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Abstract This paper describes a method based on combined features with mel-frequency cepstrum coefficients
(MFCCs) and rahmonic in order to robustly detect a shouted speech in noisy-and-reverberant environments. MFCCs
collectively make up mel-frequency cepstrum, and rahmonic shows a subharmonic of fundamental frequency in the
cepstrum domain. In our previous method, Gaussian mixture models (GMM), hidden Markov model (HMM) and
deep neural network (DNN) are constructed with the proposed features extracted from training data which includes
a lot of normal and shouted speech samples. Especially, our latest study showed the effectiveness of our proposed
method through detection experiments for shouted speech in clean and noisy environments. In this study, we eval-
uate the detection performance of shouted speech in noisy-and-reverberant environments. The results show that
MFCCs and rahmonic were effective for representing an utterance mechanism including both vocal tract and vocal
cords, and these features were independent of noise and reverberation. In addition, DNN could achieve higher
performance in noisy-and-reverberant environments than GMM and HMM.
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1. ¥ L &I

BEERERAT LY AT L%, A2 e BTGB
RRET272OICFEEREHERZLTWD. EEREICIE,
ARG R (FHERTERY) LHERERAER (WO R
WEREY) BEENTWVWED, BIEO— RIS AT L,
AR Z 70 & Tt U - B RIS 72 1 2 R U CAETGBE & B
FHLUTW3 [1],[2]. ZOMEZMERT S0, EFEIIAS
Tl U 7z R IEHR M~ 1 7 0k > TRl U 72 S 8w &
REHEEZRE T 2% EH I T WS [3]~[5]. RIZH A
Z DOFADRIETRZ 5N 5 EHHMEBITOMIEY AT LIZH
HeTsZeT, PRV AT AREOERE 2 BfET 5 Z &A%
feX 72, BREFRBOMIMMRZRERIC ELIE 65 L
HTE5.

THEREM-oTHEEFRERIMTEIFELLT, ZhET
WEIRRBEEOh» S EHENREFETH WO HEZ MBS
DFEEPBZCREINTEZ)~[9. LrL, ThoDF
HEIZIEFFENAPRMERBE D SNR ICKELEKFET B L VD
MERD -7z, FKEHNEPHESERED SNR IZIEFELRWVWT
Tu—F & UT, AIWVTTANT L (Mel-frequency cepstral
coefficients: MFCC) 12D WTHEZEL 72 GMM (Gaussian
Mixture Model) %2 FE[10], [11] B D, HHFEBE T
BRI HEZRINTES Z e MEINTWD. ANVT TR
b T LIEE T DR BRSO BT £ R B R F AR IC R B
LTWa A, T2 CTHIZHEEIRICBED 2 & R % ik U
BRSO 20N 5 2 & T OFERHMERED [ _EAMG T
5.

41k, TN FE TIZ Rahmonic & IEIXN 5 FAREHEBOKT
PR DB OERBIZENI THEZ L Z2HSIZL, FELD A
WIrTANT LA UBRR SO E2 BT 5 HiEkxRE
U7z [12]). BARMIZIE, KREONEFEH LW OHE» Sl U7z
Rahmonic & A7 TA N 5 LZHEDI FEE TV (Gaussian
Mixture Model: GMM, Hidden Markov Model: HMM, Deep
Neural Network : DNN) % fAWTHOEZBRE LTz, K
CHTERTIE, 27U — VEREE & MEEBRBIIC B 1 B WO O R
BEZFHME L, REFHE (Rahmonic & AT AN T LIZHD
WTHEREL 72 DNN) O RHIVEREZHERR L 72, AR TIE, H
WWERBZREL T, M LRENRAET ZREICE»TIHE
N7 B HE OBEMEREZ M 5.

