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iramie-raies. Consequictiily we catagorise the fine probiems and
stigaest possibie improvements, The resufts tront the DR have
indicated that STRATGHT can produce speech with an average
DRT score ol 95 between -5 ms analysis trame-rate. In - addi-
ton, aset ol subjective quality measures using NOS and MNRU
tests have been conducted, These tests have been carried o for
three ditterent versions ol the STRATGHT system: versions 17,
25 and 30. The DRT has been carried out using version 23 only.
Buasaed vit the subjective eviltaiion results, i discussion ol pos-

sthie improsements (o the STRATGHT system is given.

I. INTRODUCTION

Asysicn capable ol reproducing very high quality speceh seund
witile cnabling fiexibie control on phvsicad paranicters ol speech
would be an important tool Tor speech perception research s
wellas other speech research applications. “Lhe aim ot s study
b anal-

> tine details where the STRALGHT speey

TSR TN

vaisAmoditicationssy athesis systenn {20504 Labis o oeplicuie fin-
porrant speeeh auribues. This systen s wreseiunch woon used i
dnwmnber o institutions wnd faboratorics. s kKnown Lo produce
speech ol very high quality.

This paper will present subjective tistening test results for the
STRAIGHT system. Subjective tests can be divided into two
categories: mtelligibility testing and quality testing. The two
classes are not disjoint, and good quality implies good intelligi-
hility while the converse is not necessarily true. The intelligibil-
ity test used in this study is the diagnostic rhyme test (DRT) [7]
on STRAIGHT operating at various analysis frame-rates. This
is then Tollowed by pereepuual quality evaluations ol this sys-
teim using the Mean Opinion Score (MOS) und Modulated Noise
Reference Unit (MNRU - ITU-standard P.STOY tests in clean and

naeisy speech environnients.
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2. THESTRAGHT SYNTEMS J
e source-lilier model has been shown o produce syathetic?
speech of very bigh gquabity (6], However. for such systems 1o
attain this high quality the parameters need carelul uucnliun;md‘f
hand-editing. The STRAIGHT system, based on the source !iI(c;:
model. allows flexible control ol speech parameters and its cons,
ceprual simplicity has made this system a ool For speech pess
ception rescarch as well us other speech research uppliculiom;i
his has been achieved by relining the procedures for extrgts:
ing the fundamental frequency (FO)y and spectral envelope, and!
a procedire W generate sophisticated excitation signals in sy
thesis. Four versions ol tie STRATGHT system tha h;n'chccg
developed are as Tollows: versions 14, 17,23, and 30, M;myn}{i

saarchers wnd developers using this systent have their own

ferred versions ol the system which they helieve produce the bes
quaity speech. The tollowing sections will lead 1o @ di.scuss':
on which of these versions is pereeptually better and what pa
ol the system can be improved. In generald, it is in.\u'ucli‘f'e.l
investizate Closely on deticiensios for linding Hmitions oi" i
andet iy ing inodei. bidiis case, a source iier ioicl and img
iy, principles ob Auditory Scene Analvsis | 1.

The uperade Trom version 17 10 23 was designed 0
STRAIGHT more accessible Tor rescarchers without ha

stong DSP knowledge, The only major difference s in

rameter is used to design cach ol the excitation pulses. <
group delay Tunction of one such pulse is gcncrulcd

andard @ _ :

viation ol the group delay functon in a high Irequency

spatial-lrequency-band-limited random signal, The st

is set according to the group delay parameter. In STRAI
version 17, this standard deviation is set 10 0.-Le 1000/ FO 8!

ing this group delay parameter. In other STRAIGHT vel
Clined 2 ms standard deviation is set by default. The st o
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“geviation in the lower frequency region is suppressed using a
sig"‘"id‘“ lunction.

yersion 30 was designed hised on the DRT evaliation linding
wbhe reported in the foHowing section. Also. a new fundiainen-

gl [Tequency extraction scheme based on [requency o instan-
@nco
Jnthe other two versions, FOis extracted using an instantancous

us requency mapping is implemented in this version {4

frequency method with anadaptive fundamentat component se-

Jection mechanism 5],

3. DRT INTELLIGIBILITY EVALUATION

The DRT tests the ability of listeners to distinguish phoncmes
with conimon attribuies. The procedure for DRT requires one
word o cach rhyming group ol words 1o be presented 1o listen-
ers. and they arc asked to pick the word that was spoken. The test
material consists of 96 rhyming monosyllable word pairs that
were selected o ditTer in only their initial consonant (e.g. veal-
feeh) [7). Each word pair tests tor distinctive feattres includ-
ing voicing, nasality. sustention. sibilation. graveness and com-
pactess and scores in cach ol these categories provide informa-
tion on diagnosing system deficiencies. These word pairs were
recorded by an English native speaker at 16 kHz in a recording
room. Tests were carried out in & hstening booth wt ATR Human
Information Processing Labs. Kyote, Japan.

