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On the Theory and Digital Method of Speech and Oral Culture Inheritance

Kong Jiangping

(Department of Chinese Language and Literature, Research Center for Chinese Linguistics, Peking University)

Abstract: Speech and oral culture are the most important parts of human civilization. Their methods of inheritance have

been developing along with the development of society and technology. The diversities of speeches and oral cultures in the

world are endangered with the advance of globalization. This paper discusses the basic method of speech and oral culture

inheritance after the analysis on the inaccuracy and imperfect records of traditional writing, audio and video and then

proposes an inheritance method based on multi-speech models. Finally, the theoretical basis of speech and oral culture

inheritance is profoundly discussed form the view of speech and oral culture cognitions.

Key Words: speech; oral culture; digital method; cultural inheritance



ERIEWNFTVIn#C2V2 FHEEETEA S

FRE, LITE’
(1 HEhA% SMNEVEE, T 133002; 2 LRAY REESXER, LR 100871)

TR A FHBh A B IS AL A0 S EAEV In#C2V 20035 15 FH S35 15 C2 ATV 200 i b 3 R m/ A BV 10398 a1 ) 2 85 B 6
SERRIL: (1) C27h B & M T/ 26 3 HRE A S A B AR TR, — BAMEAEV2R VIS R, (2) C2OXUE & Al
RAEFAEN, AFAEV2R VN a0, JTE ROV R IR BTG E A E V2, f5#H R MBS N BUE . 3)
C2y T R B M B H RO, AT SRR H AL — A R EGR ay [FfL, XA RS 8 AR & RIS A K. Bk S5 RSk
HIE T RO PR A BB SE R F 5, TR BE s g T S A A PSR B BAR A
KR s ARBE: W R LS
HE»KT: HOLT
Anticipatory Coarticulation in VIn#C2V2 Sequences in Standard Chinese
LI Yinghao', KONG Jiangping?
(1 Foreign Languages School, Yanbian University, Yanji 133002, China; 2 Department of Chinese Language and Litera-
ture, Peking University, Beijing 100871, China)

Abstract: This paper studies the anticipatory coarticulation of C2 and V2 on alveolar nasal coda /n/ and V1 in VIn#C2V2 sequences
in the Standard Chinese. The results show: (1) the articulatory place and tongue gesture of the alveolar nasal coda is determined by the
following C2 with the anterior portion of tongue and tongue back being the primary articulator. The transconsonantal vocalic influence is
not observed. (2) V2 affects the V1n when C2 is bilabial or alveolar consonants. In the former case, the tongue body gesture undergoes a
smooth transition from V1 offglide to V2; and in the latter case, the V2 effect occurs in the offglide of nasal coda. (3) When the following
C2 is velar or labiodental fricative, partial place assimilation or complete alveolar closure is found in the majority of tokens, indicative of
the articulatory strategy used by the subject. The above results support the scale of coarticulation resistance for consonants and lay theo-
retic foundations for the articulatory modeling of the Standard Chinese.
Key words: electropalatography; alveolar nasal coda; anticipatory coarticulation
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The chest and belly breathing control in speech production
YANG Feng', HOU Xingquan®, KONG Jiangping®
(1. College of Chinese Language and Culture, Jinan University, Guangzhou 510610, China

2.Department of Chinese Language and Literature,Jinan University,Guangzhou,510632, China
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Abstract: The paper studies the chest and belly breathing control in speech production and its relationship with the speech prosody.
The results show that Chest-belly compound breathing is manifested in normal speech, with the belly breathing reset preceding the
chest reset and start of speech signal, and the length of expiration phase relatively equaling that of speech signal. Poem chanting
requires more air volume consumption than in normal speech. The function for the chest breathing is to provide sufficient air volume
for the maintenance of the thoracic cavity expansion till the end of utterance. The function for belly breathing controls the release rate
for the chest breathing through the contraction of the abdominal muscle and diaphragm, thus securing the continuous speech flow.
Immediately before a prosodic sentence, a reset is found for both chest and belly breathing. Immediately before a prosodic phrase, the
belly and Chest breathing signal trough will be found. This research is of great signficance to understand the respiratory mechanism in

speech production, and will lay foundation for the articulatory modelling of respiration.

Key words: breathing control ,speech production; Chest and belly breathing
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On Expert Opinion of Forensic Speaker Identification
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Abstract: This paper is concerned with a critique of how to express the expert opinion (conclusion) in forensic speaker
identification (comparison) cases, for which considerable discussion has been made. First, five approaches that have been put
into practice currently, namely, auditory approach, spectrographic approach, acoustic approach, auditory-acoustic approach
and automatic speaker recognition are reviewed, and the merits and demerits are pointed out respectively. Then four
frameworks of expert opinion of forensic speaker identification, namely, binary decision, probability scale, likelihood ratio
and UK Position Statement are presented and commented. The authors argue that all the four frameworks are problematic
somehow when they are put into implementation, and thus we contend that scientificity, logicality, reality, feasibility and
other value choices should be balanced before choosing framework for expert opinion. As a conclusion, we believe that basic
and cooperative research should be strengthened by experts with related backgrounds on improving the forensic speaker
identification approach of analysis, and maybe this is the fundamental method for solving this problem.

Keywords: Forensic Speaker Identification, Expert Opinion, Probability Scale, Likelihood Ratio, UK Position Statement,
Bays' Theorem, Value Choice.
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BEER REREMENEEFERNEMM L ERATL, SR
TURRNZERBARES.

_L/em‘ U\%ELB]I’IUT*IZ% [34] P18-25 & 197-206 . [35]P207-230 _]5‘
SOREED SRR R O E TR H A Z
W, AH R H A0 AR A 1 B E B AT A X
VLA (pattern-matching) "™ P9 i Fi%
T3 AN 75 1 AT BEARE AR o ek, 20 T
T H S AR R E S R R AR R P, A R
R E PR ZE . 2007 4 TAFPA 4F4Hh Bt iE
WA G TR Tosi ™ B (8D
EEXREE P A% TV T U00E N 55 e R 2
i, 5 BT, ERE R, X
T BB S KRB SR I 75 o Sk B S TE 5
Z [ B % Rk = SR AR . AV B R
R Z B, DN EAROZ A T % e Sk 7
HAR e, 20 tHed 70 4%, EEHS
T LG 2 BT N B R W 40 B E T TE N E
A AR E AR T, TR T
AL EES, Ry R S a Tk
(aural-spectrographic approach), BN E4)
M 5405 B WA 77531 F 07 VAN [T
—FEEATITE, VEW R3O AR EIAN T AT
EEXT A 7ok, X RAR Kk E, (HR IR
FRAMKIB R A1 258 20 AT, 1979 FH—6
IRA s I RS (RN “Bolt ™
Miet: “BRSCEERR], H-Ir kT
WP S S A SIS B AR, W LA BIR = RS
JE o FE R AR RSO T, RZEFRACE]
1-2%:- SULFEIN, & OS] 7 RER
ATIXF 0 B B 25 A T (R V8 8 S O K 7 2 )
TEIT AR A — 2. B AiA SR 2 3 1 S50 7] FHE
P2k B B AR AL BAHZ M)A
HAERR LS IR 25 5 . AR IX Be 45 FUANRE 0T S ik
HH 2 E AR R SRR N IR S AT A
o) R G AE T, X LTI N) “” S5
()7 AT A2 ot 7 i B PR A gk AT B AR M 1 A
o0 DG TG 55 AP T 5 B R 2 [R]85, I AR
HrPER ", BRI AT 15 3 2R R 1 3
AT, AN ANAKIRAHE “RET 7 Tk 5 A Eeoehvs:
MU FIFR L . TAFPA 76295 Hh AR [] 58k T 5%
] @ E VL, RO 1 B g7 B A i o L
ST, RS e AT Onik'. KTy

¢ BEXHHIRIER “voice identification”, {EZINFIIZAIE
TR BELE” FAAE—LE, BAXIES|I ARREIER.
" 3tit, Morrison EAREEM, MHEVIEMRE IAFPA $HXIREE (80
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RGN AE, TS

Shr b, REBCGHRA R (FBI) £ 1979
F “Bolt ty” REFMIE="1TZHKk—EHME
H RN 54 R 1 L o prids, (B2 AT
PiEs B, FEANG H A R IR g A A
R IR 3 A 43 AN S B AT E Al
FIZ 73, T LA R T I R £ 2 [ B 4>
M AT AR T SRy o0 e e Tt e . ey
TAEFANEFARIT LR 2L PR EE, TS L
POES NP YN NS S Tvaw aUNE =3 E=IP2
AR ITUN2 2, AL L R«
gh55 G L A iR R N R AN 2B H T
S (e ERE RS ).

HTEZEEAR LSRN “Hake
FiR” [ AAFRA — & BB, R A 0 28
(a2, HATHRE S aUE e BRI 77 IR AR 54l
BB A3 B LOXT, T8 & 2o irid (Wi
PR . FIREATISIA, B0 2R AR,
2 FAFAEAN R P A, AH 2 42 8 [ MR BB o vh
ZA R 44 SRR R FREDY N 48K 2 3L
ANERAGIER “FHge” —ia " ™,
2. 3 FEESHE

208k (acoustic approach), tHFRE
ZAE & %% o Mt ¥k ( acoustic—phonetic
approach), JEFEAEEITHE LB AN RE e 5 & 5
JCI T R AT 8 R ) 5%, A S
WA T M ERE S R S B
B AR E (5 G, AR T DL S
JCREEE . B KA/ ERIE S S SeE i
(PR S M S ECE IR 2, A3 E AR 22
ARG A JERL KPR A
FJLHRUE AR | FIE ) B AR P SR I SRR I (1)

L EN A S, ENEREMKREET “UWN” SE0W5E,
{BEM Morrison 5 IAFPA EJE French BN AZSRFAIUEL, 2
EMREEAMIIFEHIEFHEENERE. XTF Morrison XHiZ/al
BEFER™,

* BREIRE"E®, BETFBI BETRES NN SAREIL
LA EAEERN AT, EMERARIEABARRKAR,
BRKIBR RS TiEsiEiR T, MARBFEAER; %A, FBI
FHIEBMERABWBEABNRABEAR (F—2), MES (BERKN
FIINGH) SELEEETRETHWR-BEANNAEE (BEZD)
HEE, MARBYHAMSMFREBBE “IE (match) 7 4R
B, AR RENEESE, WRBEMSEASENERF—E,
MRgESE “I&ER (inconclusive)” HILEL.

T AT RAgREEM TR AR EETRM AL
DFEEEEERF (KB Frye AU, BXFRIEHEANAN Daubert
AN HREBEROERENBTUS R 7, L5 ENEE
Maher 2%, HAENSBEZREZNRNEMREBTLEMIZHEN
HIRE, EIGAREREREREALFEABSHNEETENN, &
MEARRERESH ™,

IR, FeARIESHAT UG R AR 2 K
B RS B, AT Ul AN R T
R EE, BT BIRIRAEE G B Ah, — K
LR AT TR) (VOT). 55 HoT (41t
T OAES) PR (B ELED . BEANE R
R B AR AR TR TP MY 8 S B
THEEHE GE T 77 T R, L ik 2 F 5
IR Z IATE S5 T B RIHEOR, Wb BCH F 4
PEFI 352 AR CLPCO AR 8 B AR #7592 (FFT),
TR ZE KRN T, — ek
s ZEAE TR N 8] (EAERRRZ, Ao
5k Lt T AR, R AT AT T
JEE N R SRR, R, A
AT AR A 7 B R e R o BT 1 3, IR
TBEOLT, IS EX TG B 5 S8 (ndkdR
WD) SR At & AN FT B BR )

2. AR-FESIE

i 4 B X, auditory-acoustic approach
BT B 75 25 43 AT R I B o0 A 5 75 2 A T R
FOTER S, Z BT AR FL g, AMY
& R P RR 7 VR AE S 8 AN ] 43, 1 HL H R
Tl a7 A TSR N R R T2
AT [ L IR “IE5 20 ™,
FEEAR N B 1 o8 455 G LB E &
XF AT, HS 5 [ Ah 2 5 B W o -
ForhmiEe — 8.

REAW N T RIRITE, HWrasthr 55
FOM AT RYE, ARSERR B AR AR A
HAMGIC R T R IR L B
TEERHIEE B &AM E A, AR EAREA, M H
FE SEBR I3 i AR AR AT 2 A B kAT PRI FH I
W5 0 BT 0 PR BER, 1R 2 NI L B
BRI (1) I L, 75 203 A — 7 I AT B AR 20
o3 AT 4 SRR A B AL ) SCHE, 5 — 7 TR AT A
FRALH R RFAE o 52 EAE ] MR SEAE o] —Fh T V5
AT, WFIERSEEE, A AT EGh
S T R RO E Y AR LU E M
—ANEEARILR AT AN RE BT, B AR
fal 8, S L ESENT R, HINNEE R,
PRARVE B A, CEMLEEAE F3dk AR A ) 0 s &

Y B IEETEEE LR B E R RN GRITER
), MRFER—LLHESFMESFERNA, RBEE, &
AREELE S H T RRPLEZ T ELNEMABENEZEETS
HRGES ™

" REZEBEAERRIR R - RS WK
(auditory-instrumental method) “, (B 2iZAEHF2REH.
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) an AR A2 A5 RO [R5 49 b B AH R o &
HEATHE— P LEXT, AR BH R 2 7 2 AT T $E
WA X TR 5 A AT R R AN ], 4 L
R R T AR R B A
5 B R R AR TR AR o e A A
() ) 1 o AR B 3 St 2 N HE SRR
WEBERAMARNEY. KA, BHFAIE,
B KB N R e a7 ™
TG B S B R [R5 4 A% RN PR 2 B
PSR F—7H, fELEETFREAT, HT
XA A B PR AR TG 5 AT 75 27 20 i I 45 R AT
A TEEME, fEX 2R ST 2T I,
Wb, 73 B () &5 SR JC B s he ik B O VEE

WA 75 U 8 S i T iR oA o
FHUAL Y, BRNFN AL X )R 2 0B S S e &
FARE 1% 7%, TAFPA 148 K 22 $50 A ot AR AE
HEZE R TAE ™", EAREE IR . H
FRVE R, %7 E R AR 6 53 B 5 B A i L
TR A R 1 A i M e AR I, JRAE “ART 7
G AR A IS L i, R T2 07158
Ty BT 50 A1 S 22 B s 2 3047 AT =R 4
M, KRR PRAERARIER “1B & Rk b EHAT
—HEMIE, Jessen JFESMEE LX) (forensic
voice comparison) "HERIITTIES “fEbT
VRO CHAR AR WANET, IR SR
S X AN 2 10 89732 T AR B e dfr 7
R o 1, AT R A 7
SHTEE NBE R “hg I BB T IR 1R
BN, iR HE R BT A AR 7, B
TELREIE S P TV B kR
2.5 Wi ABzhiRA|

A= A IR 1A N = By I AR 5 7 N

" B Foulkes F French 748: ZE . BMAMIT. BihF|, 3
=, EZE, EMRANELEEEREBFTEFERZAE EER
Hfz AB=SF-BEF A" (linguistic—acoustic approach));
HEE, ZHERHZHREZNIESFER Hollien, Labov
Ladefoged F AR IFFIAIF; Hob, ELVEH 20 NERMHXER
FRX—7%, HhGEma. 8. 0E. BEHE, #TH.
FMIEMATEETNASE; BFEERAEZERS (International
Commission of Enquiry) F1Et& BrE&IE K EE (the UN
international War Crimes Tribunal) ERMZNEXRHER T
BEZZAE" .

B IRERIZARIE (SHFRIFALL T forensic speaker compar ison)
EEMEERIT, AUBRZANIEE/RIEALE/IRF
(forensic voice/speaker identification/recognition), ZFf
ABKF “EE3t (comparison)” —iRIFIREETF ML A BREIR i/
AN EN TIER B IBES FIHRIESHITENURELY, A
MERIAZ—FLEIER, HIE “$E (identification)” 1§
HHLEL, FRERASEIRIE CEELMEFR) RE— “&
BER” MEIR. A, BT “RiEALE" HESERRTERIE
HERM.