2. Rahmonic & X)L TR NS LERBWELY
UERH

2.1 SFEEHE (A4 TR M4 - Rahmonic)
Fixlx, ZTHF T2 Rahmonic & A)V7 T AN T L% AW
WOERIBIEZRIBRE LU= [12]. AVT TA NS L%, AROLE
HREEZER LT TA NI MR TH D, HEEEETIEEH
ERET 200 ERBEL LTHWSNTWS [13]. —F4
Rahmonic &, HEAREHOMFABKE S TH D, AMOHHHE
B Eb 2 REE KRBT 5 [14]. 2 LT, R [12) Iz
T, INSOEFEREEI TSR EMORTRRS Z &2
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ZZT, M1 M2 ISR MO N 58T —
AR WNET TANT LERT. ETHBAT—ZART bV
IWEHT S, M 1(a) OFFHER LD B 1(b) OUUHEDH
WERADPBHINTENTVWE I LR TES. T 72
FIAIZBEWTDH, B 2(a) DFEE A ICIFBHEF RN LD 5
7= Rahmonic % ¥ 2(b) QWO TIRXHIHEIZHR T 5 Z & 2T
5. ZOXICHEEEESY T AN S AT E BiE A
CUMUFEDOMIZERNDZZENSE, AVTTARNT LR
Rahmonic 2\ 5 Z & THEHEEICWOEZKRHT S Z & H
HTE5.

2.2 METILIT) X4

B 3 icm O FE O FIEZ RS, WORZMIET 5 Hike
LT, RUDIZFONGL 2 FESAE WM TE2 S L7
Rahmonic & A VT TA NS LEHWTHERET IV EMET 5.
RIZ, FEERO MRS TSRk U 72 8HI:% 75 5> & Rahmonic & X
NI TANT LEIHL, ZhsOEFEREREeEZHL-TE
BTV E O TG &2 L L OE OV s 8
T5.

RIFFEETFT N L UT—HIIZ CMM 2 RIHS T W
N, HxFINE TICMOERBIZHN S FEE TV E2/KERD
Gaussian Mixture Model (GMM) #*& Hidden Markov Model
(HMM) *® Deep Neural Network (DNN) (Z#55kL T, Zh
TNOEEETNVDPUTFEREICE 2 2 8 % 51 L 72 [12).
GMM (B A 149 2 N A & AR R % D T O s
ZETIMELTWS. HMM 1335 5 RER ORI Z L 2 R
TELHEETNTHY, WO IR & AR TREERM
RIANF-ORMEEHRRZR S Z L [15] 225, HMM % H»
52 THAREMEORMMEL BT 5 & THUFERE
OMRERENYIAETES. ZLUT, DNNIEZ=Za—5 )%y b
T—2D12THY, 2y b7 NTHRVEHMEEZEL TS
D, BIZALEZETEREE (KROGE, ANVTTAN T A
%> Rahmonic) , HJJfE% FEERA CEHE R EWOH) &L
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B3 MO T LT XL ORE
THIGFF 5 Z & T, DNN 2O FRE DO D EHE TV £1 ERRH
CLUTHHTAZENTES, -2y NI —2 I A N Training data | Female speaker: 400 samples
FPESBUIRIC I U TRAN 2170205 i & THEMT 5 Male speaker: 400 samples
N = N S " y Testing dat F it ker: 100 1
R, TR A7 3 1 RO AR 1 A 50 R T oong Cata | ol spearar: (L sambies
_ o Male speaker: 100 samples
HiHHT2 oL HX N5, Sampling 16 kHz / 16 bit
Hii > N oy - 3N N
HIE (12] £CWl, 7Y VBB MRS BRI BT 2 MU HED Acoustic 12 orders MFCCs
*ﬁﬂj%%ﬁ%@ bff%%%?f@ﬁ;a]‘@%%aﬁ L/'Cl(\f:. ZK*%'C“@, feature 12 orders AMFCCs
FICHEEREZRE L T, #Y - BETICB T 20 FERHIMERE 1 order Rahmonic
BT 5. FUKICIE, MG REBASEA 7o & % RHOTH Acoustic L GMM
ETERL, TOEETINFIAVT 1Y a3 VERE TS model 2. HMM (3 states)
BEFNEMACTIHOEE R 2. 3. DN
Noise White noise, Speech babble [18]
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EREELZ. EAHICB ) 2 HIERERL D, GMM &
HMM OREARUE 128 ZFH L Tl 247572, %72 GMM &
HMM OREHIZIE HTK [16] %, DNN OFE4%Z1% Chainer [17]
AWz, HMM 13, left-to-right T 3 REZEBE T LET IV
ZHH LU 72, DNN THW A S SFERMEOKA 7 L — o580,
17— (BEZL—L0DRKR), T7V—54 (Fitk3 7L —»4
EEL), 11 7V—4 (§ig5 7V —20%88) O 3HE R
NEIE3E (BFEOETEIX20) & U7z, E7-REHEEROHH
T, EEA—T VT A EREL TCEEETVOFETHY
EE IR RRBEEEEH e e, HiEIE, NOISEX-92 (18]
ORI DA XA —=FNT NV AL XL, SNR IZ oo,
20,10, 0 dB D 4 FEEHEZRA L. b, BHEINSRLDE 2
KEDEEEHEL, ThENE2EETF—XETANT—R L
U7z, FREIL, 3FHOBEERE (RI=E : Te=450 ms, ik
= Teo=600 ms, TL XN—XF—)l: Ts=850 ms) DA >\
WAIRE R FET— 212, 3TEEORERE (%%  Teo=450
ms, FEETF : Teo=600 ms, BB : Tgo=850 ms) D >V A&
BETANT—RE U7z, EFERERIE, 20 ms D7 L —
Lhys MFCCs (12 ¥k7t) , AMFCCs (12 ¥&7t) , Rahmonic

