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An Investigation on Speech Perception over Coddimn

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

Abstract—In this paper, we investigated the speech
perception under effects of coarticulation within gllables,
including estimating the nuclei and coarticulated tansition
intervals of phonemes, and investigating the percépn of nuclei
and coarticulated transition intervals of phonemes within
syllables. To complete these objectives, we firstjyroposed the
folded spectral transition measure to estimate théoundary
points between the nuclei interval and coarticulaté transition
intervals. Then, we conducted experiments to invegiate the
syllable identification and syllable quality evaludion under
effects of coarticulation. The experimental resultsshow that
human can identify the syllables with the retainingintervals
equal or wider the coarticulated transition intervals. Besides,
the experimental results show that the nuclei intarals are still
important for speech quality perception; the qualiy of
truncated syllables retaining the two phoneme nucles and
coarticulated transition interval between the two fponemes
within syllable is equivalent with the quality of aiginal
two-phoneme syllables.

Index Terms—Coarticulation, Speech Perception,
Spectral Transition Measure
|. INTRODUCTION

Coarticulation is a phonological phenomenon, always The

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]. Applying these models, speechgption
under effects of coarticulation has been investidiaEurui [4]
showed that human even can identify the vowel, aoast
and syllable only with the transitions when vowetieus are
truncated. However, state of the art speech retiogrand
concatenative speech synthesis show that the vaweddus,
related to static information of syllables, playpiontant role.
This contrary needs to be clarified by further expents.
Spectral transition is closely related to speechegyion in
coarticulation [4]. Based on spectral transition amee

syllables. To complete these objectives, we cormdlict
experiments in a Viethamese speech dataset, peesienthe
section V.

Il. COARTICULATION THEORY AND MODELS

The articulatory phonological theory [8] regardstgees
as the basic units of phonological contrast. A gests the
movement of one articulator from an articulatorysition
characteristic of one speech sound to an artiaylgtosition
characteristic of the next speech sound. Articujagestures
overlap. Articulatory overlap is the basis of caartation.

In the most basic model of articulatory planninggus [1],
each phoneme has a single ideal articulatory tdogetach
contrastive articulator independent of the neighigpr
phonemes. These ideal targets locate around thersexi the
phoneme nucleus [6, 7]. Under effects of coartiiorg the
transition between two phonemes is described as the
movement between the two ideal targets of the piese
This transition shares the articulatory and acousti
characteristics of the two targets of both phoneraed
gradually changes from being predominantly like finst
phoneme target to predominantly like the secondchpime
target.

Kozhevnikov-Chistovich model [2] founds
coarticulation within syllable but not across splis. Thus,
they have been used to model coarticulation between
phonemes within syllables. These models are coreide
suitable for modeling speech in monosyllable laggsa in
which coarticulation is supposed to occur betwdmmpmes
within syllable rather than across the syllables.

The Wickelgren [3] is the model that mentally codes
speech units as context-sensitive units, thus paoheme is
just affected by the two nearest neighboring phasem
Wickelgren is the most popular model currently used
HMM-based speech recognition and synthesis.

Target undershoot is a phonological phenomenon,
occurring when there is insufficient time for ati@rator to
reach its target position. Thus, target undersigaobt clear

(STM), there are some methods to estimate the kynd described by simple models of articulatory planning

points between the phonemes [4, 5] and to estithatauclei
points, related to the locations of the idealizeticalatory
targets of phonemes [6, 7]. However, it is stillagk of
efficient methods for automatically estimating theclei
intervals and the coarticulated transition intesvalff the
phonemes in each syllable.

This paper therefore is to investigate the speecbgption
under effects of coarticulation within syllablesicluding
estimating the nuclei and coarticulated transitigarvals of
phonemes,
coarticulated

transition intervals of phonemes inith

However we can avoid the target undershoot by utieg
speech that is pronounced clearly and slowly.

In articulatory phonology theory of Browman [8]getle is
more than one single target in each phoneme. Taajeine
phoneme might be located at different locationsnre. The
articulatory phonology theory suggests us a sufipaghat it
exists a nuclei interval of each phoneme. In thiglei
interval, there are some intra-targets of the phmne
coarticulation occurs between these targets witennuclei

investigating the perception of nucled arinterval.
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Fig. 1. Transition and Nuclei Intervals

The phoneme to phoneme coarticulation only ocauns f
the right outermost target of the prior phonemehi® left
outermost target of the next phoneme. The coaatied|
transition interval between phonemes therefore
approximately estimated by the transition interlbatween
the two outermost targets. It is known that thesend
articulatory target at the transition interval; shwe attempted
to estimate the phoneme nuclei interval separatily the
coarticulated transition interval of each phonemiis work.