(automatic speaker recognition) ] LLiE
2] 20 4D 60 AR, (HIR I ARTE 75 5L E Sk
IR FHE A 10 F A AN E . ZTEART
4t 5 SN TSt 75 22 bk, 22 33
SERCH, HEEARREE, HifE (55 08 TR
B — 5 WIRE P A, B Fh e ol A SRR AE
SR EPEEL, ARG AR SR S A,
ITRRBS VMR, S e 5 s R 1) — AN E A
vl NAIEEEAL. HAT, & IS SRS
BT RIBIE R B0 (MFCC) ALk T {213 £ %k

(LPCC), 5 FH B 18 2 155 20 2 vy VR A A Y

(GMMD . 15 N H SR 7 2 H 3R
fEwE, RERDPNTTF, — B g
B 7 sk U BRI SR & RIS 2
fifke, T H BN EERE, REEFRZITED
2 WG TR KL, ADEFRAMETITCS

CEGERS) R A BT A TS 3l (H2 iR e X
SEBR AR IR U 2B AR 5, T A 1A F
Al DIONE E SR (L T SRR AL RS, 220 H AT 2
Fo 8OV, BEiE A B3R i 4R it 2
TGS LR IR KM &, TR B 348
AN T
2.6 BMFEEEEEPHNA

i, Gold 5 French @ikt 5 K 13 4
I ZX 11 36 A7 5 U € T oK AT 1 — T K 1h
N ERAR, AR, S e ik
Mma, A 2 NSk (2905 6%),
L N R 22 a0 i (2945 3%), 25 AfdEH
Wrae—s 220 ik (2905 71%), 7 ANMEAUiE A
BTG L% G 20%), WA
B S B SR B 159 (il 0%) 7
IRER AT CUE 1, H ATW - 22 0 B e i 5t
a2 A ) iZ 7% R4 Gold 5 French
TE 2T H A K 75 0 LU 3 A2 AR D TR 2 1
I, (HRFEAERE Z VAL LB AR
T, AR ER AR e EN R, W
MR FEFUEA SR [H . 42 BT, K Hb
X FF & 75 S04 7 b 55 1) 45 7 LR 4 FH W i —

"X 13 NERSERAFT., EibF, BE. PE. EE. BEX
. w=, BE, AYF. HHE, THHE, ZEMEE, 36 IER
B 18 ANERZFBHNM, 13 NEBFSSIRE/HM, 9 AEFRA
TIE, 7 ARMENLE, HPBHNERESMMIE, Xk
LTREEFGHEERFHRMIIER (ENFS1), EEERFESH
AR (NIST) S EPRFELSEENS (1AFPA) = MALRIK R .
UG —3E 35 ARIRT S A AL, EANRXE
HIRE R IFHIEE AMOEEMERZ.
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FE AN, YA B SR R G e LA 2K
HAIONG FAEAZHMA A, B et A
B E N B SR BB ARAE 3 B ik,
H A = KA T S il .
3. NERYEEENNTIEFR

Gold 5 French™ 783 A X AN ] [ 5% /&
F P S e WL BAR R 77 kAT 1A
SR KIANF E K/ B FRIBEHAFERKZE
Al FHOCR} 2 A i b i 850 P U R AR AN — 2o
AR I 13 B K1 36 A7 % Z A% 1 & LR IR
WAFEZEAFLT 5 Fh: =AY (binary
decision). &M PFHEMESFELR LA (classical
probability scale) . %t 7% fl 2R Ltk £
(numerical LR)\ 3L FRIBUSALL L (verbal
LR) . % [H 374 & W JE X (UK Position
Statement). FIR 5 FiE WRIATE X 0lF 28
Py FETD. 9 GEAFNE. EHR], g, E
E. ffz2s BhE. Fmd, KE. EED. 4 GEK
R R ORI FEEEA ). 2 (22, SEED
b CHEE., Y. EHH, 5EE. EE) 4
EZR"HM N AFTEH. RERILERR TS
BRI S ITE YIRS, W IFE—— XN,
EEAnAEASE W i — 75 7 0 i TR ) 25 Ao,
A 10 AMEHS M 0] REYESF R . 10 AfF
HZEE S mE . 2 AMERH vz,
2 NMEMSCFRE LR B0 1 A% LR TE
Ko AT REMERRIRM 14 ALK
iy, A 1 AR 10 A8 R -
ForpTiE . 3 NMEA BN Lt B 5%
TN &R R LR IR T AT
3.1 ZRFIRFEN

ok, BIFERRIA LI R R,
BAKIINE, BEALNERE, BAFHED,
3.2 RHEPATREMFRFIAER

SR T AR T - S A ik (B3

i 2010 FRPE R ENELE ERFRARRITELAGENWIECGE
EE—MEENER) HRIRERE, AEENBEL—LBFNR7
REPSREITERE, REGREW, BRTHEEXBHFES AN
EER, HRIBERA “THE" , R,

" BMMFCEEMWEEARE, BRENEFEAMARSLILEE
WS HET W ATHLEENS, WIERAZXMER, REE
B, MERPAARAZMEARREEEL, IMRASRE
LEMR LR B PEARBEESEE M A S ERIESE .

¢ SRESITHEEENEEREIRE, EFSRELIRERS,
Mk AS (BZRIEAN) EEFAMEANERTEGR EBRAH
BEE, Bit, A—ERNFEERATEREFEIENELRLS
o

v, Ay 8 S F T 5 73 HriE AT B
SN T M55 BEATAYS, i HLAL
KA FIREAS BOE B RFAE 23 ) T 3 b A 2 |
XX LB B R L 18] AR / 22 SV AT I
fiJe Xt i A B VR B R L S REAT SR A VR A
FEFE 57 2% FERFAE T S AN B BR 1 B 2t L, 15
BRLHFMMIET SHAE TR ELZFA A
FITUR OB 5 R 5 o T IR A5 R P A [R5 2
MR RETERRIR, B AN FE /L KRl 0 &4
AR T REANF] O 5 031 11 A, Adkny
A S, (HREA N AR R
QG B GRIAE 9 NMELI SRR

60]
°

+4 ERTIFHRILIZFIEFHE (support the hypothesis
with near certainty)
+3 ERMBEM ZIF MBI (strongly support the
hypothesis)
+2 BRI HRI% (support the hypothesis)
H EREFWHEE LEX#HMBI® (support the
hypothesis to some degree)
0 Jt4ER (inconclusive)
-1 HBREEMEE LA ZHFMRN (contradict the
hypothesis to some degree)
-2 BRATIEHRIE (contradict the hypothesis)
-3 ERBBEHANTIFRIE (strongly contradict the
hypothesis)
4 ERAZFBRRFEIABHE (contradict the
hypothesis with near certainty)
XEBER“RIE"ZIEEMIEE SHARIEE R — A,
A ] PR SEURF AT A FH KR 4 BT AT AL N
FUUL SRR RN 9 %
AR FR: SEEMSRA 7 FRER T &
PL“RRWT” G55 TTEHT S R XA R R
Wk TR AR 5 kR
s E R 22 R B R Stk R
At X 22 BB 8t N 22 SR A
3.3 LR (LR) R
TEFGUE BT, LR S T XA E il
NP T8 4 PR A YRR BE R A 1 5 ARE

" WETRINE, FEAMKN 5 ROXEREET “BARKN” AEM
BERMA CLBELE 20); XKERIERSD TR BR A KIERHHRIR
R, BESMID LTRSS ZEMIER, T8 “BIH” BEEREE
Rk, RS EXFRER, BhEIENROER, MEH—1
BERIGFER, BEREHRIEANERA “BBNEE” ®
X, BEAEREBEAFTEINTE,
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ATEF R, B2 E— AR it (k
MHE B FIREARIEE AR, BZAR AT —
—Z AR Z, FEHUE 55T [RIYRANAS [R5 i o
AT REME I EUAR o 53 AN 2 5 5 R R < [ R A
It (similarity) AP (typicality)
FEAB R T o AHAME R AR S AR A TR S 1
BATE S 4 FAHBEA R REER 2
Ko ZFBARRL, BATIE A R —3E NP mTaet
R . R, PRkt SR e A N (B &
AR, Wd%T7 & BE AT 4028 BIUi s R sk
AR LLECH DL, AT RE LR L, K ot ke 4 e

%, TE B UEE BE B D ek

LR ATBAH 250 (1) 3&ow:

p(ElH)
LR = WHZ) QD)

AR, p RAMEZE (probability), E
xR~ iUEYE (Cevidence ), H, 3 7~ i VF R %
(prosecution hypothesis) , HiRaAIFRIX
(defense hypothesis) , 4iEYFRB IEHIRS,
RN O HNE SR E IREE; Atk
WAERARS, 73 B/ SR [EIIEHE REZE . R
LR KT 1, 1 A AR B 22 B IE 3 SO A 18

SRAREERF AP, &2, WER RN
1, VLB HN B 22 IR SR 3 R AN A
Yo 2 AR AR EAE Z 10, 20 BFIN AR
PR R, GRS A S AEAE E AOAR LR S
e AR W] A IR NPT UL AT REVE A X
Ko RZIRER; BRI, AR R E
FAb DR AR AT Rl S AR ECOR, ez, 4
ol PEBARIT, B T AEAE B U A LA,
A VETE NP R B AT BeVE AR R LR &5
T L WG & SR SR E R wim A
ANASTRJ 8 16 A AT BEVE A — B0, BRI 78 & UL
HUEABIEM T

LR T3 — e 2 AT DA RFAE (A e
TR, LA RFILN LR SUE A,
25 R B R 0 FE R AR (25 LR BB AR,
MsE e R R Ber LR ERD. %
T LR BB AT REANRER I 2 T 78 70 PR,
AEEETM T LR NS R U7
FB LR D T B R LR BB
XA FEE RO N B NSO I, AR 1
E AR ERMAAIE R LR A RHEATRIE,
H AT — SRR e,

1 LR EME R EGBA) AR R SO 3R ok 772 AU R L i 55 2

LR Log LR L RIR A
>10000 >4 IR (very strong) iFEHES
1000-10000 3-4 T (strong) MEHECEE
100-1000 2-3 & FESR Y] (moderately strong ) IF4 32 HF
10-100 1-2 IEJERY (moderate) FHR %
1-10 0-1 HIRA (imited) EHE 2 FF
1-0.1 0--1 AR (limited) EHE 5t
0.1-0.01 -1--2 IEJERY (moderate) EHE R %}
0.01-0.001 —2--3 IEFEER AT (moderately strong ) 1E4 5%t
0.001-0.0001 —3-—4 BRI Cstrong) IE4R KT
<0.0001 <—4 AEHE ORI (very strong ) 1IESE 2 %

T LRAE R FET DU 32 (Bays”  Theorem)

(R)T73%, LEREAE Db 2 DU B B 5 ) 2/ 21
DR ] U A (2) #HTHRR:

PHplE) _ p(EHp) p(Hp) (2)

p(HqlE)  p(ElHq) »(Hq)

JEISNER ISR JRIdAR

(posterior odds) (LR) (prior odds)
ATUEH, FRMFRLSLmMEE LR KR,
J 5 R B S A v A R 2 5 45 3 ) R

(R HIE R N OTRERERD . el
N Zs S FIH S E T R BL LR B
RILWIEFEYS GUbIEEth—FF) Z aist ik
P SEFHEAR B 18] OISR L . EAR 25
WML, WAUNIE IR, TS Ie MR 3R AL
FJRE 2 32 B S b HAt IR U s SR S RO RE I,
DNA. /40 IENIEF 5. ®AR, 78 UIHHrid
HEZRT, PO SE T 50B0A e /1 A BIZ R
Uing ) S IR WP DL v S N R S
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LR & REEF USRS LRTE4EN4, bl
%[5, 8, 10, 20, 25]0
3. 4 ZEIHFEAFHN

JeEL g A AR IR HEE LK Peter
French 7 2005 4E ) TAFPA 4E45 B4R, 44
SR MG K2 A SUE 8 B vl e T
2007 AR TR — 4 2% T H RS A 7R 9L [E VL
& ARSI A, BR— N2 Ah, SEE P
B GUSE TE T KRR A4 RS, 1% WY AT DAAE 4]
AR AR, BB, BRE
BRI AW : —EE (consistency)
TR (distinctiveness). B ZeH Bk AE
B SFEAE S S, — SR IR A
FEARE B ALK 7] — Ul 1 A 77 2 15 2 —FUH
(consistent) BfF&H) (compatible), —%
PEFIWTA LA T =Rl s X

—Z  (consistent)
A—E (not consistent)
T4 (no decision)

I G SRAE— ST AR 2 “—307 1)
SR, BRI T — 0B SRR R R AT
BTG, IR AR 5 ARG
1 IMET (exceptional ly distinctive) Hbinig
ABERZ A X L4 LR & YR RE M —AREL RN AT
SE4 (highly distinctive)

4%% (distinctive)
EEYEER (moderately distinctive)
THF7k (not distinctive)

XA — M SME L, RIS DB TR
P CEeanii s ) Bos i NHIlF2 5
TiRIER LX) (closed set comparison)
AT, N UAN P B IRl 22 ) AR g B s, w]
DA 2R SE FI 2510 o

2 WA — B D7 A5 2 A —8 1
G508, Lo BET LATSH IR A IR R 45 18t mT AR
HPTRetESE R I AT R IR
3.5 FEAFERBEHIHN

Al A DR P 0% 8 B W AT Re T S5 4%
KR, WREMEEHAN b 9, W RHERZ XL
BURIBEAE T O g BRI, AR A
CHEFF ) S PR PR AN 48 5 T VA2 KT I i) it e Ay
TEAIRIA A, — N2 A IR E oL il E 1
“UEE R —INE J L (IFSC 11-01-01-2010)”
CRRRA IR ™, H— R R AEE

EEHR AP (FKEF RS EMIE (SF/Z
JD0301001-20100) (55 3 ¥4y (B [F—PE%E
MVE)) CRFRENESMTE ™ REL R, &
] R i X (1) A 22 ke 882 LG N B I I
FAUE BN S I S E WA E#CRA T A%
77V T I IR 42 PR i 7 08 e M 55 1) 4
MUK Z R T ARG . A2 ()
AIEPEFRINE CHD B8 75 SU8 € 1) LRI 53 1%
5 MNERIA H T HARIIR bR

(+2)  \ER— BER—

(+1) EAER—  f#iERE—

(0) Tkt Tk IR R TR —
(-1 HEEER— HETE—
(-2  ‘ER—-  HxR-

EIR BRI % B [E AN 3 B ZCR - R AT

etk SRR PSR, He iR A — S
ERERRZ, ERPRP T B AARSE R % 7y
PE AT FTANIR], 2 2 BB 3R S 9 o A A
AURFIE “ B ZER, et “ER " HIER
7\%:
“UREE IR EORAGA  AEA R R] (L B T
10 NELE, FAETA 3 KL EARBIRIE;
FITA AT A3t B 5 5 FORFAEAT & 38 90%. B
AIBEEE I 6 AN ULE, BN E A 4 4L
EAROIRIE, FRAEAT SR 95%. WA
A EdE, WASEE T Ukshig.”

L2, FREEINES % E NI E
FERUR, BATHENER) “ o 2R, Bl “AER
—” A
RS SHEARES: AR RBRAT SR, H
FEERAE RN B 8 70 e 1 [A)— NI A B AL
BEH AT ZE FRARFAE » [RIIN 22 7 B AL AR REAS
B & BARE
4. WEMERRER AR
4.1 ZHIRM

B b, siidid NETHE, HaiRt
ST PR ——INE B E, (BAESERRIpGE T, %
SEN A 52 BB 2T R R, X R PR — 7
T AL B A TEH H SR B, 55— 5T
W AR EE (HTE) SAMER R
SRR TE T TR R R, A IS 2 e A/ B

© REBMTERHRERSESFENBRRRA LT LTS
E” B RIETHE" FMENER, BEXRBERTRLETERE
ARSFRHAOHE, TREEBNFARMTLE, BRTEZE
EABSH—FEAFIE, SEXHEHENERLGLTE.
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TS IR TCIR AT, RN, AL E R
W SRARKE U, H R BE TR A R UL TS A K15
B Kk, BT ERAZ RRM, £ rE
T B 5 A8 E B E S R AR
BN, S P % N H O 2 A S T g
PEHIWT . Gold 55 French ™ 78 1 £ Fr 42 21 E o5 A1
A (2 2 A D IR A NAE A R I b e e
2 (H R IR IR i B KR 75 8% 5 Mol A
R EFRIERE GEILIE 17),
4.2 ZHATTEEEFRTAER

FEHERR T e R Z S5, BATCT- 248
B T REME S R IR I, PP SO iR R
X A3 SRl REMESSE IR, AR SRR
WRNEXKIM G, EAMNET . B A8 E K
AR ULHR AR S 2 BRI, RN 5 R
K K AT A AR 2D FIBURHLI AT 2%
T2 A8 o SR X b LR R 48 K 2 %
LR A AE VT - o i T S, DR
FAAG A oA 7 iR 1, (BEAEAE N T M R
55

REZAY 2, BHAREK RS
ARATHONE, HAN R 2 Ab T R BAE W AN 7T : E
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Preliminary Study on the Relationship between Respiratory

Rhythm and Fundamental Frequency of News Reading
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Abstract: On the previous study of Chinese intonation, we now analyzed the relationship between respiratory rhythm and

fundamental frequency by the record of respiratory sensor. The corpus is classified into three kinds of units, they are the big units,

the middle units and the small units Cor first respiratory, second respiratory, third respiratory ). Normally one paragraph is one piece

of big unit, and the complex sentences in the paragraph are middle units, and clauses or sentence elements are small units. After

comparison of the respiratory resetting and fundamental frequency resetting, we found that they are regularly corresponding to each

other. On the whole: 1) the respiratory resetting and the fundamental frequency resetting is regularly corresponded; 2) in the three

kinds of respiratory rhythm styles, the resetting period ( intercept ) is relatively stable; 3) the fundamental frequency of the resetting

of the first respiratory is not as large as the second and third one’ s; 4) the slope and length of the fundamental frequency is

proportional to each other; 5) the slope and intercept of the fundamental frequency is inversely proportional to each other.

