitude degree of
speakers’ voices increased of 12 dB or more (loud or shout
condition) relatively to the basic level (Figure 10).
The same test results were subsequently analyzed in

terms of speech intelligibility index SII. This index per-
mits to get a good correlation with the speech intelligibility
under a variety of adverse listening conditions. The input
data: speakers’ mean spectrum levels measured at 1 meter
from their lips and the metro noises were elaborated ac-
cording to the octave bands procedure as reported in ANSI
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Table VII. Comparison of the male and female speakers’ SI for the TC condition. Note: equal letters indicate equal means (p > .05).

Voice amplitude Normal Raised Loud Shout
Speakers Male Female Male Female Male Female Male Female

1 Naples M1 0.00a 0.00a 0.00a 0.00a 0.00a 0.36b 1.14a 2.07b

2 Naples M2 2.14a 1.29a 6.43a 4.43a 8.29a 8.36a 9.50a 9.36a

3 Rome MA 0.29a 0.64a 4.71a 2.21a 7.50a 6.64a 9.14a 9.36a

4 Rome MB 0.00a 0.00a 0.00a 0.00a 0.29a 0.00b 2.29a 1.57a

5 Milan M1 3.43a 0.00b 4.79a 1.71b 8.29a 4.29b 9.86a 8.64b

6 Milan M2 1.14a 0.00b 3.29a 0.29b 5.07a 0.57b 7.79a 3.29b

7 Milan M3 0.14a 0.00a 1.14a 0.07b 5.14a 0.29b 7.14a 2.14b

8 Turin 0.79a 0.00b 3.57a 0.07b 6.64a 2.43b 8.79a 7.36a

9 Paris M12 0.00a 0.00a 0.57a 0.29a 3.43a 1.50b 5.50a 5.64a

10 Berlin U2 0.21a 0.00a 3.29a 0.86b 6.57a 2.50b 8.79a 7.50b

11 New York M1 0.00a 0.00a 0.07a 0.00a 3.79a 0.36b 6.00a 2.50b

Figure 9. Speech intelligibility graphs for male speakers (a) and
female speakers (b). “x”: single answers for TC condition; “+”:
single answers for TS condition; dashed curve: Gompertz fitting
function for TC condition; solid curve: Gompertz fitting function
for TS condition.

S3.5-1997 [29]. The results are plotted related to the SNR
(Figure 11).
Considering the SII benchmarks provided by [29] (poor

< 0.45 and good > 0.75), the speech communication in the
metro wagons is poor for almost all the conditions. Fair
speech conditions are obtainable only with loud or shout
vocal effort.

5. Conclusions

High noisiness aboard metros prevents normal conversa-
tion of passengers and requires additional strenuous vocal
efforts to reach fair intelligibility rates. Perceptual labora-
tory tests were carried out to investigate the influence of

Figure 10. Percentage of WCU by listeners for all the metro lines
and speakers per different amplitude degrees: TS condition (a)
and TC condition (b).

noise on SI inside metros for two driving conditions: run-
ning in tunnel straight route and in curve, for female and
male speakers with four voice levels (normal, raised, loud
and shout).

Results showed, that intelligibility scores were highly
correlated with signal-to-noise ratio. Poor intelligibility
rates corresponded to “normal” voice condition. Fair SI
can be guaranteed for SNR values greater than −6 dB in
TC up to −3 dB in TS. Considering the use of raised vocal
effort of 68,3 dB, the target noise level aboard, providing
good SI, should be less than 71 dB.
Moreover, results showed that the %WCU was influ-

enced by the route conditions (driving in TC resulted in
lower SI), the voice amplitude (%WCU rose with the in-
creasing of the speech volume), the metro sound charac-
teristics (SI scores differed in diverse metros), the gender
of speakers (the voices of male speakers generally were
more intelligible than the female ones) and by the interac-
tion of all the considered factors. It means that we should
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Figure 11. Speech Intelligibility Index SII for all the metro lines
and speakers per different amplitude degree and operating condi-
tions: TS condition (a) and TC condition (b).

pay attention to the SI test correct implementation, using
different types of voice and several noise patterns in the ex-
periments, as to fulfill trustworthy measurements, all these
factors should be manipulated. Only in this way it is pos-
sible to provide generalized and reliable data to define fur-
ther appropriate recommendations or standards on inter-
nal comfort for the producers of transport means. In this
sense, the measures of this study, since they used different
sampling conditions, when all analyzed factors were ma-
nipulated, can be considered as quite reliable. A possible
future research, on the way to a prediction of preference
for a male or female voice in a specific metro noise for the
public announcement systems, the loudness patterns of the
noises and the voices at different effort should be consid-
ered.
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