Ill. SPEECHPERCEPTION OVER COARTICULATION

In the literature, many researchers have takenaotount
the effects of coarticulation on speech perceptiaumui [4]
found that the dynamic spectral information caussd
coarticulation is critical for vowel, consonant asglable
perception. Furui also showed that human even damtify
the vowel, consonant and syllable only with thensiaion
when vowel nuclei is attenuated to silence or tabed.

State of the art computer-based speech recogrstiow
that both static (eg. MFCC) and dynamic (eg. DBIEECC)
information are important [9]. Speech could notpmfect
recognized only with dynamic features. Moreoverstate of
the art concatenative speech synthesis, the vavedgus play
critical role for high quality speech synthesis,[1Q].

Therefore, although human can recognize speechonith
dynamic features, both of static (eg. phoneme misgland
dynamic features (eg. transitions) are importanipferfectly
recognizing and naturally perceiving continuousegpe This
supposition has not been clarified in the previmsearches
and need to be confirmed by further experiments.

In experiments of Furui [4], the coarticulated B#ion
interval, bearing the most important informatiorsgfiables,
was estimated manually with an experimental dundgagth.

as in unit selection synthesis. If we have limitata and
speech might need to be synthesized by replaciogegrhe
from different contexts, we need to consider coafttion
isffects and modify the coarticulated transitioreimal to fit
with the required context. However, current concatee
speech syntheses only averagely smooth the boupdarts
instead of the whole coarticulated transition inébetween
the neighboring phonemes [10, 11]. It causes ttaditguof
concatenative speech syntheses with limited datatikigh.
The above analyses lead us to a problem that how to

automatically estimate the coarticulated transitioterval
between neighboring phonemes within syllables. itwver
for this problem can be solved by using the progdeéded
transition measure in this paper.

IV. SPECTRALTRANSITION MEASURE ANDFOLDED
SPECTRALTRANSITION MEASURE

A. Spectral Transition Measure

Transient portions of the spectrum of speech sjgeklted
to dynamic spectral information, have been consider
important for speech perception [4]. Furui [4] defil the
spectral transition measure (STM) for representthg
magnitude of spectral dynamic.

The STM at the timg STM(t) is computed as

STM(Y=(3 &)/ ¢ W
where g, :(i Q(n).n)/(iol If) )

HereCi(n) is thei™ spectral coefficientX<i < p) at the
n™ frame within an interval whose center is the tithand

The experimental duration length much depends a@n th_nos n< no.

specific conditions and could not be widely appfiedspeech
applications.

The regression coefficierd;, corresponds to the linear
variation of the spectral envelope pattern in at dinne.

Current concatenative speech syntheses are only higonsequentlySTM(t) which is the mean-square valueagf

quality if we have enough data of all phonetic eatd, such



= 1..p, corresponds to the variation of the smoothedtsglec investigate the coarticulation between only the tvearest

envelope.

Many researches [4, 5] show that the maximum of Sah
be approximated as the boundary of the phonemesid&e
the minimum of STM can be considered the center
phoneme nuclei, and approximated as location cdlimksd
articulatory target [6, 7].

B. Folded Spectral Transition Measure

Denote the center point of phoneknis Nu,, the boundary
point of phonemé-1" and k" is PB,. The phonemd" is
estimated in the interval frofB, to PBy,;.

The FSTM is geometrically defined as a relativelyexperiment to

changing rates of STM.

FSTM:{A‘H/ A1 Ny, <t< PR 5
ATAF PB <t<Ny
where £y = STM(9 = STM 1) @

andD(t) is the STM at the time

For each phonemd', there are two folded transition points

at the two sides of the center pol, Try at the right side
andTl, at the left sideTr, andTl,
of FSTM as shown in Fig.1.