Key words: news reading; respiratory rhythm; fundamental frequency; cadence
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Relationship between Fundamental Frequency and Speakers
Physiological Parameters in Chinese-speaking young adults
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Whether fundamental frequency (FO) of speech can
show a reliable (negative) correlation with human
speakers’ body size (and shape) remains controversial,
especially when the age and gender variables are
controlled. No significant correlations between them
were found in most previous studies. And many
studies only focused on body size and the average FO
of vowels (and/or passages). However, a few studies,
such as (Evans er al. 2006), found weight was
significantly negatively correlated with mean FO (r=
-0.34, p= 0.02). The authors also found a significant
negative relationship between mean FO and certain
body shape measures. Additionally, (Graddol er al.
1983) found that not mean FO but median FO and
height had a significant negative correlation, but only
among male speakers. Nearly all of the studies are
about non-tone languages, tone language, like Chinese
are investigated rarely. The purpose of this study is to
examine the relationship between the mean, median,
mode, standard deviation (SD) of FO and 7
physiological parameters (body size and shape) of
Chinese-speaking young male and female speakers.

70 male speakers (aged 19-38) and 74 female speakers
(aged 20-34) were recruited for this study. They were
students (accounting for a large proportion), teachers,
physicians and public servants. All speakers were able
to speak Mandarin Chinese well. The speech material

was a short passage entitled “North Wind and the Sun”.

The speakers were required to be familiar with the
material first and then read the text at a normal speed,
in a comfortable way. The same equipment was used
to record the material in sound-attenuated rooms at
Peking University and the Second Hospital of Dalian
Medical University. All recordings were made at a
sampling rate of 22 kHz and 16 bit depth. The average
duration of materials was 36.0s for male speakers and
34.8s for female speakers, respectively. WaveSurfer
(Sjolander et al. 2000) was used to extract FO values
of the text using settings as follows: ESPS method,
max pitch value 400Hz (for males)/500Hz (for

females), min pitch value 60 Hz, frame interval 0.01s.
Any occurring FO-tracking errors were corrected
manually. The mean, median, mode and SD of each
speaker’s long-term FO were calculated. 7
physiological parameters: height, weight, body mass
index (BMI), anterior neck length, shoulder breadth,
neck circumference, chest circumference were
measured according to the general anthropometric
methods (Xi ef al. 2010). The range of height was
155.0-197.6cm (mean 176.3, SD 8.9) for male
speakers and 144.0-180.0cm (mean 161.1, SD 8.6) for
female speakers, respectively. The distribution of
heights of both genders tended to be normal. Pearson
correlations were calculated to estimate the
relationship between all of the four types of FO and
speakers’ 7 kinds of physiological variables.

The results showed that, for male speakers, no
significant correlations were found between the mean,
median, mode FO and physiological parameters.
However, significant negative relationships were
found between SD FO and measures of speakers’
height, weight, shoulder breadth, neck circumference
and chest circumference. By contrast, the findings for
female speakers were more complex. Mean FO was
significantly negatively correlated with height, but not
for the other 6 physiological parameters. Median FO
was found to be only significantly negatively
correlated with height and shoulder breadth. No
significant correlations between mode FO and
physiological parameters were found. Significant
negative relationships were also found between SD FO
and height, weight and shoulder breadth. Not
surprisingly, FO showed more reliable negative
correlations with physiological parameters when the
data were pooled across gender classes than when
analyses were performed separately for each gender.

For example, Figure 1 shows the relationship between
SD FO and speakers’ height in the form of a scatter
diagram. Linear regression analysis was made for both
genders. It can be seen that SD FO are negatively
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correlated with speakers’ height not only when both shown in the present study. Some possible

male and female speakers were involved, but also interpretations and implications for speaker profiling
when gender was controlled. Similar results will be of the findings will be discussed.
70 gender
8 male
- O female
60
~male
T female

507 male: R2 Linear = 0.195
female: R? Linear = 0.063

R2 Linear = 0 466

SD of FO (Hz)
g

T 1T T T T T T T T T T T 1
140 145 150 155 160 165 170 175 180 185 130 195 200
Speakers' Height (cm)

Figure 1 Scatter diagram of speakers’ height and SD FO for both genders
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Speech Length Threshold in Forensic Speaker Comparison by Using
Long-Term Cumulative Formant (LTCF) Analysis
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ABSTRACT: Long-Term Formant distribution (LTF) is a relatively new method in forensic speaker comparison, by which the results
have been proved to contain important speaker-specific information. However, few studies have been carried out for the fundamental issue
that how long the speech sample should be collected. The current paper investigated the speech length threshold (SLT) by using Long-
Term Cumulative Formants (LTCF) analysis, which was one of the LTF methods. The speech sample for each speaker was segmented into
one-second length subsamples. Pearson’s correlation coefficients were calculated for LTCF values of the whole speech sample and new set
of speech samples that were formed by adding the immediately following subsample onto the speech sample before it with a start from the
first subsample. The results show that SLT can be placed at about 70 seconds natural speech recordings (approximate 20 seconds only
vocalic samples in duration), which are adequate to represent the whole vocal tract resonance characteristics.

Keywords: long-term formant; speech length; correlation coefficients; forensic speaker comparison

1. INTRODUCTION

Formant features are of great importance in forensic
speaker identification, as they contain lots of vital
speaker-specific information. Recently, Nolan and
Grigoras [1], in a case study, proposed a new method of
formant analysis, which was called the Long-Term
Formant distribution (LTF). Instead of selecting specific
vowel targets, this method captures the information from
all vocalic portions, from which formant structures are
visible and reliable, leading to a long-term distribution
for each formant. It can summarize the whole resonance
characteristics of individual vocal tract and reflect an
individual’s anatomy and articulatory habits [2]. Many
advantages of the LTF method are found, including
relatively time-efficient application, high inter-expert
reliability, anatomical motivation (LTF2 and LTF3 are
negatively correlated with speaker height) and language
independence [3, 4]. Meanwhile, the LTF values (and the
bandwidths) of F1 to F3 can also be applied to automatic
speaker recognition effectively [5].

As for any long-term feature (e.g. Long-Term Average
Spectrum and Long Term FO distribution) in forensic
phonetics, the speech length threshold (SLT) is an
important influencing factor. In previous studies,
speeches in varied lengths were used. For instance, in [6,
7], both spontaneous and reading materials were adopted.
The durations of the two style recordings were, on
average, 178s (range from 79s to 313s ) and 39s (range

from 31s to 54s) respectively. After editing for LTF
analysis (i.e. only vocalic portions with clear formant
structure  remained), the  durations  decreased
correspondingly, and the values were, on average, 40s
(range from 12s to 83s) and 12s (range from 8 to 16s) for
the two style recordings respectively. In [5], 22s and 11s
length of samples (after editing) were investigated for
training and test set respectively. In [2], 30s of
vowel/approximant materials were selected for LTF
analysis. Are these durations above long enough for LTF
analysis? According to [8], it is recommended that, using
the Catalina (Version 3.0h) software, speech (raw
materials without editing) lengths should be longer than
10 seconds. Additionally, Moos [6, 9] compared the
standard deviation (SD) of LTFs (F1 to F3) of different
packages (durations were cumulative from 1Is to 10s with
an interval of 0.5s). The author found that there was a net
duration threshold value of available speech material
beyond which LTF’s were saturated, which could be
placed at around 5s to 8s of pure vocalic stream,
depending on the formant and the speaking condition.
About 6 seconds of pure vocalic stream (equivalent to 27
seconds of dialogue or 19 seconds of read speech) were,
on average, enough to produce reliable LTF values [7].

Most studies about LTF analysis were based on English
and German speech and focused on Long Term Average
Formants (LTAF). Actually, there are two types of LTF
analysis including LTAF and Long Term Cumulative
Formants (LTCF) [8]. LTAF shows the distribution of
each formant individually, while LTCF represents the
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vertical addition of all LTAFs (cf. Fig. 1). The present
study, based on Chinese reading materials, examines the
correlations of LTCFs of speech with a variety of
durations , in order to test the discrimination ability and
SLT by using LTCF analysis.

2. METHOD
2.1. Material

Six short passages were selected in this study. They are
short introductions of six famous cities in China: Beijing,
Shanghai, Shenzhen, Hong Kong, Xi'an and Guangzhou
(chosen from [10]). All of texts contain 2,919 syllables
(In Standard Chinese one character stands for one
syllable [11]).The length of the speech materials is about
10 to 20 times the length of general studies' materials,
which can be shown from Table I (cf. the duration
information of the references described above). The
reason for this is to guarantee the hypothesis that this
speech length is adequate to represent the speaker's LTCF
distribution characteristics is reasonable.

2.2. Speakers and Recording

The subjects included three male native speakers of
Standard Chinese, aged 30 to 34, none of whom had any
noticeable voice and speech disorders (owing to the data
processing process was very time-consuming, only three
speakers were investigated eventually ). They were
required to be familiar with the materials first and then
read the text at a normal speed, in a comfortable way.
The SONY ECM-44B microphone was used to record
the materials in a sound attenuated room at Peking
University. All recordings were made at a sampling rate
of 22 kHz and 16 bit depth.

2.3. Data Processing

First of all, a short C program using dynamic
programming algorithm was carried out on eliminating
all voiceless information. Then Wavesurfer [12] was
chosen to edit and analyze the materials. The recordings
were edited by hand to eliminate all nasal consonants and
other vocalic portions where the formant structures were
unclear. The durations of the original recordings and
resulting samples of the three speakers were shown in
Table 1. Subsequently, formant tracking was applied to
all resulting samples by using the LPC-based algorithm.
The first four formant values were obtained automatically,
checked and, if necessary, corrected manually. These
procedures were all applied with Wavesurfer, with the

settings as follows : LPC order : 12, number of formants :
4, analysis window length (hamming): 0.049s, pre-
emphasis factor: 0.7, frame interval: 0.01s, down-
sampling frequency: 10 kHz.

Table 1. The durations of the original recordings and

resulting samples of the three speakers. “m” and “s” stand
for minute and second respectively.

Speaker CH YQ YF
Original duration 11m30s | 12m57s | 17m26s
Resulting duration 3m21s 3m42s 4m52s
(201s) (2225s) (292s)

Percentage 29% 29% 28%

A MatLab program was used to extract formant values,
generate histogram, display the distribution of values and
calculate the correlation coefficients. As discussed above,
many studies focused on the mean or mode values of
LTAF (often F1 and F3). However, the shape, like
kurtosis and skewness, of the distribution of each formant
is also very useful, because the LTAF distributions are
often non-symmetrical. In the present study, we use the
LTCF values for calculating, other than the mean (or
mode) value of each LTAF. The differences of LTCF and
LTAF are shown in Fig. 1. The LTCF represents the
vertical addition of all LTAFs, i.e. the LTCF shows the
cumulative frequency of occurrence of all values of F1 to
F4. For one LTCEF, it can be represented by an array,
which is composed of the number of the frequency of
occurrence (Y-axis), with a fixed X-axis range. The array
of one LTCF is easily-acquired and conveniently-
calculated. Meanwhile, it includes the shape information,
even though it doesn’t differentiate the detailed
information of each LTAF distribution.

Long Term Average Formants

2000

LTAF 1,2,3,4

1000 [~

1500 2000 2500 3000 3500 4000 4560

Frequenfy(Hz)
Long Term Cumulative Formants

0 500 1000

2000

LTCF 1—4

1000

0

0 500 1000 2500 3000 3500 4000 4560

1500 2000
Frequenfy(Hz)

Figure 1. An illustration of LTAF and LTCF of Speaker YQ.
All histograms are displayed in 25 Hz bins.

It is hypothesized that the whole resulting speech samples,
whose lengths are shown in Table I, are adequate enough
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to summarize the resonance characteristics of the three
speakers’ vocal tracts. The whole speech sample for each
speaker is segmented into one-second length subsample.
New set of speech samples (called cumulative samples)
that are formed by adding the immediately following
subsample onto the speech sample before it with a start
from the first subsample are studied. For each speaker,
the LTCF values of cumulative samples are calculated.
For example, the length of 1s, 2s...200s and 201s
cumulative samples of speaker CH are analyzed. And
then, Pearson’s correlation coefficients between the
LTCEF values of the whole speech sample and the LTCF
values of the cumulative samples are calculated. To
ensure the LTCF values of different samples can be
calculated, the range of the whole formants frequencies is
normalized to 200-4500Hz, which can cover the extreme
of the F1-F4 values of the three speakers by the square.

R-value distribution of three speakers

ey

Correlation Coefficients
o
oo

Speaker CH
0.65 Speaker YQ [T
— Speaker YF

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Duration of Cumulative Sample (s)
Figure 2. An illustration of Pearson’s correlations (r-values,
p>0.000) between the LTCF values of every cumulative
sample and the LTCF values of the whole speech samples
of three speakers.

3. RESULTS

Pearson’s correlations (r-values) between the LTCF
values of every cumulative sample and the LTCF values
of the whole speech samples of the three speakers are
shown in Fig. 2 in the form of line chart. The red, blue
and green curves represent speaker CH, YQ and YF
respectively. It shows , for example, that the r-value (for
all r-values, p>0.000) of speaker CH increases from 0.65
to 0.90 rapidly, when the duration is between s to 9s.
From 10s to about 28s of the cumulative duration, the r-
value increases from 0.90 to 0.96 on medium speed. In
the range of 29 to 103s, the change of r-value is relatively
stable (the r-values range from 0.96 to 0.97). From 104s
to the end of the material, another increase appears. To
get a better view of the duration differences between the

three speakers in terms of certain r-values, some special
duration information is also displayed in Table II, when
the r-values reach 0.80, 0.85, 0.90 and 0.95. There are at
least two findings that can be derived from Fig. 2 and
Table II. The first important one is that all three speakers'
r-values move up at a decreasingly rapid rate, as the
duration increases. The second finding concerns the
individual differences of the three speakers: the
distributions of the three curves are not exactly the same.
For instance, when the duration is 5s, the r-value of
speaker YQ is 0.80, but the value that speaker YF can
reach is 0.85 instead; when the r-value reaches 0.95, no
less than 18s and 24s long vocalic samples are needed for
speaker YQ and YF respectively; it seems that less
vocalic samples are needed for speaker YQ than speaker
CH to reach a certain r-value.

Table 2. The duration information (in second) of three
speakers, when r-values reach 0.80, 0.85, 0.90 and 0.95.

Speaker r= ' r r-
0.80 0.85 0.90 0.95
CH 7 8 9 21
YQ 5 6 9 18
YF 3 5 9 24
mean 5 7 9 21

Fig. 3 shows the mean r-values distribution of three
speakers. Specifically, for each speaker, r-values between
the LTCF values of every cumulative sample and the
LTCF values of the whole speech samples of the same
speaker (intra-speaker correlations) are calculated. The
red curve represents the mean r-values of the three curves
which are shown in Fig. 2. Additionally, for each speaker,
by contrast, the same LTCF values of cumulative samples
are also compared to the other two speakers' whole
speech samples' LTCFvalues (inter-speaker correlations),
and then 2*3=6 groups of r-values are gotten. The blue
curve represents the mean values of the 6 groups. The
magenta and green curves represent the distributions of
the mean values plus and minus the SD of the 6 groups
respectively. Markedly, the red curve is much “higher”
than the other three curves, which means that it is easy to
discriminate the three different speakers using the
correlation coefficients calculated by LTCF method.
Meanwhile, the discrimination ability of correlation
coefficients of LTCFs can be significantly improved, as
the cumulative durations increase. It can be seen that,
approximately, 20 seconds in duration is the boundary
between the stable and non-stable change of the dis
crimination ability.

To get a better view of the change rate of r-values as the
duration increases, Fig. 4 is generated. In Fig. 4, the red
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and blue curves represent the SD values of every three
consecutive points (along the X-axis) of the red and blue
lines in Fig. 3respectively. The range of the X-axis is
limited to 1s to 100s so that the two curves can be more
clearly illustrated. As can be observed from Fig. 3-4, the
r-values are volatile when the length of the vocalic
sample is les s than about 20s . The SDs of the average r-
values of both intra- and inter-speaker correlations are
under 0.0025 constantly when the duration is longer than

about 20s.

Mean value of three speakers’' correlation
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Figure 3. The mean r-values distribution of three speakers.
The range of the X-axis is limited to 1to 200 seconds.
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Figure 4. The change rate of r-values. The red and blue

curves represent the SD of the three consecutive points of

the red and blue lines in figure 3, respectively.

