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An Investigation on Perceptual Line Spectral Freqgye
(PLP-LSF) Target Stability against the Vowel
Neutralization Phenomenon

Trung-Nghia Phung, Mai Chi Luong, and Masato Akagi

Abstract—Coarticulation is a phonological phenomenon,
always occurring in all sequences of sounds not sapted by
pauses. Analyses in coarticulation of speech revedhat
articulation targets are incomplete in neutralizedsound, and it is
difficult to estimate incomplete articulatory targets of phonemes
due to their sensitivity. In this paper, we firstly proposed a
acoustical model of coarticulation of phonemes with syllables.
After that, we investigated the stability of spectal targets
affected by the vowel neutralization phenomenon. The
experimental results show that the proposed coartidation
model decomposed speech into context-insensitiveeat targets,
which are close with articulatory targets, and the
context-sensitive event functions, which closely peesent the
movements between the adjacent targets. In additionthe
PLP-LSF was shown as a stable spectral target agatngowel
neutralization phenomenon in our proposed coarticldtion
model.

Index Terms—Coarticulation, Neutralization, Perceptual
Linear Prediction, Line Spectral Frequency, Temporal
Decomposition.

I. INTRODUCTION

each phoneme is just affected by the two nearéghinering
phonemes.

Extended from basic of Locus theory, the articulato
phonology theory of Browman [4] shows that therenisre
than one single target in each phoneme. Targetenef
phoneme might be located at different locationsnme.

Although there are many coarticulation models Haeen
proposed. There is still a lack of simple modelkjclv are
easy to be implemented in speech applications,diedtly
performed with acoustic data. In this research,used the
spectral transition measure (STM) [5], the folded@MS
(FSTM), and the temporal decomposition (TD) [6, t@]
model the coarticulation between intra-targets withuclei
intervals of phonemes, as well coarticulation beftwe
inter-targets of neighboring phonemes. The detailghe

proposed model are presented in section IV, and the

experimental results are presented in the sectlon V

Using the STM, the boundary points between the
phonemes and the nuclei points, related to theitotaof the
idealized articulatory targets of phonemes, coeléstimated
[5, 6, 7]. The nuclei intervals, containing stadpectral

Coarticulation is a phonological phenomenon, alwayé@'gets, and the transition intervals, containiqgecsral

occurring in all languages for all sequences ofnsigunot
separated by pauses. Without appropriate coartiocnléhe
resulting speech sounds unnatural and is hardderatand.

In the literature, many coarticulation models hdeen
proposed [1, 2, 3, 4].

In the most basic model of articulatory, Locus [@hch
phoneme has a single ideal articulatory target dach
contrastive articulator independent of the neighigpr
phonemes. Under effects of coarticulation, the ditam
between two phonemes is described as the movereemtén
the two ideal targets of the phonemes. This trexmsghares
the articulatory and acoustic characteristics efttto targets

of both phonemes and gradually changes from beirf

predominantly like the first phoneme target to radantly
like the second phoneme target.

The Kozhevnikov-Chistovich model [2]
coarticulation within syllable but not across sgles. This
model is considered suitable for modeling speech
monosyllable language, in which coarticulationipposed to
occur between phonemes within syllable rather thenoss
the syllables.

The Wickelgren [3] is the model that mentally codes

speech units as context-sensitive units with a asifipn that

dynamics, could be also manually estimated [5]. [&/hi
speech dynamics, known to be context sensitive, dé&a of
phonetic information of speech, thus they are vwegortant
to speech intelligibility [5]. The static specttargets, bear
both linguistic/phonetic information and non/pangliistic
information of speech, are very important to bofieexh
intelligibility and quality [8]. Therefore, statgpectral targets
are usually required as stable as possible forabigli
recognition and synthesis tasks. However, analyises
coarticulation of speech reveal that articulatiargéts are
incomplete in neutralized sound, and the specaraets of
neutralized phonemes are not stable and not eadyeto
timated due to their sensitivity. In this papeve
investigated the stability of spectral targets ofvel nucleus
under effects of the vowel neutralization phenonmeio

founds Many different phonetic contexts. The details @mesent in

section V, VL.
in
Il. SPECTRALTRANSITION MEASUREAND FOLDED
SPECTRALTRANSITION MEASURE

A. Spectral Transition Measure
The STM at the timg STM(t), wass defined [4] as

STM (1) = (Y. a%)/ p @
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wherea, = ( Z C.(n).n)/( Z n°) @) lll.  TEMPORAL DECOMPOSITION
n=-n0 n=-n0