31 Analysis of DRT scores

‘The anm of this experiment is 1o see the difference in intelligibil-
dty of STRAIGHT alter varying the anatysis Irame-rate. Frame-
‘mics used were toms. 3 ms, S mse 7 ms, (0 ms. L6oms and
20 ms. Six-male native English fisteners were used tor the DRT.
The rate Tor the presentation ol DRT items was one item ¢very
LS seconds. Only STRAIGHT version 23 was used in this eval-
uation,

. The DRT scores obtained for the STRAIGHT system wre
;Shown i Figure 1. These results demonstrate that STRAIGHT
‘isu highly intelligible speech sound representation system. The
speech analysed with STRAIGHT using frame-rates in the re-
gion of | to 5 ms obtained similar and very high DRT scores
and a steady log-lincar decrease in intelligibility can be seen al-
ter this region. Benchmark tests on the original speech at 16 kHz
obtained a DRT score of 99,1,

In the fower frame-rates of 1 10 S ms, categorics ol voicing,
Sustention. and graveness show lower intelligibility. The reduc-
tion in diseriminability ol the voicing catcgory @n be auributed
0 system aeiiciencies with respect to other acoustical-speech
feawures which are perceptually signilicant; in particutar the ume
of onset of periodicity. In our test for the voicing catcgory, the
listeners had difficulty in distinguishing between phonemes /d/
and 2t as in DUNE and TUNE as well as DINT and TIN'T. GIN
g CHIN aiso showed poor discriminabiiity. Relerring 1o spec-
Uograms ol Figure 2 tDUNE) and Figure 3 CTUNE e case
OFTUNE we can see u stronger and longer segiment unvoiced
initial consonant. All listeners who made a mistake on this stim-
uli word pair mistook DUNE as TUNE. This suggests that the
voicing decision in STRAIGHT is not reliable enough in the
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Figure 1. DRT scores for different analysis frame-rates.

such unvoiced segments which in ellect increases the voice on-
seLtime.
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Figure 2. Wide-band Spectrogram of stimulus DUNE.
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Figure 3. Wide-band spectrogram ot stimulus TUNE.

In the sizstention category which distinguishes between items
consisting of sustained and interrupted word pairs. listeners
had over all analysis lrame-rates, problems with SHOES and
CHOOSE., VON and BON. VOX und BOX. DOZE und THOSE,
and DAN und ‘THAN. In this category. it is important on tine
temporal mudelling of the first consonant otherwise the word
DAIFS {re spectraly very sinilar,

In the case ol graveness, distinction between phonemes /17
and /€7 was tound Jitlicult. These include word pairs such
as FIN and THIN, FOUGHT and THOUGHT and FAD and
THAD. Similar to some ol the stimuli in the sustension catcgory,
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this is mainly duc to the type ol windowing und smoothing in the
time domain which is a poor representation of abrupt bursts such
as in the word pairs FAD and THAD.

Furthermore, KEEP and CHEEP in the sibilation calcgory
produced a number ol errors by listeners at [rame-rates above
i ms. In this category. modelling noise in the consonant region
plays an important part since there is a ditierence i dic inien-
sity ol this first consonant in the tfrequency domain, though the
duration ol the consonants arc similar.

4. QUALITY EVALUATIONS

Objective quality cvaluation was carried out using MOS and
MNRU tests. Three versions ol STRAIGHT (versions 17, 23,
and 30) were subjected to these tests.

4.1. Test Conditions

These tests were caried out at NAIST's specially designed lis-
tening rooms.  The listeners included fifteen students hetween
the ages ol 22 and 24 ycars, two ol whom were lemale. The

sounds presenied to the listeners are listed as totlows:

I. Original utterances:

~

Utterances analysed and synthesised by the three versions
of the STRAIGHT system:

3. Uterances coded by G.722(SB-ADPCM) 64kbit/s:

4. Noisc correlated to the amplitude of utterances (MNRU
equivalent-Q).

These utterances were sampled at 16 kHz and the speakers
were three males and three females cach uttering 6 sentences in
Japanese. Additive noise was of type white and pink using SNR
of 10 dB, 15 dB. and 20 dB.

4.2, Evaluation results

Figure 4 shows the MOS and MNRU results obtained for the dif-
ferent versions of STRAIGHT using clean speech. It is observed
that version 17 is ol the highest quality which may indicute that
fundamental trequency adaptive group delay representation in
synthesis (refer to Scction 2) results in higher quality. [tis also
noted that male speakers show higher objective scores. This is
mainly due to the difficuity in extraction ol spectral informa-
tion for temale voice since the higher fundamental trequency
of lemales results in o more complex specuum.  Overall, the
STRAIGHT system scores tower in quality in all versions w
that of the original voice, which is expected, and that of (G.722
codcec.