4. DISCUSSION AND CONCLUSION

In this paper, about 20s vocalic samples in duration are
found to be able to have a stable discrimination ability of
the three speakers by using LTCF analysis, i.e. the LTCF
values of 20s vocalic samples seem to be able to show a
good representation of the whole resonance

characteristics of individual vocal tract. Table I shows the
proportional relationship between the duration of
resulting vocalic samples and original recordings, which
is 29% on average (cf. [7]).Based on this proportion,
about 70s original speech (speaking at natural speed) in
length is needed, which is equivalent to 20s vocalic
samples. From a forensic point of view, 70s speech in
length of one speaker is often available in civil cases and
also in a few criminal cases. It doesn’t mean that,
however, the speech length less than 70s (or 20s vocalic
samples) cannot be used. The results presented in this
paper show that the r-values of all three speakers can
reach at 0.90 when 9s vocalic samples (about 31s natural
speech) are available. In a s mall sample size (number of
speakers), 9s will be adequate to discriminate speakers.
But as the sample size increases, more speech materials
will be needed, since the possibility that the r-value of
two speakers’ LTCFs is very high (e.g. exceed 0.90)
cannot be ruled out. Meanwhile, the relation of r-value
and duration varies between the three speakers, which
supports Moos’ findings [7, 9].

Many previous studies on LTF analysis focused on the
mean or mode value of every LTAF (often FI and F3)
based on English or German speech materials. The
approach proposed in this paper uses LTCF values based
on Chinese reading materials instead. So the results of
these studies are hard to be compared directly. To some
extent, for different languages, it can be speculated that
20s vocalic speech should be adequate for LTF analysis
(both LTAF and LTCF). Anyhow, the longer the better.

It is worth mentioning that another direction for future
research will be calculating the relation of each single
LTAF other than the whole LTCF, because it was found
that the dis crimination abilities of LTAFs of different
formants were not the same (e.g. Moos [6, 7, 9] found
that LTF value of F3 was most valuable). It will be useful
not only for the quantitative analysis on LTAF
distribution of every formant, but also for the new
understanding of SLT by using LTF analysis.

In conclusion, the present paper proposed a new method
to discriminate speakers using LTCF analysis based on
three male speakers’ long Chinese reading materials. For
each speaker, Pearson’s correlation coefficients between
the LTCF values of cumulative samples and the LTCF
values of the whole speech sample are calculated. The
results show that this method can distinguish the three
speakers effectively and the more speech materials are
available , the steadier the dis crimination ability is .
Markedly, on average, the speech length threshold can be
placed at about 70 seconds natural speech recordings
(approximate 20 seconds only vocalic samples in
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duration), which are adequate to represent the whole
resonance characteristics of individual vocal tract and are
enough to produce reliable LTCF values. The findings
reported here also have significant theoretical value to
forensic casework. However, owing to only three
subjects and reading other than spontaneous speech were
studied, this research has some limitations. In the future
studies, the effects of sample size (number of speakers),
different speaking styles, languages and contents of the
speech materials still have to be further investigated,
which are very important factors in forensic applications.
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Loudness and Pitch of Kunqu Opera’

Li Dong, Johan Sundberg and Jiangping Kong

Abstract: Equivalent sound level (Leq), sound pressure level (SPL) and fundamental frequency (F0) is analyzed in each of five
Kunqu Opera roles, Young girl and Young woman, Young man, Old man and Colorful face. Their pitch ranges are similar to those of
some western opera singers (alto, alto, tenor, baritone and baritone, respectively). Differences among tasks, conditions (stage speech,
singing and reading lyrics), singers and roles are examined. For all singers, Leq of stage speech and singing were considerably higher
than that of conversational speech. Inter-role differences of Leq among tasks and singers were larger than intra-role differences. For
most roles time domain variation of SPL differed between roles both in singing and stage speech. In singing as compared to stage
speech SPL distribution was more concentrated and variation of SPL with time was smaller. With regard to gender and age, male roles
had higher mean Leq and lower MFO as compared with female roles. Female singers showed a wider FO distribution for singing than
for stage speech while the opposite was true for male singers. Leq of stage speech was higher than in singing for young personages.
Younger female personages showed higher Leq while older male personages had higher Leq. The roles performed with higher Leq
tended to be sung at a lower MFO.
Key words: Equivalent sound level; Sound pressure level; Fundamental frequency; Kunqu Opera; Task; Condition; Singer; Role.
INTRODUCTION

general, the older the personage, the greater the

Kunqu Opera is a traditional performing art in China.
It has been handed down orally since the middle of the
sixteenth century and is revered as the ancestor of all
Chinese Operas. It is commonly praised for its elegant
phrases, wonderful stories and beautiful melodies and
is performed by at least ten artists, Jing, Guansheng,
Jinsheng, Laosheng, Fumo, Zhengdan, Guimendan,
Liudan, Fuchou, and Xiaochou, each with a special
voice timbre (Wu, 2002). The roles can be divided
into five groups:

1, Sheng (Young man roles) recites and sings in both
modal and falsetto register. Both Guansheng, who
wears an officer’s hat, and Jinsheng, who wears a
headband change their voice quality according to the
age and identity of the personages. A Guansheng
performer acts as a young king or a gifted scholar, and
his voice quality has been described as “broad and
bright” having “a heavy oral resonance”. Jinsheng
performers often act in love stories, and sing with a
brighter, lyrical voice.

2, Dan (Female roles) includes Laodan (Old woman
role), Zhengdan (Middle-aged woman role),
Guimendan (Young woman role) and Liudan (Young
girl role). To portray their different ages and identities,
D panerformers sing with different voice qualities; in

VR Tk #ET Journal of Voice 5 —35 58— 14-19 Ui

proportion of modal voice. Thus, Laodan performers
recite and sing with loud modal voice, Liudan
performers with falsetto voices, while Zhengdan and
Guimendan use both these registers.

3, Jing (Colorful face roles) performers sing with their
faces painted in different colors depending on the
identity of the personage. The voice quality has been
described as “resonant and vigorous”. Often they use a
series of special effects to display different characters,
such as voice bursts and “intense resonance”.

4, Mo (Old male roles), including Laosheng (Old man
role) and Fumo (Second Old man role), recite and sing
in modal register. Laosheng performers play the roles
The Fumo
performer introduces the story at the beginning of the

of middle-aged or elderly gentlemen.

performance.

5, Chou (Buffoon roles), including Xiaochou (Clown
role) and Fuchou (Second clown role), recite and sing
with register shifts between falsetto and modal. Fuchou
pays more attention to expression than to voice.
Xiaochou is a comical role performed with a loud and
clear voice.

Summarizing, the voice timbres mirror the ages,
characters and identities of the various personages. The
voice

qualities deviate dramatically from both
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conversational speech and Western operatic tradition,
which have been well described in previous research
(see e.g. Fant, 2004; Kong, 2001; Sundberg, 1987). By
contrast, few attempts have been made to describe in
scientific terms the acoustic characteristics of Kunqu
Opera roles, although these characteristics possess a
general relevance from the point of view of voice
science, illustrating the flexibility of the human voice
and exemplifying how the voice can be used in artistic,
musical and dramatic contexts. The present study
investigates 1) differences among roles; 2) differences
between singing, stage speech and reading lyrics; 3)
and 4)
differences between singers of the same role. The

intra-role  differences between songs;

investigation focusses on two primary acoustic
properties of the voice, loudness and fundamental
frequency (FO0), in five Kunqu Opera roles, two female
(Young girl and Young woman), and three male
(Colorful face, Old man and Young man).
METHOD

Four female and six male professional performers of
Kunqu Opera, age range 25 to 47, volunteered as
subjects, two performers in each of five roles, see
Table 1. Their professional experiences varied between
7 and 27 years. The singers were told to sing just as on
stage. As there are no songs that are common to all
these roles, the singers were asked to perform three or
four songs of their own choice that belonged to their
repertoire at the time of the recording. The songs had
duration of between 2 and 3 minutes and differed in
emotional color. The two Young girl singers sang only
three songs, because one of the songs was very long.
The singers also recited a section of stage speech. In
addition, all singers read, in modal voice, the lyrics of
the songs chosen, duration between 2 and 3.5 minutes.
The language differed from Mandarin Chinese but was
identical with what they used in their roles on stage,
which actually corresponds to ancient Chinese.

TABLE 1, Ages, in years, of the ten performers

Roles Young il Youngwoman ~ Colorfulface ~ Oldman  Young man
Singer 1 4 41 n ) 4
Singer 2 41 n % M n

Young girl singer 2 and Old man singer 2, who both
are performers of the Northern Kunqu Opera Theater,
could be recorded in an anechoic room, about
3.6x2.6x2.2 m, as they lived in Beijing, the city where
the research was carried out. The other singers, who
were performers at the Kunqu Opera Theater of the
Jiangsu Province, had to be recorded in an ordinary
room, about 4x5x3 m. Audio was picked up by a Sony
Electret Condenser Microphone placed off axis at a
measured distance that varied between 15 and 21 cm
for the different singers. All sound level data were
normalized to 30 cm. The signals were digitized on 16
bits at a sampling frequency of 20 kHz and recorded
on single channel wav files into ML880 PowerLab
system. Sound pressure level (SPL) calibration was
carried out by recording a 1000Hz tone, the SPL of
which was measured at the recording microphone by
means of a TES-52 Sound Level Meter (TES Electrical
Electronic Corp., Taiwan, ROC). This SPL value was
announced in the recording file together with
respective microphone distance.

Two programs were used for analyzing the recordings.
WaveSurfer-1.8.8p3 was used to measure the
fundamental frequency (F0). After converting the files
into the smp format and eliminating pauses longer than
10 ms from the recordings, the Soundswell Core
Signal Workstation 4.0 was used to analyze the
equivalent sound level (Leq). The distribution of SPL
values was determined by means of the Soundswell
Histogram module. Statistic analyses were completed
using SPSS 18. Given the small sample Leq and
mean FO (N<8), the mean values were compared by
T-test. For the larger sample of time variation of SPL
(N>360), a Mann- Whitney U test was employed.

RESULTS

Figure 1 shows the Leq for the different singers and
tasks. The within subject averages across read texts,
and songs are listed in Table 2 together with the values
pertaining to stage speech. With regard to the reading
of the lyrics the intra-subject variation was rather small,
while the variation between the different songs was
larger, means 2.5 dB and 4 dB, respectively. There
were clear Leq differences between the songs sung by

the same singer, which does not seem surprising, since

55 97



the Leq of singing would depend on the character of
the song.
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As can be seen in Table 2 the Leq of singing was, on
average across subjects, 12.3 dB (SD 3.6 dB) higher
than that of reading lyrics. Stage speech showed even
higher Leq values, average 15.1dB (SD 3.6 dB). For all
roles, the Leq differences between reading lyrics and
singing were significant, and also between reading
lyrics and stage speech (p<0.05). The Leq of stage
speech was higher than that of songs for all singers
except Colorful face 2 and Old man 1. However, only
Young woman role and Young man role showed
significant differences between singing and stage
speech (p<0.05). Thus, the Leq values of singing and
stage speech were similar, but both were significantly
higher than that of the reading of the lyrics. Also, the
variation among singers was greater in singing than in

stage speech.

TABLE 2. Leq and SPL @ 0.3m. averaged across the 3 or 4 songs sung and spoken by the ten Kunqu Opera singers. The
eolumns marked Reading lyrics refer to the singers’ reading of the song lyrics.

Reading lyrics Singing Stage speech
Subject
Mean, ., Meang;, Mean, ., Meangp, Valucs Meangp,

Young girll 734 6552 863 7748 90.2 7838
Young girl 2 83 73.84 89.3 79.24 93 80.47
Young woman 1 68 60.91 80.7 74.04 86.1 78.39
Young woman 2 771 67.8 827 74.74 90 81.1
Colorful face 1 754 66.42 90.5 83.66 91.7 80.14
Colorful face 2 76.2 68.02 92.1 86.34 91.7 83.61
Old man 1 812 71.08 926 838 89.9 7752
0ld man 2 827 72,75 954 87.9 98 87.27
Young man | 732 64.06 888 8171 915 8115
‘Young man 2 73.5 64.85 87.9 79.53 929 80.36

The Leq values for the two performers of the same role
varied in many cases. With regard to reading lyrics the
Leq values were significantly different between the
two singers of the Young girl role and of the Young
woman role, and with respect to singing the two Old
man role singers showed significant differences
(p<0.05). The female roles who spoke louder in
reading the lyrics also recited the stage speech and
sang louder. For male roles, by contrast, the Leq of
stage speech and singing had little to do with the Leq
of reading lyrics.

Comparing the five roles, there were some Leq
differences, see Figure 2. As a whole, the Leq of male
roles were higher than those of the female roles. In
both singing and stage speech Colorful face and Old
man showed the highest values and Young woman the
lowest, and the differences between roles were much
larger in singing. The Leq of most roles differed
significantly for singing (p<0.05). Only Young girl role
and Young man role did not show significant
difference in singing. With regard to the age of the
characters, the younger females and older males had
higher Leq.

90 e 1 1

I I = Reading lyrics
& sining
70 .._I _I _I = I __ mStagespeech
60

Younggil Youngwoman Colorfulface  Oldman  Youngman

Mean Leq @ 0.3m [dB]

FIGURE 2. Leq @ 0.3m, averaged across subjects for the indicated conditions. The bars represent + one standard deviation.

The mean values of SPL were about 10 dB lower than
the Leq values, see Table 2. This is not surprising,
given the influence of soft phonation and pauses on the
SPL. The mean SPL will drop considerably if the
recorded signal contains long soft or silent sections,
while, under the same conditions the Leq will remain
similar. The reason is that, unlike the SPL average, the
Leq is calculated on the basis of linear sound pressure.
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Therefore, the narrow distribution of SPL values will
decrease the difference between the SPL average and
the Leq. The SPL of singing had a more concentrated
distribution compared with that of stage speech, see
Figure 3. With respect to the roles, singers of the same
role had similar distributions of SPL while singers of
different roles showed differing distribution in singing

but not in stage speech.
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FIGURE 3. Box plot of SPL @ 0.3 m. Crosses inside boxes represent the medians. The box represents the value between the first and
third quartile locations. The whiskers represent adjacent values. The horizontal axis labels are acranyms of the singers, Y young, G
girl, W woman, M man, CF colorful face , © old, S representing singing and -ST stage spcech.

The SPL differences
segments reflect the time domain variation of loudness.

between adjacent voiced
As can be seen in Figure 4, this difference was
significantly larger for stage speech than for singing
(p<0.05), indicating that the variation was greater in
stage speech. For most roles, the variation of SPL with
time differed significantly between roles in both
singing and stage speech (p<0.05), see Table 3.
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TABLE 3. p-values according to a Mann-Whitney U test (signil level 0.05) of the dif in time variation of SPL
between the roles in singing and in stage speech.
Singing Stage speech
Role Young  Colorful old Young  Young Colorful Old Young
woman face man man _ woman face man man
Young girl  0.000 0.000 0.000 0.000 0.000 0.014 0.904= 0,927
Young woman 0.000 0.160™  0.001 0.002 0.000 0.000
Colorful face 0.010 0.105™ 0.025 0.020
Old man 0.184m 0.831™

The average fundamental frequencies MFO of the
different roles are shown in Figure 5. As expected,
female roles showed higher means than male roles. For
all roles, MFO was lowest in reading and highest in
stage speech. The differences were significant (p<0.05),
except for singing and stage speech of the Old man
role singers. MFO for the different roles showed

significant differences for singing (p<0.05) although
MFO for Young girl role and Young woman role were
similar. For the male characters, the younger roles used
higher MF(. The MFO differences between singing and
stage speech were much larger in the female than in
the male roles.

The means and SD of FO for each singer are listed in
Figure 6. Female singers showed a wider FO
distribution for singing than for stage speech while the
opposite was true for male singers. Between singers
the SDFO showed great variation for stage speech but
small variation for singing, the latter reflecting mainly
compositional characteristics. The singers of the same
role showed similar SDFO for the same task except for
the Old man role. The female singers showed smaller

SDFO0 than male singers when reciting stage speech.
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FIGURE 5. MFO0 [in semitones re 35Hz], averaged across subjects for the indicated diti
Thebars represent + one standard deviation.
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Comparing the data shown in Figure 2 and 5,
interesting relationships between mean Leq and MF0
can be observed for the different roles. Within roles
there was a positive correlation, implying that the MFO
was high when the singers produced a high Leq. By
contrast the roles performed with higher Leq tended to
be sung at a lower MFO0. It seems likely that these
relationships between Leq and MFO belong to the
characteristics of the different roles.