We can observe that the maximum of the FSTM eséisnat

the points where the transition measure relatieglgnging
rates are suddenly changed; those arefdhied transition
points We proposed to estimate the coarticulated triansit
interval between the phonenkel™ and k" as the interval

neighboring phonemes. Thus, we chose the two-phenem
syllable set, which are three groups CV, VC and ¥dch
group had 10 syllables. These syllables were sampte
df1025 Hz, quantized to 16 bits in single channetiend he
chosen dataset does not cover all Viethamese yllab
structures but cover three popular kinds of Vietasen
syllable structures, CV, VC and VV.

B. Stimuli and Method for Experiments

In order to confirm the duration of the dynamidered to
as the coarticulated transition interval, Furui¢éhducted an
investigate the identification scoref
truncated syllables as a function of truncationitpmss. The
beginnings and endings of the syllable were joitrtipcated.
The perceptual critical point was estimated astitinecation
position when identification scores rapidly chandemn a
low score to a very high score exceeded about 88é.
interval between the two neigboring perceptualaaitpoints,
located at two sides of a phonemes boundary peias
considered the coarticulated transition intervaiveen the
two neigboring phonemes within a syllable.

is defined as the maximum  pe fo)ded transition points in this paper, usedgtmate

the coarticulated transition intervals within shlies,
therefore are refered to as the perceptual cripoaits that
Furui mentioned. We will confirm whether the idéictition
scores rapidly changed from a low score to a vegly Bcore
when the truncation passing the folded transitiomgs.

The stimuli of the experiments in this paper were

between theTr,, and Tl, shown in Fig.1. The proposed developed from those of Furui, where the beginniagd

estimation is based on the supposition that whemgihg
from stable to dynamic region (and in inverse cated
relatively changing rate is suddenly increased r@ghsed) at
the onset of dynamic (stable) region.

In the experiment in section V.C, we will investiga

whether the folded transition points approximates th

perceptual critical points of Furui's experimend,[and
confirm that it can be used to estimate the caaeted
transition interval between phonemes.

V. EXPERIMENTS

A. Data Preparation

In this work, we conducted some experiments tostigate
the coarticulation
Kozhevnikov-Chistovich and Wickelgren models to iges
the stimuli for experiments.

Vietnamese is a mono-syllable language and codation
occurs between the neighboring phonemes withiralsidl
rather than across syllables [12]. Based on
Kozhevnikov-Chistovich model, we designed the slirtm
investigate the coarticulation between neighbopghgnemes
within each syllable and ignored the coarticulatanoss the
syllables. To achieve this goal, we chose a datds#iscrete
Vietnamese syllables, in which each syllable wampunced
alone to remove the effects of coarticulation betwe
syllables. We also chose the syllables which wevequnced
clearly and slowly to avoid target undershoot iarticulated
phonemes within syllables.

Based on Wickelgren model, we designed the stinauli

in Viethamese. We based on t

t

endings of the syllable were jointly truncated byed size
truncation steps. The spectral feature for STM B&AM
used in this paper is the line spectral frequericSF).
Because the formant transition are considered sporaling
with transition of articulators, the reason foresting LSFs in
this paper is that LSFs parameters are closelyteckléo
formant frequencies, and they can be estimateahbigli

Perceptual linear prediction (PLP) was confirmedbé&o

more robust with environments than original linpegdiction
(LP) [13]. We expected that it is also robust witbwel
neutralization phenomenon, caused by coarticulafidmus,
we used a perceptual LSF computed by PLP, callédIF&F,
instead of using LSF computed by original lineagdiction
Haearameters.

The number of LSF coefficientp was 15 for each
overlapped frame, where the frame size and inteveaé10
msand3 msin turn. The frame size and interval were set bmal
to detect the target points more locally. The tgh#tnOin
STM was set t@ frames. We truncated the syllable around
fe folded transition point, where truncation sStegex is set
to be zero.

The truncation step wds ms smaller than the step size
used in Furui's experiments [4] to cope with theorsh
phonemes.Syllables were concurrently truncateaih bides
left and right of the coarticulated transition . After
being truncated, the speech waveform amplitude limaear
attenuated to reach zero at the truncation point.

We chose a group of five Viethamese native listerfier
these experiments. The listeners were requiredetatify the
syllables and evaluate the quality of the syllables



|dentification Scores

Truncation Step Index

Fig. 2. Identification Scores for Truncated Syl&shl

Quality Evaluation Scores

o

Syllables were concurrently truncated in both sldé&sand

right of the coarticulated transition interval. éftbeing
truncated, the speech waveform amplitude was linear
attenuated to reach zero at the truncation point.