) h . . TD [6, 7] yields a linear interpolation of a timeggience of
HereCi(n) is thei™ order spectral coefficienl<1 < p) spectral parameters in terms of a series of tinexlapping
at then™ frame within an interval whose center is the time event functions and an associated series of evamibrs as
and —Nn0<N<n0 . The regression -coefficienta;, givenin Eq. (5).
corresponds to the linear variation of the spearalelope N &
pattern in a unit time. Consequently, STM(t), whishthe y(n) = ;1 ap(n),lsns<N ©)
mean-square value af i = 1..p, corresponds to the variation
of the smoothed spectral envelope. .
Researches show that the maximum of STM can Henction, respectivelyy(n) is the approximation gfn), the
approximated as the boundary of the phonemes Egid®s, n" spectral parameter vector, produced by the TD indtie
the minimum of STM can be considered as the center second order TD model used in [5], where only tdjmeent
phoneme nuclei, and approximated as location ddlived event functions overlap, is given in Eq. (6).

articulatory target [6, 7]. y(n) = ag(n+a..q.,.n),n<nsn,, (6)
B. Folded Spectral Transition Measure wheren, andn.; are the locations of evekf and event
Denote the center point (min STM) of phoneme kg, N (k+ 1)”‘, respectively. The restricted second order TD (RTD
the boundary point of phonem&-1)" andk™ is PB,. The model was utilized in [6] with an additional restidn to the

phonemel" is determined in the interval froRBy to PBy.1. event functions in the second order TD model ttagaent
The FSTM is geometrically defined as a relativeljunctions at any time sum up to one. Eq. (6) cancheitten

where @ and ¢ (n) are thek" event vector and™ event

changing rate of STM. as
(DD Ny, <t<B, yn)=agM+a.,1-gM)n<nsn, @
FIM=1A /A if B <t<Ny ® A modification of RTD called modified RTD (MRTD),
" using line spectral frequency (LSF) parameter, praposed
where A, = D(t) -D(t-1) (4)  [6]. In this work, we also used the MRTD becauseitef
andD(t) is the STM at the time compactness and efficiency, and we proposed a whdtho

For each phonemd, there are two folded transition pointsmodeling the coarticulation in syllable using MRTD.

at the two sides of the center pol,. Try at the right side

andTl, at the left sideTr, andTl, is defined as the maximum IV. " PROPOSEDCOARTICULATION MODEL

of FSTM as shown in Fig. 1. In this paper, we pgzbto The Locus model shows that the coarticulation betwe

estimate the coarticulated transition interval lestv the two targets is described as the transition moverbetween

phonemek-1)" andK" as the interval between tfie,; and the two neighboring targets. The Kozhevnikov-Chiito

Ty, shown in Fig. 1. The proposed estimation is basethe model founds coarticulation within syllable rattiean across

supposition that when changing from stable to dynaegion syllables. The Wickelgren model shows that eadjetas just

(and in inverse case), the relatively changing imsiddenly affected by the two nearest neighboring targetgerttied

increased (decreased) at the onset of dynamicrregio from Locus theory, the articulatory phonology theamf
Browman shows that there is more than one singlgeta
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located at different locations in time, in each mpdwme.
Theory of Browman suggests us a supposition thetigts a
nuclei interval of each phoneme. In this nuclegiaal, there
are some intra-targets of the phoneme, coarticulatccurs
between these targets within the nuclei intervaké phoneme
to phoneme coarticulated transition, referred to

inter-targets transition, only occurs from the tightermost
target of the prior phoneme to the left outermasget of the
next phoneme. The coarticulated transition intebetiveen
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V. STABILITY OF SPECTRAL TARGETS

phonemes therefore is approximately estimated by th SPectral targets estimated by the proposed cotaticn

transition interval between the two outermost terge

model were expected to be a stable context-insemsit

Based on basic models and theories of LocuBhonetic parameter. However, in some cases, ationl