DISCUSSION
Our analyses comprised no more than two singers for
each of the five roles. On the other hand, all singers

were professional and earned their livelihood from
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singing, suggesting that they had well-established
singing skills and well-controlled voices. Secondly,
four songs with different emotions were enough for
reflecting the variations of songs in the same role. The
songs of Kunqu Opera could be divided into two
groups, the south song and the north song. Typically,
south songs are smooth while north songs are more
excited. All roles include both south songs and north
songs except Colorful face; at present most songs of
that role are of the north song type. Thus, including
several song samples for each role should have
enhanced the credibility of the results. However, there
was only one sample of stage speech for each singer,
which might have limited the representatively of the
findings. The variance of stage speech should be
considered in the future.

As was shown in Figure 1, some singers’ Leq was
higher when they were reading the text of stage speech
than when reading the lyrics of the songs, possibly
because they were influenced by the speaking style of
stage speech. In fact, they read the texts of stage
speech more emotionally than the lyrics. When reading
the lyrics of the songs, they perhaps adopted their
voice habits of conversational speech.

Considering the age, dialect and the recording place,
some point should be mentioned. In all roles singer
number 1 was older than singer number 2, particularly
for Young woman and Young man. The younger
singers showed higher Leq than the older singers,
especially in stage speech. Another factor is the dialect.
Young girl 2 and Old man 2 both came from North
China and their dialect was northern mandarin. The
other singers came from South China, and their dialect
was the Wu dialect, which sounds gentler than
Mandarin. The style of north Kunqu Opera is bold
while the style of south Kunqu Opera was gentle.
Although the singers performed similar plays and used
the same language when they were acting, they were
probably influenced by their cultures and dialects. Also,
it cannot be excluded that the different recording
conditions between the north and south groups had an
effect. Young girl 2 and Old man 2 were recorded in a
sound treated booth with an abnormally low
reverberation level, which may have caused them to

increase vocal loudness. On the other hand, the Leq
difference was small between the lyrics reading of Old
man 2 and Old man 1, who were recorded in different
rooms.
Previous research has found as strong positive
correlation between Leq and MFO in speech produced
at different loudnesses (Gramming et al., 1988). The
correlations differed between roles in singing. Leq and
MFO were only significantly correlated for the Old
man role and Young man role (p<0.05, R2>0.9). The
songs sung by each of the singers differed in emotional
color, and this is likely to weaken the correlation. In
speech, none of the correlations were significant
(significance level is 0.05). However, the ranges were
narrow both in Leq and in MFO.
In the tradition of Kunqu Opera, the Young girl and the
Young woman roles are performed in falsetto register,
while the Colorful face and the Old man roles use
modal register. Mean Leq and MF0O were intermediate
for Young man role, and this role uses modal voice in
the lower pitch range and falsetto in the higher. The
relationships between vocal register and Leq and MFO
in Kunqu Opera would be worthwhile to study more in
detail in the future.

CONCLUSION
This study explored the differences in Leq, SPL and FO
between tasks, singers, conditions and roles. The
inter-role  difference was larger than intra-role
difference. The singers of the same role showed a
similar FO concentration, not only for singing but also
for stage speech. The variation of SPL with time
differed between most roles in both singing and stage
speech.
On average Leq of stage speech and singing were 15
dB and 12 dB higher than conversational speech as
documented in the singers’ reading of lyrics. The Leq
of stage speech were higher than singing for all the
singers of Young girl, Young woman and Young man
roles. The between-role Leq differences were smaller
in stage speech than in singing. In singing as compared
to stage speech the SPL distribution was more
concentrated and the time domain variation of SPL was
smaller.

Mean Leq and MFO varied systematically with the sex
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and age of the singer. Male roles had higher mean Leq
and lower MFO than female roles. The FO distribution
of singing, expressed in semitones, was wider than that
of stage speech for female singers and narrower for
male singers. There was not much difference in FO
concentration between singers while singing. The
female singers showed smaller SDFO than male singers
in stage speech. With regard to the ages of the
characters, younger female personages showed higher
Leq while older male personages had higher Leq. The
roles performed with higher Leq tended to be sung at a
lower MFO.
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Long-Term-Average Spectrum Characteristics of Kunqu

Opera Singers’ Speaking, Singing and Stage Speech’

Li Dong, Jiangping Kong, Johan Sundberg

Abstract: Long-term-average spectra (LTAS) characteristics were analyzed for ten Kunqu Opera singers, two in

each of five roles. Each singer performed singing, stage speech and conversational speech. Differences between the

roles and between their performances of these three conditions are examined. After compensating for Leq

difference LTAS characteristics still differ between the roles but are similar for the three conditions, especially for

Colorful Face (CF) and Old Man roles and especially between speaking and singing. The curves show no evidence

of a singer’s formant cluster peak, but the CF role demonstrates a speaker’s formant peak near 3 kHz. The LTAS

characteristics deviate markedly from non-singers’ standard conversational speech as well as from those of western

opera singing.

Key words: LTAS, Kunqu Opera, condition, role, speaker’s formant, singer’s formant cluster

Introduction

The voice timbres of Kunqu Opera singers are
supposed to mirror the ages, characters and identities
of the respective roles, which have been described
elsewhere [1]. In our previous investigations, Kunqu
Opera  singers” stage speech, singing and
conversational speech were found to differ with regard
to equivalent sound level (Leq) and fundamental
frequency (F0) [1]. These parameters were somewhat
higher for stage speech than for singing, and both were
significantly higher than for conversational speech.
They also differed between roles. However, Leq and
FO differences would not be enough for describing all
relevant acoustic characteristics of the specific voices
of the different Kunqu Opera roles. Also spectrum
differences would be important. Already Leq
differences are typically accompanied by frequency
dependent effects on the voice source spectrum [2-5].
Furthermore, at high FO singers may vary the formant
frequencies and the distances between them [6-8]. This
affects the levels of formant peaks in the spectrum and
hence also the voice timbre. Therefore, an exhaustive
description of the vocal style of Kunqu Opera singing

needs to analyze also spectrum characteristics.

'R Bk #E T Logopedics Phoniatrics Vocology.

Long-term-average spectrum (LTAS) is an effective
tool for voice analysis. It represents the overall spectral
characteristics of a voice and typically stabilizes after
30-40 seconds of running speech [9-14] and singing
[15-18]. The LTAS contour reflects both the voice
source and the vocal tract resonance characteristics. In
singing as well as in speech an LTAS typically shows a
peak near 0.5 kHz. The reason is that F1 is frequently
located in this range. Classically trained western
singers, such as bass, baritone, and tenor singers,
typically display another pronounced peak in the high
frequency part of an LTAS, between about 2.5 and 3.3
kHz [8, 15]. This peak has been referred to as the
singer’s formant cluster and has been explained as the
result of clustering formants 3, 4 and 5 [15]. For
professional voice users, such as actors and country
singers, a prominent peak often occurs at a slightly
higher frequency, near 3.5 kHz. It has been called the
speaker’s formant [12-14, 19]. It has been explained as
the result of the closeness of F3 and F4 [14].

Both the singer’s formant and the speaker’s formant
have been explained as the consequences of a
reduction of the frequency distance between higher
formants. Acoustic theory of voice production [7]
predicts that the levels of two formants generally
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increase by 6 dB each if the distance between them is
halved. Likewise, vowels with a high first formant,
such as /a/, or a high second formant, such as /i/, have
strong singer’s formants, and vice versa. Formant
frequencies are determined by vocal tract shape. For
example, the singer’s formant is highly dependent on
the physiological configuration of the vocal tract,
particularly the shape of the larynx tube and the area
ratio between the larynx tube opening and the
pharyngeal tube at the level of this opening [15].

The amplitudes and frequencies of the LTAS peaks just
mentioned are influenced also by voice source. The
amplitudes of the voice source partials depend mainly
on the maximum flow declination rate which occurs
during the closing of the vocal folds [7]. If the rate is
slow, the amplitude of the partials in high frequency
will be low, and vice versa. The type of closure also
influences the amplitude of the partials. For example,
in “breathy” phonation, in which the vocal folds fail to
close the glottis completely, the amplitudes of the
upper partials are decreased, which reduces the
prominence of the singer’s formant.

In this investigation, voice characteristics of Kunqu
Opera performers of five traditional roles Young girl
(YG), Young woman (YW), Young man (YM),

Colorful face (CF), and Old man (OM) are analyzed in
terms of LTAS. The aim was to investigate 1) whether
the LTAS of Kunqu Opera singers are similar in
speaking, singing and stage speech; 2) whether the
Kunqu Opera singers demonstrate a singer’s formant
or speaker’s formant LTAS peaks. Comparisons of
LTAS of classically trained western singers and normal
speakers and those of Kunqu Opera singers are made
to illustrate the differences.

Method

Four female and six male professional performers of
Kunqu Opera used in our previous study [1] were
subjects also for the experiment, see Table I. The
singers were told to sing 3 to 4 songs just as on stage.
The total duration of the songs, which differed in
emotional color, was 6-18 minutes. The singers also
recited a section of stage speech, which lasted for 1-3
minutes. In addition, all singers read, in modal voice,
the lyrics of the recorded songs. This reading took
between 2 and 3.5 minutes. The language differed from
Mandarin Chinese but was identical with what they
used in their roles on stage, which actually corresponds
to ancient Chinese in Ming Dynasty.

Table I. Information of ten performers

Roles Singer Age Professional experiences Gender
v - 1 45 25 Female
oune st 2 4 21 Female
Voune woman 1 47 27 Female
. 2 27 g Female
1 27 0 Male
Colorful face 5 25 7 Male
1 46 27 Male
Oldman 2 44 25 Male
v 1 45 25 Male
OtRg man 2 27 g Male

YG singer 2 and OM singer 2, who work at the
Northern Kunqu Opera Theater, were recorded in an
anechoic room, about 3.6x2.6x2.2 m. The other singers,

who are performers of the Kunqu Opera Theater of

Jiangsu Province, had to be recorded in a quiet living
room, about 3.5x5x3 m, the background noise is 35
dB(A) and the reverberation time is about 0.3 s.
Although the room acoustic was quite different from a
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typical Kunqu Opera stage, none of these highly
experienced singers complained about difficulties to
control their voices. A Sony Electret Condenser
Microphone, placed off axis at a measured distance
that varied between 15 and 21 cm for the different
singers, was used to record the audio signals (critical
distance of the room was about 75 c¢m). The signals
were digitized on 16 bits at a sampling frequency of 20
kHz and recorded on single channel wav files into
ML880 PowerLab system. Sound pressure level (SPL)
calibration was carried out by recording a 1 kHz tone,
the SPL of which was measured at the recording
microphone by means of a TES-52 Sound Level Meter
(TES Electrical Electronic Corp., Taiwan, ROC) and
then announced in the recording file together with
respective microphone distance. All sound level data
were normalized to 30 cm.

The LTAS analysis of the wav files was accomplished
using the WaveSurfer software (1.8.8p3). The FFT
window length was set to 128-point, the bandwidths of
the analysis filters to 303 Hz and the frequency range
to 0-10 kHz. After eliminating pauses longer than 10
ms from the recordings, LTAS were computed for each
singer’s entire recording in each condition. The
recordings of singing were long and those of reading
lyrics and of stage speech was rather short (1-3
minutes). Therefore, for each singer, LTAS was
computed for each 40s long section of the recordings
of singing so as to allow analysis of variation. Since
the main sound energy appeared in the frequency range
0-5 kHz, the analysis was limited to this range. The
curves for speaking and stage speech were adjusted so
as compensate for Leq differences. This compensation
was realized by multiplying the level values by the
LTAS mean gain factors reported in previous research
for different frequency bands [1, 5]. The gain factor
increases with frequency in the low frequency range,
keeps stable in the middle range (from 1.3 to 3 kHz) at
1.4 for male singers and at 1.6 for female singers, and

decreases in the high frequency range. For instance, to
compensate an Leq difference of 10 dB between two
voice samples of a male singer, the LTAS level of the
voice with lower Leq is increased by 10*1.0 = 10 dB
in the 500 Hz frequency band, while the LTAS level in
the 3000 Hz frequency band is increased by 10*1.4 =
14 dB. To obtain a quantitative measure of LTAS
similarity, correlations (linear regression) were
calculated between pairs of LTAS curves, using SPSS
18.

FO was extracted using the WaveSurfer software. The
ESPS (Entropic
Processing System), using the algorithm of ACF (Auto
Correlate Function); FO was limited from 60 to 900 Hz;

the analysis window length was 0.0075 s; and the

extraction method was Speech

frame interval was 0.01 s. The description statistics
were accomplished using SPSS.

Results

After the LTAS had been compensated for Leq
differences [1, 5], the differences between them for the
three conditions were substantially diminished,
especially for the CF and OM roles, see Figure 1. The
LTAS curves for the three different conditions differ in
a similar way for the two singers of the same role. For
the female singers stage speech showed considerably
less energy in the low frequency range, up to about 0.6
kHz. This would depend on their elevated FO range.
On the other hand, for the CF and OM roles, the LTAS
curves of all three conditions are quite alike. For YG,
YW and YM roles, the maximum peak in stage speech
is located near or somewhat higher than in singing, and
the peak is also narrower. The stage speech curve
exhibits several peaks. Their center frequencies are
close to harmonic. For example, for YGI1, the center
frequencies of the second, third, fourth and fifth peaks
of the stage speech appear at 1.8, 2.4, 3.1 and 4.2 kHz,

1.e., close to 3, 4, 5 and 7 times 600 Hz.

Figure 1. LTAS curves for lyrics reading, singing and stage speech (R, S| and ST, respectively). The
horizontal lines correspond to the separation of the first and third quartiles of the FO distribution
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Pairwise LTAS comparisons of conditions are listed in
Table II by means of the linear regression. After the
compensation for Leq differences, the data show
higher correlations than the original data, especially
between reading and singing and between reading and
stage speech. This suggests that Leq variation was an
important reason for the differences between three
conditions. With regard to the correlations between the

compensated data, all of them were significant, and for
most singers, Reading lyrics and Stage speech showed
the lowest similarity; the spectrum level of Reading
lyrics and Singing were highly correlated (R2 > 0.9 in
8 of the 10 singers). Thus the LTAS curves of Kunqu
Opera singers’ singing and conversational speech show
high similarity.

Table Il. Correlations between three conditions for ten singers before and after compensation of the Leq
differences (Original and Compensated, respectively) [5]. All regressions are significant

Reading & Singing

Reading & Stage speech

Singing & Stage speech

Original Compensated Original Compensated Original Compensated

Singers R? Slope R? Slope R? Slope R? Slope R? Slope R? Slope
Young girl 1 078 100 097 116 040 061 076 081 078 076 083 0.72
Young girl 2 091 105 09 104 073 101 086 103 084 099 0.88 096
Youngwomanl 049 084 076 115 032 063 074 101 084 085 087 0.83
Young woman2 092 099 096 110 047 064 073 070 067 074 077 0.70
Colorful face 1 08 103 097 092 077 090 095 0382 09 09 09 0.89
Colorful face 2 074 105 093 092 067 09 091 083 094 087 094 0.88
Old man 1 093 087 097 077 09 092 097 083 097 1.02 098 1.07
Old man 2 079 124 09 124 071 096 092 096 095 080 096 0.78
Young man 1 0.81 103 098 094 071 081 093 072 09 0382 096 077
Young man 2 064 084 087 08 037 054 076 058 08 079 089 0.70

The voice timbres differ between roles [1] and LTAS property of this role.

curves can reflect the voice timbre. Thus, it also seems
relevant to examine how the LTAS differ between the
roles. Although in the present study no more than two
representatives of each role were analyzed, the average
LTAS for a role seems worthwhile to study. It should
be born in mind that our subjects were professional
representatives of the respective roles and hence their
voice must contain typical characteristics of that role.
Furthermore, such an average LTAS will reduce the
salience of individual characteristics. For example, of
the two OM singers, one showed a marked peak near
3000Hz, while the other did not, so this peak is rather
weak in the average LTAS. On the other hand a marked
peak appeared in this frequency range in both CF
singers’ LTAS, so it became prominent in the average
LTAS, thus suggesting that this may be a typical

The left and right panels of Figure 2 show the average
LTAS for each of the roles for singing and stage speech.
All roles display a main peak between 0.7 and 1.1 kHz;
for the CF and OM roles it appears at somewhat higher
frequencies than for the other roles, for both singing
and stage speech. The curves differ in steepness in the
octave above the main peak. In singing it is more than
16 dB/oct for the CF and OM roles and much less for
the three young roles, no more than 4 dB/oct for the
YW role. In stage speech the spectrum slope in this
octave is 8 dB/oct for the YM role, 12 dB/oct for the
YG, YW and CF roles, and 17 dB/oct for OM roles. A
second peak can be observed at 3 kHz. It is particularly
marked for the CF role and the stage speech of YM

role.
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Figure 2. Mean value of the LTAS data of the two singers in the same role
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To see the LTAS characteristics of Kunqu Opera
singers’ singing and stage speech, it is relevant to
their LTAS with that of
conversational speech, which has been reported in a

compare standard

previous study [5]. Figure 3 shows how the Kunqu
LTAS curves
reference. For both singing and stage speech, the LTAS

Opera singers’ deviate from this
level around 1 kHz is higher than the reference. This

applies to all roles. In the female roles’ singing, the

LTAS level between 1 and 2 kHz is much stronger than
the reference. A marked valley occurred in the vicinity
of 2 kHz for OM and CF roles. Between 1.5 and 4.5
kHz, there are between one and three peaks for most
singers. The CF shows a positive deviation from the
reference between 2.5 and 4.5 kHz and for the YM role
a peak, particularly marked for stage speech, can be
seen around 4 kHz. Less clear peaks can be observed
near 3 kHz for YG role, YW role and YM role.