(1¥k58) ZHEH L.
LT,

1. #HBIE (%)
ETOVHERLWOEON, U KRR & Nz
FEY Y TVBOEE
2. BRHE (%)
ETOFHEFRDON,
VIV DEG
3. BENX (%)
E2TOUWTEDA,
VTV OEIE
D 3FSEE AWz, EF-AREBRCTHE TS 2SS »DET
HBHZLEERUT, SN 5 9 EIR BT % FEL 7=

3.2 RRER

B 412, 2FMEEICST2EEETVEERREEI O
AR ERT. £7/2K2, 3ITRTA A RTBT 50
R, MR, MENRE, R4, 5ITAE—FNTNJ A X
B 2HAIER, BBHER, HENRERT. RBEEMHERE

BTFHEORERN % Tl 5 72D DI L

FoTNUOFEE LTHRMN S NG HY

Mo TTHER L LTl s gE Y

-51-



# 2 Identification accuracy [%] in noisy-and-reverberant environments (Noise:

Whitenoise).

SNR=co dB SNR=20 dB SNR=10 dB SNR=0 dB

GMM M R |[M+R| M R |[M+R| M R |[M+R| M R | M+R

Teo=450 ms | 95.9 | 95.4 | 96.1 | 96.5|94.1| 97.5 [96.9|93.6 | 97.7 |96.8 | 77.0| 96.8

Teo=600 ms | 93.9 | 93.6 | 95.4 | 97.0 | 94.1 | 974 |97.5|93.7| 973 |97.5|76.3| 97.5

Teo=850 ms | 93.7 | 95.2 | 95.3 | 96.6 | 80.7 | 96.5 |95.8 |94.2 | 95.6 | 96.5| 78.6 | 96.5

SNR=co dB SNR=20 dB SNR=10 dB SNR=0 dB

HMM M R |[M+R| M R |[M+R| M R |[M+R| M R | M+R

Teo=450 ms | 92.2 | 87.6 | 95.0 | 96.3|91.1| 98.0 [96.3|92.0| 97.1 |92.6 |84.1| 97.3