We chose a group of five Viethamese native listerfier
these experiments. The listeners were requiredetatify the

Quality Evaluation Scores

syllables and evaluate the quality of the syllables

C. Experiment on Syllable Identification under effeofs

coarticulation

In this experiment, we will confirm that the perted
critical points in the experiments of Furui [4] cde
approximated as the folded transition poifit@ndTI, which
can be automatically computed by the algorithm uméed in

the sub section IV.B. The 30 original syllables ahdir
truncated versions were played in random orderh® t
listeners. The listeners had to identify the sy#alby writing
the name of the syllables. The number of syllablasectly
recognized by listeners was taken as the idertiificagcore.

Quality Evaluation Scores

The resultis shown in Fig.2, where syllables waracated
for both sides around the folded transition poititg step
index of truncation equal® means the truncated syllable is
the same region between two folded transition gogrual -1

means the truncated syllable is the region betweerolded
transition points added by two adjacent framesoith Isides,
equal 1 means the truncated syllable is the rdggtween two
folded transition points subtracted by two outertricames,

and so on.

The results show that the identification scores ttoe
retaining intervals that equal or wider the coaftted
transition interval, corresponding with truncatgiap indexes
smaller than or equal as zero, were very highorifiems that
human can identify the syllables only with the timafated
transition interval. The identification scores fwuncated
intervals, corresponding with truncation step irelelarger
than zero, are very low. It confirms that the tvainps Tl and
Tr were approximate the perceptual critical pointsthe
Furui's experiments [4]. The greater coarticulatiffects,
the more important information remain in the caadtted
transition intervals, then the higher scores huoamidentify

the syllables.

In our experiments, we also found that coarti¢otain

w
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Truncated Syllable Wersion
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2 3 4
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Fig. 3. Quality Evaluation Scores for Truncated&yks

D. Experiment on Evaluating Quality of Syllable under
effects of coarticulation

In this experiment, we will confirm that althoughirhan

can identify the syllable only with coarticulatedhrisition

4).

interval, the nuclei interval is still very impontafor speech
quality perception. We provided the four versioristiee

syllables for listeners, including the originallajles (version
1); the truncated syllables retaining only coattted

transition interval , as the interval betweepTand T} in Fig.

1 (version 2); the truncated syllables retaining thterval
between nuclei points of the two phonemes in sidlalas the
interval between Nu, and Ny in Fig.1 (version 3); and the
truncated syllables retaining both of the two nutieervals
and the coarticulated transition interval betweba two
phonemes, as the interval betwd@én to Try in Fig.1 (version

The listeners had known the writing charactersytbalsles

before, and were required to evaluate the quafigytables

Vietnamese VV structure is weaker than in CV and V@n a five-point scale (1: bad, 2: poor, 3: fair,gbiod, 5:
structures, thus the identification scores for ¢ated VV  excellent). The result is shown in Fig.3, in whigk see that

syllables under effects of coarticulation was worst

the quality of truncated syllables retaining onbadiculated



transition interval is worst, the quality of truned syllables
retaining the two nuclei intervals and the coattitad
transition interval between the two phonemes isivadgnt
with that of original syllables. We also can obsethat
human perceived the quality of original syllablés @V and
VC almost the same. But human perceived the qualfity
truncated syllables retaining only coarticulatednsition
interval of CV, VC better than that of VV syllables

VI. CONCLUSION

In this paper, we investigated the speech peraepiialer
effects of coarticulation within syllables, incladi estimating
the nuclei and coarticulated transition intervapbbnemes,
investigating the perception of nuclei and coattitad
transition interval of phoneme within syllable.

The folded transition points estimated by maximg®TM
were confirmed to be approximate with the percdptritical
points in experiments of Furui [4]. Thus, they denused to
estimate the boundary points of nuclei and tramsititervals
within syllables.

Two experiments to investigate the syllable idésdifon
and syllable quality evaluation under effects ddrticulation
were also conducted. The experimental results sty
human are able to identify the syllables only with
coarticulated transition interval but the nucldemval is still
important for speech quality perception.
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