Figure 3. Differences between the LTAS of singing, stage speech of Kunqu Opera singers and standard
conversational speech [5]. The LTAS of standard conversational speech was compensated for the Leq

difference for the different singers
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Figure 4 compares the LTAS curves of different Kunqu

Opera singers with those of comparable western opera
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singers [8], using similarity in pitch range as criterion:
alto for YGSI, YGST, YWSI and YWST, baritone for
CFSI, CFST, OMSI, OMST and YMSI, tenor for
YMST. In both singing and stage speech, the main
peak of Kunqu Opera singers’ LTAS curves appears at
higher frequency than for the western opera singers
and the LTAS level below the main peak frequency is
clearly lower. However, this may be because the LTAS
curves of the western opera singers were derived from
commercial recordings which were accompanied by an
orchestra. In the female roles’ singing, the LTAS level
between 1 and 2 kHz is much stronger than in the case
of western altos. The female Kunqu Opera singers and

the western altos both display an LTAS peak near 3
kHz, which is somewhat higher in frequency and less
marked in the Kunqu Opera singer voices. The LTAS
curves of the CF role show a peak similar to that of
western baritone singer’s formant cluster, even though
its center frequency is higher. Its level is comparable
for stage speech but clearly weaker in singing. The
LTAS curves of OM role’s singing and stage speech
and YM role’s singing show no obvious peak in this
frequency range. In YM role’ s stage speech, two small
peaks present between 2 and 3 kHz, while western
tenor singer’s formant cluster appears at higher

frequency and is more marked.

Figure 4. LTAS of singing, stage speech of YG, YW, CF, OM and YM roles and singing of western opera

singers. Sl: Singing, ST: stage speech
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The standard deviations associated with the LTAS
curves for the ten subjects’ singing are shown in Figure
5. This standard deviation, henceforth SDLTAS, varies
considerably between roles and singers. It is
particularly wide for YW2 and particularly narrow for
the OM and CF roles. For the female roles, the
SDLTAS between 1 and 2.5 kHz is similar to the
difference between their LTAS for singing and the
LTAS for standard conversational speech, see Figure 3.
This indicates that for these voices the LTAS curves
vary considerably depending on what segment is

chosen for analysis.

The SDLTAS in the frequency range of the singer’s
formant cluster is relevant for determining whether or
not a voice possesses a singer’s formant cluster; a low
SDLTAS would imply that the spectrum level in the
corresponding frequency range shows a small variation.
In the case of the CF role, particularly in the case of
singer 2, the SDLTAS is quite narrow in the frequency
range of the singer’s formant cluster. This means that
these singers tended to mostly produce strong partials
in this frequency region. The three young roles,
especially YW 2 and YM 2, show large values of
SDLTAS near 3 kHz.

Figure 5. LTAS curves and standard deviations of the different singers’ singing
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Traditional Kunqu opera singing is performed without
sound amplification and typically accompanied by a
solo Kun bamboo flute. The singer’s formant cluster in
western operatic singing seems to have been developed
in response to the sound quality of western orchestra,
enhancing partials in a frequency range where the
competition with the accompaniment is moderate. It is
then relevant to ask if a similar relationship exists

between the timbral quality in Kunqu opera singing

and the Kun bamboo flute. Figure 6 shows LTAS
curves, measured over several minutes of playing of
the Kun bamboo flute for two types of music, “south
song” and “north song”. Both demonstrate three peaks
below 5 kHz. The main peak appears in the low
frequency range, near 700 and 1200 Hz. Both show
secondary peaks between 2 and 3 kHz and between 4
and 5 kHz.

Figure 6. LTAS of Kun bamboo flute
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Discussion

LTAS curves of most Kunqu Opera singers show one
or more peaks in the high frequency range. Clear peaks
in an LTAS curve may reflect either of three conditions
of them: (i) stable

frequencies; (ii) narrow formant bandwidths; (iii)

or combinations formants
partials in the corresponding frequency region. Since
the frequencies of the higher formants are rather
constant, the first condition is mostly met. Regarding
the second condition, a long closed phase will make
the bandwidths narrow, and with respect to the third, a
high FO implies wide separation of spectrum partials,
so that the peaks at high frequencies may reflect both
harmonic partials and formants. Conversely, an LTAS
peak will be a sign of a stable formant when the FO
average is low or when the variation of FO is great.
Compared with CF role, YG, YW and YM roles, who
all sing in a high FO range, showed lower spectrum
level at high frequencies. This may be a combined

A tendency to cluster two formants will result in a peak
at the center frequency of the cluster surrounded by
valleys. The singer’s formant is produced by clustering
F3, F4 and F5 and the centre frequency of the peak
appears between 2.5 and 3.3 kHz, depending on the
voice classification. According to Bele [14], the
speaker’s formant is produced by lowering of F4 such
that it approaches F3, and the center frequency is
between 3.15 and 3.7 kHz. Both CF singers and one of
the OM role singers show peaks near 3 kHz
surrounded by valleys, while the other singers do not.
The peak has wider bandwidth and lower level than the
singer’s formant in western baritones’ LTAS. Thus, it is
not comparable to the singer’s formant cluster but
similar to the speaker’s formant.

Formant frequencies affect the shape of the LTAS
curve, as mentioned. For Kunqu Opera singers, F2 in
low vowels, e.g., /a/ and /a/, produce a strong spectrum
peak which tends to extend the main peak up to 2 kHz.
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By contrast, the center frequency of the main LTAS
peak in previously published studies of conversational
speech and of western opera singing is typically
located in a lower frequency range, about 500 Hz. In
Kunqu Opera singer’s front vowels F2 in singing is up
to 2.5 kHz and close to F3. This will raise the level of
the second marked LTAS peak and form a valley
between the main peak and the second peak, as in the
case of the CF singers, see Figure 1.

There may be several reasons for the absence of the
singer's formant cluster in Kunqu Opera. (i) The
presence of a singer’s formant cluster reduces the
differences between vowels, and text intelligibility
may be particularly important in Kunqu Opera. (ii) The
singer’s formant cluster boosts the sound of the
singer’s voice so it can be heard over an accompanying
orchestra. However, Kun bamboo flute, which is the
most common accompaniment for Kunqu Opera,
shows a peak in the frequency range of the singer’s
formant cluster, see Figure 6. Thus, it has an LTAS
curve totally different from that of a western opera
orchestra, which shows a rather low level around 3
kHz. Hence, a speaker’s formant would be more
effective than the singer’s formant cluster to boost the
singer’s voice. For female roles, which show lower
Leq than the male roles, the LTAS levels between 1.5
and 2 kHz are higher than that of the bamboo flute.
This may help the female roles to cut through the
sound of bamboo flute.

Conclusion

LTAS characteristics of Kunqu opera performers of the
roles YG, YW, YM, CF, and OM were found to differ
between the roles. CF role demonstrated a speaker’s
formant peak in their LTAS curves. In singing the
LTAS curves for the performers of the three young
roles showed a great variability near 3 kHz between
consecutive parts of the song, as reflected in terms of
large values of SDLTAS. This implies a great variation
of voice timbre and/or vocal loudness. None of the
roles showed a singer’s formant cluster. For all roles
the main LTAS peak showed wider bandwidth and
appeared at a higher frequency in singing and stage
speech than in non-singers’ standard conversational

speech. The singers’ conversational speech differed

considerably from their singing and stage speech, but
the substantially lower Leq seemed to be an important
reason for this difference. Thus, after compensating the
LTAS curves for this difference, the characteristics of
conversational speech, singing and stage speech
became strikingly similar, particularly for the CF and
OM roles. For all roles the similarity was particularly
high between conversational speech and singing.
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VAT Measurement of Amdo Tibetan Plosives

Sangta , Phonetics Lab of Peking University, Bejing, China, 100871

Abstract: By measuring the VAT of Amdo Tibetan plosives, there are “hard”, “comfortable”, and “soft” onset, corresponding to

voiced, unaspirated voiceless and aspirated voiceless with voiced plosives respectively.

“Hard” voice has negative value with a large

number. “Comfortable” voice has VAT value distributed around zero; “Soft” voice has positive VAT value. The voiced plosives are the

‘hardest’ since there is a stronger airflow need to be built up before producing a voiced plosive. Parts of the VAT of voiced plosives are

“soft”, of which the VAT is positive. The initiation of SP (sound pressure) and EGG (electroglottograph) of the unaspirated voiceless

plosives are almost simultaneous(VAT is around zero both positive and negative), while the SP precedes EGG when producing

aspirated voiceless since the stronger airflow of aspiration oscillated the vocal fords before the adduction of the vocal fords. There is

no correlation with VAT to the place of articulation of the plosives.

Keywords: Voice Attack Time (VAT), Tibetan Amdo plosives, phonation

Introductions

Vocal Attack Time (VAT) is the time lag between the

growth of the sound pressure signal and the
development of physical contact of vocal folds at vocal
initiation (Baken et al, 1998). Amdo Tibetan plosives
contrast in voicing. Voiceless plosives contrast in
The could be

pre-nasalized. The purpose of this measurement is to

aspiration. voiced plosives
find out how those different articulation correlates to
the VAT values. If it’s positive, the SP (sound pressure)
precedes physical contact of vocal folds, measured by
EGG (electroglottograph) signal, and it’s ‘soft’ onset;

if it’s negative, physical contact of vocal folds is made

before SP signal, it’s then “hard” onset. Simultaneously,
the relationship between the place of articulation and
the VAT is observed as well.

Methods

1. Stimuli
Five groups of stimulus syllables were constructed for
the plosive initials:

simple voiced plosives,

pre-nasalized plosives, simple aspirated plosives,
unaspirated voiceless plosives and complex voiceless
plosives. Each group contains at least 40 stimulus
syllables. Within each group, only the rhymes of the

syllables are different. Detailed is shown in the table 1.

phonation types place of articulation(IPA) samples of the
bilabial | alveolar velar | stimulus syllables

unaspirated p/ It/ K/ =55

voiceless (simplex)
unaspirated f"‘pf M/ M/ =) 59 55
(complex)
aspirated /p" 1t MKty | E s

voiced simplex b/ /d/ g/ 255
nasalized b/ mas Mgt anapmna s

Table 1: The categorization of the stimuli

2.Subjects
The data is obtained from a 29 years old healthy Amdo
Tibetan Speaker who hadn’t had any history of

previous or current voice, speech, language, or hearing
problems.
3.Instrumentation

71 97



The SP was recorded using SONY ECM-44B
microphone at a sampling rate of 44.1kHz and a
resolution of 16 bits. The EGG data was collected by

using Real-Time EGG Analysis (Model 5138)
produced by Kay PENTAX.
4.Procedure

Both SP and EGG data were collected in the recording
room of the linguistic lab at Peking University. VAT
value was computed from the time lag of the
cross-correlation function using a fully automated

process accompanied by operator validation (Robert F.

Orlikoff, et al, 2007). Observing the VAT validation by
looking at the FOM(Figure of Merit) and disregarding
the VAT value when the corresponding FOM is under
0.75.
of the linguist distinction thus categorizing the plosives
based on the VAT.

Observing the VAT value from the perspective

Result and Discussions

The summary VAT date, FOM and FO are shown in the
table 2.

Voiceless voiced
aspirated Unaspirated | Unaspirated | simplex nasalized
(simplex) (Complex)

Number of tokens 46 63 83 63 59
Mean(SD) | 7.92(6.52) | -0.75(2.11) 0.5(2.2) -82.05(79.55) | -66.11(78.52)
interval -1.68 to -6.49 to -3.83t05.28 | -174.79 to -179.96 to

VAT 68.7 30.11 | 2.54 17.53 12.36
Median 5.4 -0.7 0.62 -127.075 3.65
Mean(SD) | 0.99(0.02) | 0.99(0.01) 0.99(0.02) 0.83(0.09) 0.84(0.08)

FOM | median 0.99 097 0.98 0.84 0.83
Means(SD) | 165(8.04) 170(16) 175(14) 112(13) 122(15)

Fo Median 167 172 178 107.81 117.99

Table 2: VAT values (mean VAT with its standard deviation, intervals and the median), FOM(mean FOM with its standard

deviation and the median) , and FO(mean FO and the median) of the plosives

1. VAT of unaspirated plosives.

The FOM of all of the 146 tokens is above 0.96 except
one is 0.791, whose corresponding VAT value is
disregarded.

Unaspirated plosives initials can be divided into
simplex and complex as mentioned above. From table
2, we can see that the VAT intervals of simplex and
complex are overlapped; the difference of the mean
and median of VAT is slight, so there is no significant
difference between them. This is clarified from figure
1 that you can’t separate the tokens by VAT value.

5 - - - - - -
* * ok s
* £y
P 0w ORENFRG
Ao~%%§0%og§“0 eQ 0
2, oo o
S e FTECLY e
> _5‘<><> o |
¢ & Simplex plosive
*  Complex plosives
-10 r r r T T T

0 10 20 30 40 50 60 70
Tokens
Figure 1: VAT of simple plosives and prefixed plosives
As a result, we observe the VAT of both groups
together. Thus we can say that the VAT of unaspirated
voiceless plosives is ranging from -6.49 milliseconds

(ms) to 5.28ms, and its median is -0.08ms. This
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means that the SP and EGG almost started at the same
time for unaspirated plosives. We refer this type voice
onset ‘comfortable’ voice.

2. VAT of aspirated plosives.

The VAT value of the aspirated plosives ranges from
-1.7ms to 68.7ms (The confident interval is from
-1.68ms to 30.11ms), among which 87% is distributed
This is
voice (proposed by R.J.Baken et

under 10ms. mostly overlapped with

‘comfortable’

al,2007), which is ranging from-1.4 to 9.6ms. However,

24% of the tokens are overlapped with of ‘breathy’
voice (proposed by R.J.Baken et al,2007), which is
ranging from 7.6 to 38.0ms. Anyway, we refer this type
of onset as ‘soft’ voice. When comparing with the
unaspirated plosives, the VAT of the aspirated plosives

is much longer as figure 2 shows.

10 = -
+
g g -
e + + "
5 e .
m *
2 T +
= O
'<>E e 02% S %o o
or g < <& {v <Q
Coo o OO O & & O%
o 5 ey & unaspirated
o o *  aspirated
5 . . - -
0 10 20 30 40 50
Tokens

Figure 2: VAT of unaspirated and aspirated plosives
So the aspirated plosives have a more “soft” onset than
the unaspirated plosives. The initiation of SP and EGG
of the unaspirated voiceless plosives are almost
while the SP precedes EGG when

producing aspirated voiceless since the stronger

simultaneous,

airflow of aspiration oscillated the vocal fords before
the full adduction of the vocal fords.

3. VAT of the Voiced plosives.

As mentioned above the voiced plosives can be
categorized into simplex and nasalized. As you can see
from table 1, there is not significance difference on the
VAT values whether if it’s nasalized.

The VAT of the voiced plosive is very complicated.
The FOM is the poorest when comparing with it of the
voiceless. There are 122 tokens totally. 20% of the
tokens are under the 0.75 in FOM, so only those above
0.75 of FOM are used. The median of FOM is
smaller than those of voiceless. The standard

derivation is higher than those of voiceless as well. All
those numbers indicate that the VAT value is not as
validate as those of voiceless.

Regard the VAT value,
17.53ms. The standard derivation is even close to the

it range from -179.96 to

mean of the VAT, which means that discrete degree is

very high as shown in the figure 3.

50
0 [ORO D 000 @ <><><><§><§>@5@
= 50
£ o
<
= -100F . %
%
© o
<><§><> o 9
150 - <
150 00 SRS Q%%&o 0P
&
-200 : : : :
0 20 40 60 80 100
Tokens

Figure 3: VAT of voice plosives
However, you can see from Figure 3 that the VAT of
voiced plosives is distributed in two areas: One is
around -150ms and the other is around zero. The latter
happen to be overlapped with VAT of aspirated
voiceless plosives as figure 4 shows. The reason could
be that the voiced is starting to become devoice but it’s

not for sure at this stage.