Kozhevnikov-Chistovich, Wickelgren, and Browmanwas|
our previous analysis, we proposed a coarticulatiodel for
monosyllable languages, performed directly with westic
data, presented coarticulation as the transitiowements
between adjacent static targets of phonemes watkirllable.
The proposed coarticulation model is describeddn &

targets are sensitive. Analyses in coarticulatibrseech
reveal that articulation targets are incompletaentralized
sound. Human can perceive each phoneme neutrdhyed
coarticulation nearly as if it were uttered cleavijthout
neutralization. However, computer algorithms havet n
worked well to identify incomplete targets becao$eheir

In this proposed coarticulation model, STM and FSTNpENSitivities. To represent spectral target clogh twuman

were used to estimate the MRTD event locationgrred to
as context-insensitive target locations, in whico t
outermost targets of each phonetic unit are apprabaly
located at the onset and offset of the coarticdl&t@nsition
interval at the two sides. The coarticulated trigmsiinterval
of two adjacent phonemes, describing the contexffatts
of phonemes within a syllable, is then represertgdhe
interpolation region, modeled by two overlapped &&nt
functions, between these two outermost targetbiede two
phonemes. The interpolation performance of the gseg
model was evaluated and presented in the subsagtiBn
Using the proposed model, we separated

context-insensitive static features, related toeent targets,
and context-sensitive dynamic features, relate@Doevent
functions in continuous speech under effects oftamaation.
The context-sensitive transition movements
neighboring phonemes within syllable were describedwo
overlapped event functions, thus it could be medifio fit
with a new context. The static context-insensitexent
targets, representing the context-independent ctaistics

hearing therefore is expected to improve the stahif the
spectral target against the vowel neutralizatioengimenon.

LSF is closely related to formant frequency, coesd
corresponding with transition of articulators; L&k be also
reliably estimated. Therefore, the spectral featwsing in
our study are LSF and its variants. The originaFLiS
computed from the original linear prediction coeiffnt

(LPC). However, it has been showed that LPC is not

environmentally robust. Human can perceive spegeh @
highly noisy environment, and to represent the spkc
parameters close with human hearing can improventise

tH@bustness. Perceptual linear predictive (PLP) ¢®id

RASTA [10], built closely with human hearing, were
proposed. The PLP was built based on three tecksjghe
critical band spectral resolution (bark-scale), adoudness

betwed©-€mphasis and intensity-loudness power law Tdie

RASTA was an improvement of PLP which makes PLPemor
robust to linear spectral distortions [10]. DiagrafrPLP is
presented in Fig.3. PLPs, including PLP and RASh#ve
been considered the robust spectral representationisy

of phonemes, were expected to be stable and reliapfnvironments. We expected that combinations of b&&

Therefore, we considered and investigated the lgtadiof

PLP including Bark-Scale LSF, PLP-LSF, and RASTAF.S

spectral targets under effects of coarticulatisrpresented in €&n improve the stability of spectral targets. fere, we

section V and subsections VI.C, VI.D.

investigated their stabilities under effects of rticalation.
The investigation results are shown in subsectib@ W!I.D.



VI. EXPERIMENTS AND EVALUATIONS

A. Data Preparation

The speech corpus used in the experiments is DENBENS
also called Vnspeech corpus [11], built in the itost of
Information Technology of Vietham (IOIT). Speech swa
originally sampled at 11025 Hz, and re-sampled &z,
guantized to 16 bits, single channel.

In the first experiments to evaluate
performance of the proposed coarticulation motiel dataset
consisted of 50 utterances, extracted from DEMEN567

In the second experiment to evaluate the effects of

neutralization on spectral target stability, wedusesyllable
set with structure CVC, extracted from DEMEN567dan
divided into 13 groups corresponding to 13 Vietnseneasic
vowels. To clearly evaluate the effects of neigagion in
spectral target stability, we chose the CVC sydatdpoken
with fast speaking rate.

B. Evaluating Interpolation Performance of the Proposed
Coarticulation Model

In this section, we conducted the experiment tofioan
that the TD event locations, chosen by STM and FSTdur
proposed model could be approximate with statictspk
target locations and could improve the interpolatio
performance.

