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Abstract

Our living environments are full of various noises. In such noisy conditions,
humans involuntarily change their way of speaking for intelligible speech. This
phenomenon is called “Lombard effect”. The uttered speech due to the Lombard
effect also is called “Lombard speech”. In the Lombard speech, speech inten-
sity, spectral tilt, formant frequency, fundamental frequency (F0), and duration
or speaking rate are different from neutrally spoken speech. Moreover, the Lom-
bard effect occurs not only in human but also in many other animals such as
primates, birds, cats, whales, bats, and frogs. With regard to formants, some
previous studies found that frequency of the first formant (F1) systematically in-
creases by Lombard effect. Some studies reported that frequency of the second
formant (F2) also increases, but not systematical as that of F1. Such variations
in acoustic characteristics by the Lombard effect are dependent on tongue, jaw,
and lip movements. The tongue position of vowels in Lombard effect is on average
lower than that during neutral speech. Garnier et al. also found correlation of
tongue and lip movements not only with F1 but also with F2. Stowe and Golob
reported that speech intensity, duration, and FO of uttered speech increase in ban-
dlimited broadband noise (0.5-4 kHz band). However, with notched noise (0.5-4
kHz notch), their acoustic features did not change. These results indicated that
characteristics of Lombard effect depend on properties of the noises. Matsumoto
and Akagii nvestigated what strategies speakers use to utter intelligible speech
under various noisy conditions. However, this research did not grasp what strate-
gies speakers use to make uttered speech more intelligible in the noisy conditions.
Therefore, this paper aims to grasp the tendency what strategies speakers make
uttered speech more intelligible under various noisy conditions.

In this paper, seven types of noise were used, low-pass noise (LPN), high-pass
noise (HPN), band-pass noise (BPN), notched noise (NN), and pink noise (PN).
In order to verify whether the experimental environment is valid and whether the
Lombard effect occurs, we investigated variations of speech when uttering in the
same noise (PN) as in the previous study. PN is generated by applying a high—
band attenuation filter to broadband white noise. Moreover, in PN, low frequency
component are emphasized more than those in the other noises. The amplitude
is calibrated to broadband noise (1-22,050 Hz) generated so that the RMS value
is 70 dB and 80 dB. The noises used in this paper are adjusted to have the same
dB/Hz as the broadband noise.

In order to analyze the frequencies and amplitudes of F1 and F2, four adult
speakers (2 males and 2 females) age 23 to 24 participated in the recording. They
have no obstacle to hearing function. The vowel utterances of each speaker were



recorded in quiet conditions in advance. While this recording, the speakers were
asked to wear an open-air type headphone (STAX SR-L500). In this time, the
noises were not presented from the headphone. Five speech data were obtained
for each type of the vowels. The sampling frequency was 44,100 Hz.

The noises for this experiment were generated to correspond to F1 and F2
frequencies of each vowel and speaker in order to compare Lombard speech with
neutral speech. Therefore, formant frequencies of recording speech were calculated
by Acoustic core. This is a speech analysis software based on LPC. Then, this
paper calculated the estimated frequencies of F1, F2 and F3 of the vowels of each
speaker. In order to consider the effect of generated noises for the formants on
auditory perception, this paper also calculated the excitation patterns based on
the previous research.

Based on the result of formant frequency analysis, the frequency bands of the
presentation noises are determined so as to correspond to the formant frequency
and vowel types of each speaker. Cut—off frequencies were set to the mid frequen-
cies of F1-F2 and F2-F3 for each speaker and vowel. These values depend on the
types of noise.

To investigate variations of the frequencies and amplitudes of formants when
the speakers utter the vowels under the noisy conditions, the noises were presented
from the headphone. The noises were presented for each vowel in the order of BPN
(Cut—off: mid frequency of F1-F2 to mid frequency of F2-F3), LPN_F12 (Cut—off:
mid frequency of F1-F2), LPN_F23 (Cut-off: mid frequency of F2-F3), HPN_F12
(Cut—off: mid frequency of F1-F2), HPN_F23 (Cut—off: mid frequency of F2-F3),
NN (Cut-off: mid frequency of F1-F2 to mid frequency of F2-F3) and PN. The
noises also were presented in the order of 70 dB and 80 dB. For each vowel, 14
tasks (7 noises x 2 intensities) were prepared and a total of 70 tasks were carried
out. One task is to utter the same vowel five times within 20 seconds under the
noisy conditions. From this experiment, 350 speech data were obtained from each
subject.