20 T T T T

&
15 b
O
10\ o <><>
— &
z 5. <><><><> g@s éw%%o* S <><><><><>r
= e o £0 +
< op & ©© * 4
>
5t A
A0k *  aspirated ||
& wiced
15 r r r r
0 10 20 30 40 50
Tokens

Figure 4: VAT of aspirated and Voiced plosives
So the onset of voiced plosives is separated in two
extremes in the system: extremely “hard”, meaning
EGG Signal precedes SP Signal, and extremely “soft”,
meaning SP signal precede EGG signal. The exact
reason of this separation is unknown, but we can sure
there is complication of the phonation type when

producing voiced plosives.
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Regarding the negative value of VAT, the VAT value is
very large, which means that EGG precedes SP, and
the adduction of EGG last for a longer time. A stronger
airflow is needed before producing a voiced plosive.
Ron Baken pointed out that the negative VAT can all
be canceled to zero, which is just qualitative. However,
we can still separate those negative VATs based on the
different types of plosives. Though unaspirated
voiceless plosives also have negative VAT which are
distributed near zero, it’s still separated from the
negative VAT of voiced distributed around -150. It is
more than enough for linguistic purpose. Their actual
value is not crucial here as we can separate them.

Conclusion

Based on the previous discussion, we can conclude that
Amdo Tibetan plosives have different onset types,
namely soft, comfortable and hard. Soft voice
corresponds to aspirated and voiced plosives.
Comfortable voice corresponds to unaspirated plosives
while hard voice corresponds to voiced plosives. Soft
voice has positive VAT. Comfortable voice has the
VAT distributed around O(both negative and positive).
Hard voice has negative values around -150ms. The
VAT pattern of Amdo Tibetan plosives is shown in

figure 5.

aspirated soft

w comfortable
‘ hard

Figure 5: VAT pattern of Amdo Tibetan Plosives

VAT(ms)
o

The prefixal consonants of both the voiced plosives
and voiceless plosives don’t have any influence on the
VAT value and there is no correlation between the VAT
value and the places of articulation either. This
experiment has only looked into the measurement of
male speaker. The VAT value should be different for
females, but we are looking at it from linguistic

perspectives, so the pattern should be the same for
females as well.
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Quantitative High-Speed Laryngoscopic Analysis
of Vocal Fold Vibration in Fatigued Voice of Young

Karaoke Singers

*Edwin M.-L. Yiu, *Gaowu Wang, *Andy C.Y. Lo, *Karen M.-K. Chan, *Estella P.-M. Ma, tJiangping Kong,
and *Elizabeth Ann Barrett, *“Pokfulam, Hong Kong, and tBeijing, China

Summary: Purpose. The present study aimed to determine whether there were physiological differences in the vocal
fold vibration between nonfatigued and fatigued voices using high-speed laryngoscopic imaging and quantitative
analysis.

Methods. Twenty participants aged from 18 to 23 years (mean, 21.2 years; standard deviation, 1.3 years) with normal
voice were recruited to participate in an extended singing task. Vocal fatigue was induced using a singing task. High-
speed laryngoscopic image recordings of /i/ phonation were taken before and after the singing task. The laryngoscopic
images were semiautomatically analyzed with the quantitative high-speed video processing program to extract indices
related to the anteroposterior dimension (length), transverse dimension (width), and the speed of opening and closing.
Results. Significant reduction in the glottal length-to-width ratio index was found after vocal fatigue. Physiologically,
this indicated either a significantly shorter (anteroposteriorly) or a wider (transversely) glottis after vocal fatigue.
Conclusion. The high-speed imaging technique using quantitative analysis has the potential for early identification of

vocally fatigued voice.

Key Words: Vocal fatigue-High-speed imaging—Amateur singing.

INTRODUCTION

Vocal fatigue

Vocal fatigue is a common complaint found in teachers, sales
professionals, singers, and individuals who constantly use their
voice for a prolonged period. It is often described as an increased
effort in voicing, harshness, strained voice quality, dryness, and
sensation of pain in the throat." Some authors considered vocal
fatigue as one of the symptoms of voice disorders.? Others con-
sidered it as an isolated phenomenon.”* Stemple et al” reported
that subjects complained about a dry sensation in the throat and
effortful speaking after reading aloud for 2 hours. Teachers with
vocal fatigue rated their voice with increased harshness, breath-
iness, and strain after a day of teaching.'

There is yet a consensus on the definition for vocal fatigue. It
is generally regarded as vocal tiredness after voice overuse,
misuse, or abuse.”® It could happen in speakers with or
without any voice problem. Chronic vocal fatigue, however,
could be an indicator of subsequent voice disorder.*

Researchers have attempted to investigate vocal fatigue using
aerodynamic, acoustic, and laryngoscopic evaluations. For ex-
ample, phonation threshold pressure was found to increase after
prolonged reading in both women® and men.” Solomon and Di-
Mattia* found that the phonation threshold pressure increased
under low-hydration condition. They argued that the viscosity
of the vocal folds increases when fatigued. Without sufficient
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hydration to the vocal folds during prolonged voice use, the
stiffness of vocal folds increased, and more effort was required
to initiate the vibration of vocal folds. This would lead to an in-
crease in phonation threshold pressure. Stemple et al” reported
a significant increase in the fundamental frequency after 2 hours
of reading. Gelfer et al’ reported that untrained singers demon-
strated an increase in aperiodicity (jitter) and noise levels. Inef-
ficient vocal functions, as indicated by increased airflow rate
and reduced maximum phonation time, were found in subjects
with chronic laryngeal fatigue, but the fundamental frequency
and jitter values remained within normal limit.® Indeed, the lit-
erature showed mixed results when acoustic measures were
used to examine vocal fatigue. The inconsistent results could
have been attributed to the different methodologies used in dif-
ferent studies.

With the use of videolaryngostroboscopic examination, ante-
rior glottal chinks®® and abnormal spindle-shaped closure™®
have been reported in speakers with vocal fatigue. The presence
of chinks or incomplete closure correlated with the perceptual
finding of increased breathiness and airflow. Stemple et al’
hypothesized that the thyroarytenoid muscles would become
strained and weak in a fatigue state. Such weakness would cause
the bowing of the vocal folds and would lead to an incomplete clo-
sure. Prolonged strained contraction of the muscles would give
rise to a sensation of pain and increased effort in voicing. In a study
by Mann et al,” a significant increase in vocal fold edema was ob-
served after a 5-day vocally demanding training. The investiga-
tors contended that vocal fold tissues were damaged after an
extended vocally demanding task. Gelfer et al'® found an increase
in the amplitude of glottal opening after 1 hour of loud reading.
They'® suggested that the participants might have adopted the
loud speaking mode even during the endoscopy task.

The studies reviewed the aforementioned laryngostrobo-
scopic technique, which provided only a pseudo slow motion
analysis of the vibration. Intracycle vocal fold vibration pattern
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would not be possible with this technique because of the limited
camera recording rate. The camera records around 24-30
frames per second. This recording rate could not have captured
even one complete vibratory cycle, with the vocal folds vibrat-
ing at 80-300 cycles per second. The stroboscopic technique
produces images of vibratory motion by sequencing different
image frames from different phases across many glottal pe-
riods,"" and hence, videolaryngostroboscopic images do not
show a complete full glottal cycle.

High-speed laryngoscopy

High-speed laryngoscopic imaging system emerged in the last
10 years. It can capture up to 8000 frames per second, compared
with the ordinary camera system that captures around 24-30
frames per second. High-speed imaging technique has gained
popularity over the past decades because of reduced cost and
improved resolution of the equipment. With the high-speed sys-
tem using digital technology, it is possible to examine complete
cycle-by-cycle vocal fold vibratory patterns.'' Cycle-to-cycle
visualization allows any irregular vibratory cycle or phase
asymmetry to be identified. In a study that compared the useful-
ness of high-speed imaging and videolaryngostroboscopy in
identifying the vibratory features in dysphonic voice,'? it was
found that the use of the high-speed imaging system achieved
a 100% identification rate for dysphonic voices compared
with the use of videostroboscopy that could only identify
37% of the dysphonic voices correctly. This finding indicates
that the videolaryngostroboscopy would not be effective in
capturing pathological voices with aperiodic signals. It is,
therefore, reasonable to expect that the use of high-speed lar-
yngoscopic imaging system would provide more relevant intra-
cycle information for investigating the physiological changes of
fatigued vocal folds, as intracycle aperiodic vibration has been
reported as one of the features of vocal fatigue.”

Both qualitative and quantitative data of normal and patho-
logical high-speed laryngoscopic images have been reported
in the literature. Qualitative methods have been found to be use-
ful in identifying specific vibratory patterns of the vocal folds.
For example, specific patterns of glottal closure were reported
in diplophonic phonation using kymography, which is a high-
speed line scanning technique.'”> A more recent qualitative
high-speed laryngoscopic study by Inwald et al'* reported the
glottal closure, degree of mucosal wave, asymmetry, and the
amount of mucus deposit in individuals with voice disorders.
These qualitative studies were based on perceptual evaluations.
Reliability is always an issue in perceptual measurement as it is
a subjective rating process. Interrater reliability in perceptual
evaluation of laryngoscopic images is usually no better than
70% (eg, Patel et al'?).

Quantitative measurement (eg, quantifying glottal area in
pixels), on the other hand, is a more objective and less variable
method that facilitates data summarization and interpretation.
Quantitative measures of the glottal area, glottal width, and
glottal length have been reported to be useful for studying nor-
mal and dysphonic phonations (eg, Yiu et al'”). The study by
Inwald et al'* also reported the use of asymmetry and perturba-
tion measures extracted quantitatively from the high-speed

images. These investigators'® contended that the combined
method of qualitative and quantitative evaluations could best
differentiate between dysphonic and normal voices. Temporal
measure using frame-to-frame analysis of the high-speed im-
ages has also been suggested to be useful in describing phona-
tion. For example, fundamental frequency and open quotient
(ie, ratio of the open phase to the glottal period) can be deter-
mined by examining the number of frames with open and
nonopen glottis.'® Whether these measures are useful for de-
scribing vocal fatigue voice is still open to investigation.

It should be noted that quantitative methods are not always
useful to describe different types of phonations. For example,
Mehta et al'” quantified the amount of left-right displacement
waveforms of normal and pressed phonations using kymogra-
phy. They found no significant difference in the asymmetry be-
tween these two types of phonations. In another study, Koster
et al'® quantified and analyzed the change in glottal area and
glottal width during different modes of voice onset. They
were also not able to find any significant differences among
the different modes of voice onset.

The present study used the high-speed video processing
(HSVP) program developed at the University of Hong
1519 to investigate vocal fold vibration in vocally fatigued
voices. As reviewed previously, the observation of stiffness of
vocal folds," glottal chinks, abnormal spindle-shaped glottic clo-
sure,*® and strained thyroarytenoid muscles that might cause
bowing of the vocal fold” in fatigue voices suggested that quan-
titative analysis of the glottal configuration and vocal fold vibra-
tory pattern would be a logical choice of assessment direction.
The present study aimed to examine the glottal configuration
and vocal fold vibratory pattern of fatigued voice, induced by
prolonged singing,”” using quantitative analysis of high-speed
laryngoscopic images. It was hypothesized that fatigued and non-
fatigued voices would demonstrate different glottal configura-
tions and vibratory patterns because of changes in vocal fold

physiology.

METHOD

Participants

Ten males and 10 females were recruited from the University of
Hong Kong through the social circle of the second (G.W.) and
third (A.C.Y.L.) authors. The participants were 18-23 years old
(mean, 21.2 years; standard deviation [SD], 1.3 years). All par-
ticipants reported to be free of any voice or general health prob-
lems, nonsmokers, nonalcoholic drinkers, and had no prior
voice training. All the participants were Cantonese speakers
who, at the time of the study, were attending or had completed
their tertiary education. All the participants were further evalu-
ated perceptually by the third author (A.C.Y.L.) to have normal
voice quality at the time of the study. Participants were ex-
cluded if they reported to have respiratory disease, such as
sore throat or flu, 1 day before the examination.

Procedure

Singing task inducing vocal fatigue. All participants
were asked to undertake karaoke singing for a minimum of
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95 minutes without rest and without drinking water to induce
vocal fatigue. The singing time used in the present study was
based on the mean plus two SDs singing time that resulted in
vocal fatigue, as reported in a separate study by Yiu and
Chan.”® The loudness level of the background music was set
at around 60 dB sound pressure level (SPL) for all participants,
and the participants were required to sing at least above 80 dB
SPL measured with a sound pressure meter (TES 1530A) at
a distance of 30 cm from their mouth.

After singing for 95 minutes, all the participants reported
feeling tired. They were further asked to continue singing until
they felt they could not sing anymore. The purpose of this pro-
cedure was to ensure that all the participants had indeed
achieved a vocal fatigue condition after the minimum recom-
mended time (at least 95 minutes) of singing. The final mean
singing time among the participants was 103.8 minutes (SD,
7.2 minutes; range, 95-115 minutes).

Participants’ self-ratings of vocal conditions. Before
the singing task, each participant was asked to rate his or her
own vocal conditions on the level of discomfort, dryness in
the throat, and effort used in voicing, using an 11-point rating
scale (0 = normal and 10 = most severely affected). After
the singing task, each participant also rated his or her vocal con-
ditions again.

High-speed laryngoscopic and voice recordings.
High-Speed camera 5562 digital high-speed imaging system
(Richard Wolf GmbH, Knittlingen, Germany) was used to re-
cord the laryngoscopic images before and after the singing
task. This was performed by the fourth author (K.M.-K.C.),
a qualified speech pathologist who had more than 10 years
of experience in conducting laryngoscopy. Synchronized
voice signals (in WAV format) were also recorded by a
microphone attached to the endoscope at approximately
10 cm from the participant’s mouth. The participants were
asked to sustain an /i/ phonation for as long as possible at
their most comfortable pitch and loudness with their tongue
protruded. Two seconds of the sustained /i/ phonation with
the onset and offset excluded were captured by the digital
high-speed imaging system. Synchronized voice signals
were recorded by a microphone attached to the endoscope,
which was approximately 10 cm from the mouth. A total
of 8192 frames (in AVI format) were recorded for the 2-
second time span in each recording. Each participant pro-
duced three /i/ phonations for recording before and also after
the singing task. Therefore, a total of six recordings were
collected for each participant.

Preparation of high-speed laryngoscopic images and
synchronized voice samples

The high-speed image recordings were analyzed using the
HSVP program developed by the Voice Research Laboratory,
The University of Hong Kong.">'” A number of ratio indices
and temporal measurements could be extracted using the
HSVP program. The present study, however, focused on
four measures only: fundamental frequency, length-to-
width ratio index of the glottis (based on the maximum open-

ing of 100 vibratory cycles), open quotient, and speed
quotient.

The third author (A.C.Y.L.) first carried out five manual steps
to select and prepare the images for the automatic analysis by
the HSVP program:

1. Selection of a comparable pair of presinging and post-
singing recordings. From among each of the three record-
ings produced by each participant before and after the
singing task, a pair of presinging and postsinging record-
ings with comparable quality and pitch level was selected
for each participant. Each pair of presinging and post-
singing recordings was perceptually judged to be similar
in pitch and loudness by the third author (A.C.Y.L.). Sub-
sequent analysis of the fundamental frequency and inten-
sity of these selected presinging recordings (mean,
240.3 Hz; SPL, 90.4 dB, respectively) and postsinging
phonations (mean, 241.2 Hz; SPL, 88.8 dB) showed no
significant difference between them (Wilcoxon signed
ranked test—fundamental frequency: Z = —0.09, P =
0.93; intensity: Z = —1.36; P = 0.17).

2. Extraction of image frames for analysis. A minimum of
100 vibratory cycles is considered to be necessary'® for
the HSVP analysis. Because the fundamental frequency
for each participant was different, approximately be-
tween 1000 and 2000 stable frames of images that con-
tained 100 cycles were extracted from the 8192 frames
of each raw video recording according to the frequency
produced by each of the participant. Frames that did
not contain view of a full glottis were eliminated from
the extraction process.

3. Postextraction processing of images—resizing and gray-
scale conversion of the images. The HSVP program, at
the time of the study, was designed to analyze gray-
scale images with a resolution of 120 X 256 pixels (al-
though the most current version of HSVP is now capable
of analyzing color images of 256 X 256 pixels). There-
fore, the size of the raw video was cropped into 120 X
256 pixels and converted into gray-scale image.

4. Fine adjustment of image quality. The processed images
were rotated manually so that the longitudinal axis of the
glottis aligned with the vertical axis (Figure 1). Manual
zooming feature and brightness and contrast controls
were also available for clearer visualization. The HSVP
program has a build-in motion compensation function,
which allows tracking the dynamic movement of the im-
ages because of the movement of the endoscope. Corre-
sponding adjustment was made to keep the glottis to
remain at the relative position across the frames using
the automatic motion compensation function if there
was endoscopic movement during the recordings.