Teo=600 ms | 91.7 | 87.7 | 94.6 | 96.8 | 92.6 | 98.0 | 95.9|91.6| 96.8 |93.1 |85.6| 96.8

Teo=850 ms | 91.2 | 75.1 | 94.8 | 96.4 | 82.4| 97.0 [94.9|76.5| 96.2 |93.2|77.8| 96.4

DNN SNR=co dB SNR=20 dB SNR=10 dB SNR=0 dB

(1 frame) M R |[M+R| M R |[M+R| M R |[M+R| M R | M+R

Teo=450 ms | 91.5 | 53.7 | 93.3 | 94.3|49.3 | 95.3 [92.4|49.9| 924 |85.8|58.7| 87.5

Teo=600 ms | 92.4 | 53.5 | 93.4 | 94.5|52.6 | 96.2 | 94.6 | 50.3 | 95.8 | 90.6 | 63.1 | 90.5

Teo=850 ms | 92.3 | 58.4 | 94.2 | 94.3 | 54.8 | 95.5 |91.2|52.2 | 93.1 |87.2|65.0| 87.6

DNN SNR=co dB SNR=20 dB SNR=10 dB SNR=0 dB

(7 frames) M R |M+R| M R |M+R | M R |M+R| M R | M+R

Teo=450 ms | 96.6 | 60.6 | 97.8 | 99.5|55.9| 99.4 |98.8|60.5| 98.3 |95.6|46.0| 97.6

Teo=600 ms | 98.0 | 59.1 | 98.2 | 99.1 | 58.0 | 98.6 |99.1 | 62.6 | 99.9 |97.4|52.6 | 97.2

Teo=850 ms | 98.4 | 66.2 | 99.4 | 99.0|65.3 | 99.6 |[99.1|59.8| 99.8 | 93.8|52.1| 95.4

DNN SNR=0co0 dB SNR=20 dB SNR=10 dB SNR=0 dB

(11 frames) M R |[M+R| M R |[M+R| M R |M+R| M R | M+R

Teo=450 ms | 98.2 | 63.0 | 99.1 | 99.8 | 60.7 | 99.7 | 99.2 | 63.1| 99.0 | 94.2 | 48.4 | 95.6

Teo=600 ms | 98.9 | 59.8 | 98.9 | 99.6 | 62.9 | 99.3 | 100 | 62.5| 100 | 97.6 | 45.6 | 99.6

Teo=850 ms | 99.3 | 68.3 | 99.6 | 99.9 | 65.9| 99.2 | 99.8 |62.4| 99.6 | 95.5|49.0 | 97.3

*M: MFCCs, R: Rahmonic, M+R: MFCCs and Rahmonic

# 3 Misdetection rate [%] and misrejection rate [%)] in noisy-and-reverberant environ-

ments (Noise: Whitenoise).

Misdetection GMM HMM DNN (1 frame) | DNN (7 frames) | DNN (11 frames)

rate M R |M+R | M R |[M+R | M

R MR/ M| R |[M+R| M | R | M+R

Teo=450 ms | 5.6 124 | 4.6 |9.3]16.8| 4.4 8.8

584 | 7.5 |2.1]53.8]| 2.0 1.5 |46.0| 1.7

Teo=600 ms |3.8|12.6| 4.6 |9.1|158| 4.2 7.8

56.4| 45 |20|493| 06 |[0.3]47.0| 0.3

Teo=850ms |6.1|31.4| 74 |9.2|372| 56 |125|56.0| 80 |3.5|420| 0.6 |3.3]36.5| 0.5

Misrejection GMM HMM DNN (1 frames) | DNN (7 frames) | DNN (11 frames)