According to the results, this study found the tendency that regardless of the
types of noise, F1 changes its frequency and F2 changes its amplitude mainly
according to sound pressure level of the noises. These variations depend on types
of noise. In detail, it was found that the greater the influence on F1 and F2 on the
excitation patterns is, the larger the variations for utterance are. These results
can be explained using excitation patterns of noise. The effect of PN is larger than
that of other noise for atterance. PN is more emphasized in low frequency than
the other noises. On the other hand, from the result of HPN_F23, the variations
are smaller than that of the other noises. This noise has smaller the influence on
F2 and F1 than the other noises. Therefore, from these results, it is suggested that



the noises in the low frequency influence on F1 and F2 more than the others when
uttering vowels. Moreover, it is suggested that the positions of the tongue become
lower as the sound pressure level of the noises increases. On the other hand, the
horizontal positions of the tongue have no tendency as the sound pressure level
of the noises increases. This was pointed out in previous study. Increase in F2
amplitude seems to be related to the glottal-fold source signal characteristics.
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T70dB, 80 dB £725 XS5 IZKIEL, ZD#, [RHEME & dB/Hz 23H U274
LZEDITHE L. £, AR TIE, EBREOEMMES LU0 Y N — FHR
DHETEMNEI NEWEET 5720, LT L FAROME TH 5 PN 2HWT
FitDZ 2P E L. EBRTHWZHIEZ, K 3.1-41Zm7. PNIE, JAHEE
M\ EIRRERL D 7 VR BB U TER U7, 2D Z OMEE L, K%
NI NI METHEI LI LIRS0 SE. PNOFEL )L, RMSIET
70 dB, 80 dB & 75 &SI N,
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3.3 BEHIARBRIBETCOREOINGE D

D BRI B I ARFE C MEBE T ICB A RKFEOLEHET 5720, HER
FAREBRIZBIN U 2. EERSNEL, JbEECEmRlER b kD 2223 15
DFA A% (BME24, wME24) Thot-. WEE 1L, RERENAAZETHY, HE
IR K ED 2R WEE D 248 L T\W\We, 7238 ORSEE 206 U -l 4
KE %70, FFEHITIE, RA2 L UTHAREORSE R, /a/, /i/, /u/, [e/, o/
DIETHE S5RITT ORI DL DB RA L. 20K, 5 1EEDZD 5D
BET—R &G, £, YUY U EWEIX 44,100 Hz £ U7z, Z OO
BREREE % 3512”89, ~w K74 (STAX SR-L500) &A—=7F> 7 RA T TH
D, TOFEEBRTIEANY N7+ U0 olEITERRALURW. DERUREED 7 4L~
v NEBEE, LPCIZEDOW=E/A DY 7 N TH 5 Acoustic core ZfHiHL, &
U7z (28], Zoe &, BREORGFGXFEOEHEHEZoMXEE UTHHLZ. %
Iho, BREEDFL, F2, F3O#fiEMzRmti Uz, K314 ICEFKHEED 7 +
NV N OSNRERZRT. RPOBUEILX, &S EOONREROFEYIET
H5. £z, EEIZBIIDZERIEDO 7 A V<Y bADEELEZET LD, %
ATWESE [30, 31] (IZEEDWT, fRtBlE SR — 2 29 ZBHH L 7.
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£ 3.1 #ERE 1B T B PO RE D 7 AV~ v MR (RASBHE)
K& F1 [Hz] F2[Hz] F3 [Hz]
Ja) 778 1224 3,029
/i/ 332 2,569 3,366
/371 1471 2,602
/e/ 460 2,128 2,874
Jo/ 457 827 3,089

K 3.2: WERE 2 1T B 2 ERFRGERORE D 7 V< v MEBE (RABM)
’% Fl1 [Hz] F2[Hz] F3 [HZ
Ja/ 630 1,075 2,383
/i/ 320 2226 3,064
o/ 348 1275 2,380
Je/ 459 1,908 2,655
Jo/ 437 678 2,863

F 3.3: #ERE 3 ICB T B FRFREEIR O E D 7 IV~ v b AP (RAZHME)
K& F1 [Hz] F2[Hz] F3 [HZ]
/a/ 715 1231 3,143
fi/ 379 2,609 3,395
Ju/ 379 1,637 2,559
Je/ 455 2,108 2,998
Jo/ 479 745 2,958

F 3.4: WERE 4128 B FERGEROREZ O 7 A )V~ > MR (RN ZME)
K& F1 [Hz] F2[Hz] F3 [Hz]
Ja/ 87T 1,399 3,144
/i/ 462 2,579 3461
Ju/ 459 1,854 2,781
/e/ 582 2,195 3,110
Jo/ 537 983 2,926
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4.2 MIEBREBTICSIT32RIZOING