Figure 5 shows the quality evaluation scores obtained alter ad-
dition of white noisc to the signals. Version 23 of STRAIGHT
seems to be more robust to noise. However. in all versions the
scores are quict low and not significantly dilferent from cach
other. The ratio ol quality difference between original and coded
utterances is higher than that for clean speech. The main reason
for this degradation is that the source information is highly in-
lluenced by white noisc. More specilically, spectral information
is highly corrupted.
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Figure 4. MOS and MNRU scores for clean speech.
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Figure 5. MOS and MNRU scores for speech with addeai
white noise.

The quality evaluation scores after the addition of pmkn@&,
to the utterances are shown in Figure 6. STRAIGHT versnm&i
performs slightly better than the other versions. This is no ”“.{
nificant increase in the quality. Degradation ellect in the wum
information is quite high. Ras

5. DISCUSSION
1L is o our surprise that version 30 did not perform hettet
tie other versions. As mentioned. version 30 was revised
on the analysis of DRI evaluation results Tor S'I‘l\'.r\lGl'fT:
sion 23, However, there is a promising view point on lhnf :
ter discussed in this section, and it is evident that these $5354
tive listening tests have claritied STRAIGHT's deticiencies! g
close investigations on these suggest lurther methods t0°F
STRAIGHT. Itis also indicated that, at least up Lo this poiﬂ&
average DRT score of 95 does not imply the basic limitatio®

the source-filter model.

tn the ohjective evaluation tests, listeners re pomd the @
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qure 6. MOS and MNRU scores for speech with added

rmnoise.

{ some voiceless sounds 1o have a buzzy characteristic associ-
wed with them such as in the phoneme /7. This was specil-
ly apparent for version 30 of STRAIGHT. Since the lixed
nts method [4] in this version is very effective in picking any

ifandamental-like) periodic components, it is possible 1o pick
igp perivdic compunents siich as AC-current noise and fui noise
éﬁm air conditioners. If such erroneous selection occurs in si-
lhll:e regions or in voiceless fricative regions, higher [requency
E!hnponcms may be driven by a periodic pulse (due o @ voiced
decision in an unvoiced region) and produce sound of buzzy
fﬁwmcwri.slic.

; Two methods of solving this problem exist and these can be
‘v',incorpnmlcd collectively. One is to introduce a decision rule o
" ntify il the extracted periodic component is due 1o speech or
moise. The other is inroduce a type of muiti-band excitation
BMBE) scheme, where cach Irequency band is excited by @ mix-
i!_!ll'eol' periodic and aperiodic driving sources. Although the cur-
?lem version ol STRAIGHT employs such MBE representations,
thcn the quality tests were being performed, version 30 did not
M the MBE type source control function. This was duc 1o the
h’gc number of parameters in the MBE implementation which
iﬁcrc not fully optimized at the time of the tests.

‘;",,‘Ml)l't:()\’cl'. some side effects still exist from the modilications
Made 10 [ix the problems in sustention and sibilation cacgorics
01 the DRT evaiuation. The deliciencies ¥ these categories in-
dicated that frequency resolution for unvoiced sound analysis is
ot poud enough. To overcome this the time window length for
Unvoiced sound analysis was increased. The poor emporai res-
Qlution due 1o this long time window is resolved by multiplying
the short erm power envelope with the simoothed specurogram
Produced by STRAIGHT s spectral smoothing method-[2]. This
femporai shaping is also intended 1o solve the DRT problem in
Sibiation ang graveness CALCgOTICsS due 1o the poor represei-
tion oy abrupt bursts and stop consonants. However, the imple-
Mentation of this temporal shaping is oo complex and ad-hoc

hat o formal mathemarical analysis is possible.  As a con-
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sequence. this high frequency resolution combined with a fine
wemporal envelope. resulted in unvoiced sounds having a musical
noise or "wel” color characteristic to them. Simple MBE tvpe
source eontrol does not solve this problem. It is necessary to
adaptively change the time-frequency smoothing scheme. based
on periodicity and sharpness of an event in the source speech
signal. A novel event detection method 3] provides an indis-
pensable information to make the above decisions reliable and
mathematically well delined.

In order to compete with G.722(SB-ADPCM). wlerance to
noise ol the STRAIGHT systems requires improvements by the
use and adaptation ol some speech-in-noise models. The spec-
wral envelope smoothing and fundamental [reguency extraction
ol ihis system require particular atiention in these noisy condi-

tons.

6. CONCLUSIONS
A report on the results Irom subjective  evaluwion  of
STRAIGHT using the DRT. MOS and MNRU tests have been
given. Although these results are for this specilic system, our
intention is atso to demonsuate the arcas where wspeech analy-
sis/synthesis system may need to pay attention in order (o pro-
duce synthesised speech ol very high quality. The results from
this study revealed that the DRT score ol the current implemen-
tation ol STRAIGHT saturates at Irame-rates shorter than 5 ms
o an average ol 95. The objecuve evaluations using MOS and
MNRU tests revealed good guality scores across the three ver-
sions ©f' STRAIGHT und white and pink noise tolerances were
reported.
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