rate M R |[M+R| M | R |[M+R | M

R M+R| M| R |M+R | M | R M+R

Tgo=450ms |1.0|11.2| 1.1 |0.6 51| 0.7 |95

439 85 120|445 | 1.3 |23]418 2.0

Teo=600ms |1.5|11.3| 0.6 |08 43| 1.3 |6.6

41.5| 6.2 1.3140.0| 1.6 |1.0|42.0 0.4

Teo=850ms |1.3|10.8| 1.0 [ 1.1 50| 1.2 |87

399 | 72 126|427 20 |1.4|418 1.5

*M: MFCCs, R: Rahmonic, M+R: MFCCs and Rahmonic

FHIHEIL, RMELBREDO SNRIZH T3 EEMERER LT WS,
KPOKRZFEREIC B 2 &&EREEZ, ZULT M), R],
M+R] &, TNFNALT T AT L, Rahmonic, MR
HOHOKRZRT.
FPHBEFVICERTSE, £2~4 &0, DNN (HHzH
EI7V—L2BM 11 DL E) 2E5EETNVELTHWSZ LT
b @Ok BIERE (S R EE ORI SNR 7 &R <
ETOBRET 95%LA EOFAIE) ZiEM L7z, Z3id DNN 23
GMM *» HMM & I U THFPREOHE 2217 3
FEMRIIC AR R R R BRI T E e EZ 5N 5.
%7 DNN O#E& 7 L — L8z oW TiE, #itgs 7L —24 (B

11 7V—24) 2HVWEZ2T, O7 L —0E2HWHE
DBHMWRELWE L2 eh s, MOREMEI XSS %
U ANRBENPESTH DL Z L ¥bh oz,
WIZANRERIZER T3 8, @FNIZALVT TA NS LH
K, DI ANV T AT LL Rahmonic 2 #H U 72 5%
BEHAWSZ L TEWVIEMNMEREZERT LI N TEZ. K
IZ SNR MEWEE (SNR=0dB) 1F¥, AVTTANTLE
Rahmonic % fffH U7z A58 AIMERED RET 5 Z & 2/ERAL 72,
Z DAERD S MG ORENRET HREICBVWTE, Ao
Fer s (R e FARRHE) 22 NENANT TA T A
¥ Rahmonic ZFIVW TR LK RBHTETWEHLEZOSND.
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# 4 Identification accuracy [%] in noisy-and-reverberant environments (Noise: Speech

babble).

SNR=co dB SNR=20 dB SNR=10 dB SNR=0 dB

GMM M R |[M+R| M R |[M+R| M R |[M+R| M R | M+R

Teo=450 ms | 97.9 | 92.4 | 97.1 | 97.6|92.1| 98.7 |94.6 |91.6 | 97.3 |88.7|75.1| 91.6

Teo=600 ms | 93.9 | 90.6 | 91.4 | 97.7 | 91.0 | 96.7 | 95.991.2| 97.0 |88.3|74.4| 915

Teo=850 ms | 93.7 | 75.2 | 93.3 | 97.2|79.5| 97.6 |95.2|83.3| 95.2 |90.3|68.5| 89.2

SNR=co dB SNR=20 dB SNR=10 dB SNR=0 dB

HMM M R |[M+R| M R |[M+R| M R |[M+R| M R | M+R

Teo=450 ms | 94.2 | 77.6 | 94.0 | 97.5|77.0| 96.5 |94.4 | 74.8| 94.2 |91.2| 749 | 83.6

Teo=600 ms | 93.7 | 77.7 | 94.6 |97.8 | 77.1| 96.2 | 95.0 | 75.2| 93.6 |95.2 | 74.2| 82.3

Teo=850 ms | 93.2 | 75.1 | 94.8 | 97.3|78.0| 96.9 |[95.3|74.5| 90.9 |94.4|68.6 | 82.0

DNN SNR=co dB SNR=20 dB SNR=10 dB SNR=0 dB

(1 frame) M R |[M+R| M R |[M+R| M R |[M+R| M R | M+R

Teo=450 ms | 91.5 | 53.7 | 93.3 | 89.7|51.9| 91.2 |85.5|54.3 | 88.8 |79.5|66.6 | 79.2