5. Delineation of glottis for analysis. Once the structures in
the image were clearly visualized using the fine adjust-
ment described in step 4 previously, an analysis window
(Figure 1) was added to the image to enclose the glottis.
The window was placed on the left, right, anterior and
posterior edges of the glottis.
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FIGURE 1. Procedures in analyzing high-speed laryngoscopic images.

Data analysis

Interrater and intrarater reliability. Because the prepara-
tion of the high-speed images required some subjective judg-
ment, it was therefore necessary to determine the reliability in
preparing these images. Eight video samples, which repre-
sented 25% of the total analyzed samples, were randomly se-
lected for reanalysis to determine the reliability of frames
selection and the effect on the calculation of the glottal mea-
sures. Intrarater reliability was carried out with the third author
(A.C.Y.L.) analyzing the images 2 weeks later. Interrater reli-
ability was carried out by comparing the analyses undertaken
by the third author with those of the second author (G.W.),
who worked as an independent rater.

Acoustic analyses. Fundamental frequency and the inten-
sity level of the synchronized voice signals were extracted using
the Praat software.”' This was carried out by the third author
(A.C.YL).

Extraction of the glottal measures. A procedure to deter-
mine the vibratory (fundamental) frequency was carried out on
each extracted video image using the HSVP program by the third
(A.C.Y.L.) author. The HSVP program calculated the vibratory
(fundamental) frequency by transforming the number of frames
into a time function based on the sampling rate at 4000 frames

per second. For example, if 200 completed vibratory cycles
were identified within a 4000-frame video sample, it will be
equivalent to 200 cycles per second (ie, fundamental frequency
is equal to 200 Hz). The glottal length-to-width ratio index,
open quotient, and speed quotient were extracted by analyzing
the pixels of the glottis. The HSVP program automatically binar-
ized the pixels into black and white within the analysis window.
The black pixels represented the size of the glottis. As it was im-
possible to determine the actual size of the glottis because of the
unknown magnification factors (ie, the distance between the vocal
folds and the laryngoscope), a length-to-width ratio index of the
glottis based on the maximum opening of 100 vibratory cycles
was calculated. A higher index indicated the shape of the glottis
to be longer (anteroposteriorly) and/or narrower (transversely)
during the maximum opening. The open quotient (the ratio of
the glottal opening over one vibratory cycle—calculated by divid-
ing the duration of the open phase by the glottal period) and the
speed quotient (the symmetry between the open phase and the
close phase—calculated by dividing the duration of opening by
the duration of the closing within the open phase) were extracted
automatically by the HSVP program. A high open quotient indi-
cated a longer glottal opening in a given cycle, whereas a high
speed quotient suggested a longer glottal opening and shorter
glottal closing in a given cycle.
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TABLE 1.
Mean (SD) for Self-Ratings of Vocal Conditions on an 11-
Point Rating Scale (0-10)

Mean (SD)
Vocal Conditions Presinging Postsinging
Discomfort in the throat* 0.90 (0.91) 6.80 (1.74)
Dryness in the throat* 0.95 (1.00) 7.70 (1.78)
Effort in voicing* 0.55 (1.05) 6.95 (1.99)

* The asterisk symbol indicates significant difference (P < 0.05) between
singing.

RESULTS

Participants’ self-ratings on vocal conditions

Table 1 lists the participants’ mean self-rating of vocal condi-
tions before and after the singing task. Bonferroni adjustment
was used because three tests were carried out. The alpha was
set at .017 (.05/3). The subjects complained of significantly
more discomfort and dryness in the throat as well as more ef-
fortful in voicing (Wilcoxon signed ranked test for each of
the conditions: Z = —3.93, P = 0.001).

Intrarater and interrater reliability measures

Table 2 lists the interrater and intrarater agreement measures in
extracting image frames for the final analysis. For the intrarater
agreement measure, 75% of the reanalyzed videos were within
+500 frames of the first analysis. The interrater agreement was
lower, with 50% of the videos agreed within +1000 frames be-
tween the two raters.

To determine whether two different samples selected by the
same rater or the different raters produced significantly differ-
ent results in the glottal measures, Wilcoxon signed rank tests
were used to determine whether there were significant differ-
ences in the glottal measures between the analyses. No signifi-
cant differences (P > 0.09) were found in the glottal measures
between the two samples in the interrater and intrarater
procedures.

Acoustic and high-speed glottal measures

Table 3 lists the mean acoustic measures (fundamental fre-
quency and intensity) and the mean glottal frequency, mean
glottal length-to-width ratio index, mean open and speed quo-
tients before and after the singing tasks from the extracted
high-speed images. Analyses were carried out using the com-
bined data from the two gender groups and data from each gen-
der group separately. Bonferroni adjustment with the alpha set

TABLE 2.

at.017 (.05/3) was also used because three tests were carried out
for each measure.

Gender differences. No significant differences were found
between the two gender groups in the mean voice intensity,
glottal length-to-width ratio index, and speed quotient in both
presinging and postsinging conditions (P > 0.05). The female
group, however, demonstrated a significantly higher open quo-
tient when compared with the male group before singing
(Z = —3.78, P < 0.0001) but not after singing (P > 0.05).

Changes after vocal fatigue. None of the fundamental fre-
quency, intensity, open quotient and speed quotient measures
showed any significant changes after singing (P > 0.05,
Table 3). The glottal length-to-width ratio index, however,
showed a significant reduction after the singing task both in
the male and female groups (P < 0.01, Table 3). Although
the mean reduction in the glottal length-to-width ratio index
in the male group was bigger in magnitude (—1.67) than that
in the female group (—0.56), no statistical significance was
found (Z = —1.96, P = 0.052). The variability of the glottal
length-to-width ratio index in the male subjects was indeed
rather large, with an SD (1.61) larger than the mean (1.22,
Table 3). Therefore, a closer examination of the individual
data was conducted.

It was noted that nine males and six females (total = 15)
showed a reduction in the ratio index after singing, whereas
one male and four females (total = five) demonstrated an in-
crease in the ratio index after singing. For those that demon-
strated a reduction in the ratio index after vocal fatigue, the
change in the ratio indices ranged from —0.28 to —4.33 and
—0.03 to —3.30 in the male and female groups, respectively.
For those who demonstrated an increase in the ratio index,
the change in the ratio index was 0.63 in the male and ranged
from 0.09 to 0.90 in the female groups.

DISCUSSION

The aim of this study was to examine the glottal configuration
and vocal fold vibratory pattern after vocal fatigue using high-
speed laryngoscopic imaging. Vocal fatigue was induced using
a prolonged karaoke singing task. The subjects’ self-perception
of the vocal conditions was analyzed, and the glottal configura-
tion and vibratory patterns were quantified using three primary
glottal measures: glottal length-to-width ratio index, open quo-
tient, and speed quotient.

Self-ratings on vocal condition before and after
singing task

After a mean singing time of 103.8 minutes (SD, 7.2 minutes;
range, 95-115 minutes), all the participants reported to have

The Interrater and Intrarater Agreement in the Extraction of Image Frames for Analysis

Agreement +250 Frames +500 Frames +1000 Frames +2000 Frames +4000 Frames
Intrarater 37.5% (3/8) 75% (6/8) 87.5% (7/8) 87.5% (7/8) 100% (8/8)
Interrater 0% (0/8) 37.5% (3/8) 50% (4/8) 50% (4/8) 100% (8/8)
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TABLE 3.

Acoustic Measures and Extracted High-Speed Glottal Measures for the Combined Group and Separate Gender Groups

Measures

Presinging

Postsinging

Wilcoxon Signed Rank Test

Frequency (Hz) measured
acoustically

240.25 (71.13)

Male 179.80 (17.66)
Female 300.70 (47.41)
Intensity (dB) 90.40 (6.75)
Male 89.80 (7.36)
Female 91.00 (6.43)
High-speed extracted glottal 239.85 (69.67)

frequency (Hz)

Male 181.00 (19.25)
Female 298.70 (46.69)
Glottal length-to-width ratio 2.79 (1.12)
index*
Male 2.89 (1.39)
Female 2.69 (0.81)
Open quotient (%) 69.50 (9.6)
Male 63.40 (9.24)
Female 75.60 (5.10)
Speed quotient (%) 106.40 (20.5)
Male 98.60 (13.51)
Female 114.10 (23.95)

241.20 (71.97)

181.20 (23.31)
301.20 (48.91)
88.80 (6.46)
87.50 (8.41)
90.10 (3.69)
242.90 (72.13)

183.60 (25.02)
302.20 (50.44)
1.68 (1.52)

1.22 (1.61)
2.13 (1.35)
67.10 (11.9)
61.80 (12.22)
72.40 (9.35)
106.60 (29.4)
103.30 (21.94)
109.90 (36.27)

Z=-0.09, P=10.93

Z=-0.10, P=0.9
Z=-0.15, P=10.88
Z=-1.36, P=0.17
Z=-130,P=0.2
Z=-0.54, P=0.59
Z=-1.09, P=0.27

Z=-0.46, P=0.65
Z=-0.89, P=10.37
Z = —2.65, P=0.006

Z=-2.49, P=0.01
Z=-2.70, P=0.007
Z=-1.07,P=0.28
Z=-0.59, P=0.55
Z=-0.76, P=0.44
Z=-0.56, P=0.57
Z=-0.53, P=0.59
Z=-0.15, P=0.88

* The asterisk symbol indicates significant difference at 0.017 level.

vocal fatigue. The participants self-rated their level of discom-
fort in the throat, dryness, and voicing effort to be significantly
worse after the singing task (Table 1). These three features are
common signs of vocal fatigue (eg, Stemple et al*; Hunter and
Titze**) and could be considered as cardinal perceptual signs
for identifying vocal fatigue in speakers.

Reliability of the data processing

The reliability in extracting the high-speed glottal measures is
dependent on the precision of the manual extraction procedures
carried out by the investigator. The intrarater agreement within
1000 frames was more than 87%, whereas the interrater agree-
ment was only 50%. Nevertheless, statistical results showed no
significant impact on the final extracted measurements despite
the discrepancy in the frame selection. The use of a large num-
ber of frames and hence averaging out the measurements could
have possibly reduced the impact on the final extracted data, de-
spite the relatively moderate interrater agreement. It is essential
that these reliability data should be considered carefully in any
imaging processing studies, and investigators should ensure
that every effort has been made to obtain the highest reliability
or agreement.

High-speed glottal measures

The mean glottal length-to-width ratio index decreased signif-
icantly from 2.79 to 1.68 after the prolonged singing task
(Table 3). This suggested that the glottis in the fatigued voice
demonstrated a relative shortening of the vocal folds anteropos-

teriorly or widening of the glottis transversely. Whether it was
a shortening in the anteroposterior dimension or widening in the
transverse dimension was not possible because of the limitation
of the derivation of the ratio index. Figure 2 illustrates the shape
of the glottis of one of the subjects who showed a typical re-
duced glottal length-to-width ratio. The magnification of the
two images was adjusted accordingly based on the reference
landmarks using the anterior and posterior ends of the vocal
folds identified in the two images. It can be seen that the glottis
after singing (fatigue) became relatively wider when compared
with that of before singing. Such widening of the glottis could
be interpreted as an increase in vibratory amplitude. Gelfer
et al,'” who also found an increased amplitude in fatigued vocal
fold vibration, argued that this might have been an adaptation or
compensatory effect to the already fatigue condition. Indeed,
the compensatory hypothesis has also been proposed by Lin-
ville,”> who found in a study that the amount of glottal closure
increased after 15 minutes of loud reading. Both Linville** and
Gelfer et al'” contended that their participants generalized the
loud reading phonatory mode to the posttask evaluations, re-
sulting in the endoscopic observation of increase in vocal fold
contact and greater amplitude of vocal fold excursion.

On the other hand, Stemple et al” reported an increase in the
presence of incomplete glottal closure after vocal fatigue. They
hypothesized that the incomplete glottal closure was because of
thyroarytenoid muscle weakness, causing bowing at the edge of
the vocal folds. The present study, however, found no change in
the glottal closure pattern before and after the singing task.
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FIGURE 2. Anillustration of the shape of glottis in a participant who showed a typical reduced glottal length-to-width ratio after prolonged sing-

ing task.

Indeed, 17 of the subjects showed a posterior glottal chink be-
fore and after the singing task. One subject showed an incom-
plete glottal closure before and after the singing task, whereas
only two subjects showed complete glottal closure before and
after the singing task. Hence, the present study did not have ad-
equate evidence to support the thyroarytenoid weakness hy-
pothesis. It was likely that the participants in the present
study might have also adopted a hypertensive mode so that
the medial compression increased after the singing task resulted
in a decrease in the mean glottal length-to-width ratio index.
It should be noted, however, that not all subjects showed sim-
ilar changes in the glottal shape. A closer examination of indi-
vidual data revealed that five (one male and four females) of the
20 subjects showed a reversed pattern, that is, an increase in the
glottal length-to-width ratio after singing. Nevertheless, the
magnitude of increase (mean, 0.56; range, 0.09-0.90) was rel-
atively smaller than that of the magnitude of reduction (mean,
—1.67; range, —0.03 to —4.33). Such small magnitude changes
that did not conform to the general trend could have been attrib-
uted to individual differences in response to vocal fatigue. This
observation, however, appeared to be similar to a single case

study reported by Boucher and Ayad.** They found reduced lat-
eral cricoarytenoid muscle activities in their subject during
vocal fatigue. At the same time, the muscular activities of
thyroarytenoid and cricothyroid muscles increased to compen-
sate for the decrease in activity in the lateral cricoarytenoid
muscles. The increase in thyroarytenoid muscle activities
served to tense and stretch the vocal folds to stabilize the adduc-
tion force.

No significant differences were found in the open and speed
quotients before and after the singing task. This result contra-
dicted with that reported by Lauri et al,”> who found a higher
speed quotient and a lower closing quotient using electroglot-
tography (EGG) after vocal fatigue. They hypothesized that
these changes were because of an increase in adductory force,
reflecting a hyperfunctional vocal adjustment. It should be
noted that the temporal parameters like open quotient generated
from high-speed imaging did not necessarily correlate with that
obtained using EGG.*® There are two possible explanations for
such a discrepancy in the findings. First, it might have been be-
cause of the technical limitation of the high-speed imaging. The
sampling rate of the high-speed imaging in the present study

95 97



8

Journal of Voice, Vol. B, No. H, 2013

was only 4000 frames per second (4 kHz), whereas EGGs are
analog signals that are usually sampled at above 20 kHz or
even up to 44 kHz. Second, it might well be that vocal fatigue
does not necessarily cause any changes in the vibratory pattern
in the temporal dimension, as measured by open and speed quo-
tients, whereas, the spatial configuration of the glottis could be
affected. To conceptualize this, one might like to consider an
analogy in the physics of a swinging pendulum. In a free-
swinging pendulum, the amplitude of the swings (spatial con-
figuration) gradually reduces, whereas the frequency (temporal
dimension) remains the same. Although this second hypothesis
seems more plausible, further studies are required to determine
whether the temporal dimensions (open and speed quotients)
are preserved in vocally fatigued voice.

The results in this study should not be interpreted without
some cautions in mind. First, the participants who took part
in this study were relatively young (mean age, 21.2 years).
Therefore, the physiological reactions to vocal fatigue might
not be the same in individuals who are older. Second, the vocal
fatigue-inducing task used in the present study was a singing
task, which might have produced different vocal fatigue pat-
tern that was induced by an extended talking task. The pitch
level during the recordings was controlled in this study, and
the voice onset and offset were excluded from the analysis.
Therefore, the effect of vocal fatigue on one’s pitch, and the
pattern of voice onset and offset could not be determined. Fur-
ther high-speed imaging investigations should take into con-
sideration the voice onset and offset. In addition, high-speed
imaging should be accompanied with other instrumental mea-
surements, such as phonation threshold pressure, electroglot-
tograph, and stroboscopy.

Vocal fatigue is often treated as one of the symptoms of voice
disorders.” Early identification on vocal fatigue, especially for
those occupational voice users, who are prone to developing
chronic fatigue, would help preventing from the development
of a chronic condition that could result in voice disorders.
The present study demonstrated the quantitative analysis of
high-speed images using the HSVP program. The program
was able to detect the difference on vocal vibration pattern be-
tween nonfatigue and fatigue vocal conditions. The findings
suggested that the participants might have developed a compen-
satory behavior after vocal fatigue. More studies using multiple
measurements will be needed for a better understanding of the
physiological changes in vocal fold under vocal fatigue
condition.

Methods in studying vocal fatigue

A final concluding remark on the methodology is warranted
here for consideration by investigators on vocal fatigue in the
future. It should be noted that studies that investigated vocal fa-
tigue have used different procedural methods to induce vocal
fatigue. The present study employed amateurs using a singing
task. Whether the use of a reading or talking aloud task would
make any difference in the effect on vocal fatigue is not known.
Furthermore, it would be interesting to determine if amateur
and professional singers would have similar or different re-
sponse to vocal fatigue in terms of the glottal configuration.
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