MERETNIZB 2 740~y MRIES X OREBOZ2HHET 5720, K
35D~y R7xUns, FEAERINZ. BRINZFEL, GFEZTNLZENO
REFIZH UTC, BPN (1w MA 7 EEE: F1-F2 OHEEREED» S F2-F3 O
JEAWE) , LPN_F12 (7 b A 7 JEEE: F1-F2 O d AR , LPN_F23 (A1
N7 A F2-F3 O EEWNE) , HPN.F12 (B v b4 7 @EE: F1-F2 O
FIEWE) , HPN_F23 (v b4 7 FEEE: F2-F3 OHEEKED) , BPN (A v b
F 7 JAE: F1-F2 OB S F2-F3 Od ] ERE) , PN OIETHRL 7.
I o OEBRIFKIE, 70dB, 80 dBDIHTERINAZ. £H-XATE, 3.3 L[H
BRIZ, BRI LI DOERT —RE20ETHEDTHY, SHEEIL 20 MHE
RENTZ, FDD, TORATEIREFITEIZI4RZRAT (TOORE x 2 DD
JEL V) HEZN, BbETT0 X A7 bz, ZOERTIIHEERE Z L2,
350D EE T —RBE SN2, TD-OARERTIE, 1200 D& % 247 U 7-.
4112, #EERFE 1D /a/Il270 dB D BPN 2 EHE D 7 1+ — KNy Z{HRIZAINL 7=
BROYIBIR AR T MV ERT. 7z, M42IZZFDROEER LD X XT MV
ERT. ZOFRRNPSEDND XD, 22 TRULBRENEEI L TWE Z
EDIDD.
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4.3 MITRETICBITFDZ 717y NOZE1L

4.3.1 ##R

MERETICB ARSI, ErRRE N 2SRt %2 g, o6
T5720, TAI Y MNEEHEB X OREZFE L. X 4.3-16 1 FEBEEE O
F1-F20ZbZmRT. 7472 MEFEBIE, BrREREICBITARERGEDF]L -
F2 DR T T nEEEL U, HFRETNICB T 2RERZENE 2 o%E
fBU7zhZR L TWa. #illic F1 0Z& b%, #Hitiic F202fb2zR L TWbE. 7+
=y MREEIE, FrREEIZE T2 EHED FL - F2 OiRIEZ 2 ke e
U, ZZ2ofdB2IL L7022 R L TWA. il F1 02 bz, Hfillz F2 D2
bR LTWSE. ZNHDFEEPS, HEREFIZL->TELEREILIZLST, &
JEL RV DEIZ L BEBADMHADIPLT WD WD T e nhd. £, FEERHIEK
DRFEEIZE > T, ZIALOREZIZEVWDEDH DN D0D. ZOMENS, £
FEIZ L BE 2R 57280, ZNoDB%E RS - FETEHL, EEBRllE e
BEZLIZRUZHEDDR 41T TH L. HPRBEETORGE2HEEL L, £IH»
5 F1 - F2 O FEBOPMIRZEAL U T=h, £72, RIEAAB ZL L7202 T h
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BEAFNZ, F2IEEIRIEAANICEAT 2MHARHE Z B nhrotz. £7-, &
FMEE L UCPN 20U 7256, BRI NMEAOZELD, oM %24 L
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MU 72354, RRINEEOZE, MmoMZ2MINL 258 L ERTHRD
INSWZ Dotz £72, BRMZF L LT, PNZ2MILZEEL, NN 24
UG EIZBWT, F1 OEEROZEI, 66 DERIEOBEIZBENTD
AU LD RERZRLTWSZ N0 5. LML, 7472 bDIRIEDEAL
WEEL TIE, 80 dB Z{IIL 2B B \WT, PN DGEDHANN & AR TR E W
Ze Wb, LPNOEAE L HPN D& 2 HHIRT 5 &, R U ZHEAIOZIL,
LPN Z AU 7B B8V T, HPN Z 1L 7ZBRIZLER TR EWZ 30 h 5.

4.3.2 #ER

MESEBREI N IZBWT, b MORKEEE, HSOBBICEDL ST, FLITEREG M
2, F2IXEIREARANEAT B L WS HEHEIEF SN2, TDd, FHEKRD
BT, F1-F2 285 H0OEHCEL T, HSomEICEbLS T, TOFEL
NUIZE ST, FTHIZEBB T WS Z eI NS, FiEHmoEENIZE L
Tk, MEOREEZIZZFOEEL ANVIZEDL ST, FOMBEL—FED A E
BdaL WS HIRIIEONELr o7, HIZE DL, HEOREEY, FEL LI
b o3, HKEMENSTHEERT IBOEHIESIZIE, HOREGRADESIC
BUTEEZ >SN WD Z BN EZ 5. /2, HEFD
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