We interpolated syllables by two methods for coriguar.
In the baseline method, the events were locatqubgitions
with equally spaces. In proposed method, the evaste
located at the Tr, TI, which are the maxima of FSTavid
Nu(s), which are local minima of STM, with the ecalent
number of events. Log spectral distortion (LSD) wasd to
evaluate the interpolation performance of the MRWith
proposed event locations in comparison with the NdRAiIith

interpolation
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Table 1 gives the summary of spectral distortiosults
obtained. The results show that with the equivatember of

equally spaced event locations. The LSD was ewaduateévents, the interpolation performance of proposedhod

between the original LSF parameters, y(n),
reconstructed LSF parameteig(N) .
TABLE 1. AVERAGE SPECTRALDISTORTION OFINTERPOLATIONMETHODS

Event Locations Avg. LSD
Tr, Tl, Nu 1.884

3 equally spaced events 1.918
Tr, Tl, Nug, Nup, Nug 1.712

5 equally spaced events 1.736

TABLE II: AVERAGE OFMEAN AND DEVIATION OF THEVALUE S

LSF Bark LSF PLP-LSF RASTA-LSF
Mean 170.46 123.25 115.37 140.84
Std 53.46 51.27 42.82 49.37

TABLE lll: AVERAGE OFMEAN, DEVIATION AND MINIMUM OF

MAHALANOBIS
LSF Bark LSF PLP-LSF RASTA-LSF
Mean 1.20 1.78 2.31 1.82
Std 0.31 0.46 0.62 0.73

and theutperforms the method using equally events. Th&ult

supports that the even locations, estimated by ogama of
STM and maxima of FSTM, were close with the static

articulatory target locations, and could improvee th
interpolation performance.
C. Evaluating Sability of Spectral Targets by

Intra-Category Target Variation

In order to quantitatively compare the stabilitie$
different kinds of spectral targets, mean and stethd
deviations of the value S, the sum of eigen valokeshe
spectral targets covariance matrix were calcul§t@d 13].
In our dataset, each single vowel has some variartsacted
from different CVC syllables.

Assuming thatl", is a covariance matrix of the targets
sequences of the vowel

N — —_—
rk :Z(ynk _yk)(ynk _yk)T 8
n=1

Where N is number of vowel variants of the vowelk.is
the mean spectral targets of the vokeThe valueS, is the

sum of the eigen value$ of the matrix[™, , that is,



@ U

S =24
i
If the variance of each vowkldecreases, the eigen valueg4]

of matrix I, decrease, and the valB@lso decreases. In our g

experiments, spectral targets were computed foy staitic
nuclei intervals of phonemes. In order to compdne t
intra-category spectrum variation of the origin&H_spectral
target and PLP-LSFs spectral targets, mean andiasthn [7]
deviations of the valu8in each category were calculated.
Table 1 and Fig. 4a shows the mean and standaratidev [g]
of the average valu& for 13 Vietnamese single vowels
individual categories, extracted from our Vietnaendataset.

(6]

This result indicates that the val& of the PLP-LSF is Gl
smallest, the original LSF is largest. TherefoleR.SF was [10]
most robust under effects of neutralization, in panson [11]
with original LSF and other variants.
D. Bvaluating Stability of Spectral Targets by [12]
Inter-Category Target Variation [13]

In order to evaluate the inter-category spectrunatian,
an approximation of the Mahalanobis distaktwas defined
as follows [12, 13],

|b-by |

g,+0,

M = (10)

where b and b, were the mean spectral targets of

category andj , and g; and O; were the standard deviations.

The mean, standard deviation and minimum of theev&l
are shown in table 2, and Fig.4b, in which the @&luwith
PLP-LSF is greatest and that with original LSF nsaBest.
Therefore, it is again confirmed that PLP-LSF isstmmbust
under effects of neutralization, in comparison watiiginal
LSF and other variants.

VII. CONCLUSION

In this research, we used the STM, the FSTM, amd th
MRTD to model the coarticulation between intra-tdsg
within nuclei intervals of phonemes, as well caadiation
between inter-targets of neighboring phonemes.
experimental results show that the proposed cadation
model decomposed speech into context-insensitieetsy
event targets, which are close with articulatorgess, and the
context-sensitive spectral event functions, whidbsely
represent the movements between the adjacentgarget

We also investigated the stability of spectral ¢&sgof
vowel nucleus under effects of the vowel neutraiira
phenomenon in many different phonetic contexts. The
experimental results show that the PLP-LSF tasgatriobust
context-insensitive  spectral target under effect§ o
neutralization in comparison with original LSF aglwas
other combinations of PLP and LSF.

The
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