Teo=600 ms | 92.4 | 53.5 | 93.4 | 89.3 | 54.0 | 90.2 | 85.0 | 54.8 | 86.3 | 80.7 | 67.0 | 81.4

Teo=850 ms | 92.3 | 58.4 | 94.2 | 87.7|58.2 | 88.9 |83.7|61.0| 86.0 |79.0| 73.8 | 81.9

DNN SNR=co dB SNR=20 dB SNR=10 dB SNR=0 dB

(7 frames) M R |M+R| M R |M+R | M R |M+R| M R | M+R

Teo=450 ms | 96.6 | 60.6 | 97.8 | 96.1 | 58.1 | 96.6 |94.7|62.8 | 96.6 |91.4|69.7| 91.3

Teo=600 ms | 98.0 | 59.1 | 98.2 | 96.0 | 61.4 | 96.4 | 94.0 | 62.0| 95.4 |90.4 | 69.8 | 94.3

Teo=850 ms | 98.4 | 66.2 | 99.4 | 96.1|67.0| 96.7 |94.1|70.0| 95.7 | 88.0|63.7| 91.3

DNN SNR=0co0 dB SNR=20 dB SNR=10 dB SNR=0 dB

(11 frames) M R |[M+R| M R |[M+R| M R |M+R| M R | M+R

Teo=450 ms | 98.2 | 63.0 | 99.1 | 97.6 | 60.9 | 97.8 | 95.2 | 64.7 | 96.7 | 92.8 | 71.1 | 93.2

Teo=600 ms | 98.9 | 59.8 | 98.9 | 96.6 | 64.4 | 96.6 | 96.1 | 66.1 | 95.6 | 93.4|71.0 | 93.9

Teo=850 ms | 99.3 | 68.3 | 99.6 | 97.5 | 67.7 | 96.8 | 96.1 | 72.7 | 96.3 | 92.6 | 70.9 | 95.4

*M: MFCCs, R: Rahmonic, M+R: MFCCs and Rahmonic

# 5 Misdetection rate [%] and misrejection rate [%)] in noisy-and-reverberant environ-

ments (Noise: Speech babble).

Misdetection GMM HMM DNN (1 frame) | DNN (7 frames) | DNN (11 frames)

rate M R | M+R | M R |M+R | M

R |[M+R| M R |[M+R| M| R | M+R

Teo=450 ms | 11.8|11.8 | 4.7 |72 |38.1| 16.1 |15.1]60.0| 11.6 | 4.3 |51.2| 23 |2.7|49.5 2.0

Teo=600 ms | 109|129 | 6.3 |42 374 | 16.6 151|594 | 11.6 | 5.9 |49.7| 1.8 |2.0]| 485 2.0

Teo=850 ms |10.6|33.2| 80 |4.7/49.0| 19.6 |18.9|54.6 | 12.1 |12.1|422| 2.2 |6.5]|35.9 3.2

Misrejection GMM HMM DNN (1 frame) | DNN (7 frames) | DNN (11 frames)

rate M R | M+R | M R |M+R | M

R | M+R M| R |[M+R| M| R | M+R

Teo=450 ms | 1.0 |15.8| 3.5 |4.1[10.8| 1.0 |15.3

36.8| 14.7 168|320 | 6.1 |54]|312 4.7

Teo=600ms |1.1|16.0| 3.5 |3.7[11.5| 2.0 |15.3

359| 15.0 |6.1|31.2| 6.7 |53]|298 5.4

Tep=850ms |1.0]12.6| 4.0 |3.0| 3.6 1.4 |16.2

31.0] 150 |70 |31.1| 52 |49]29.1 4.2

*M: MFCCs, R: Rahmonic, M+R: MFCCs and Rahmonic
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A N7 I (Mel-Frequency Cepstrum Coefficients: MFCCs)
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