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1. INTRODUCTION
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techniques and 1idea

understanding and

spe

during the study itse

The feasibility

(1) Tc des

Len
operating at average
(2) To design a
(3)

To make

directions to take.

Below, we give

detailed

More

1.2 Summary of Res

1-2.1 Hybrid For

The purpose of

can stretch

recommendations

description

existing

RBolt Beranel and Newman Inc
t documents our six mont! study i1nte the
low rate (VLR) speech compression systenms.

performed during the final three months

nation of the ARPA speech understanding

the techniques wused were a marriage of

s @already developed under the ARPA speech

ech compression projects; others emerged

sk

study had three

tasks:

a formant-type vocoder software

system

rates of 500 (bits per second).

hp.:

phonetic vocoder at close to 75 bps.

for future possibilities and

a brief summary of the results of the study.
is given in the body of the report.

IS

mant<=LPC Vocoder

this vocoder was mainly to see how much one

vocoder techniques in terms of lowering the
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bit rate, and to compare Tthe results with existing systems
yerati at fixed rat of 600 Ops
The result wof our work here was a hybrid formant-LPC
variable rate vocoder operating at averape rates of 500 bps. The

hybrid aspect of the system and the formant tracking routine were
carried over from the speech understanding system, .while the
variable rate aspect and the quanhtization and coding of LPC
parameters were carried over from the speech compression project.
In addition, formant quantization and coding routines had to be

developed. The synthesis part of the system used tecnniques fron

both projects.

In spite of. the : fact that this was a first attempt, the
intelligibility of the resulting system was very good. However,
there was some loss of naturalness and speaker identifiability.
It was clear that further work would help improve the quality

substantially.

1.2.2 Phonetic Vocoder

A substantial part of -our  effort went into developing a
phonetic vocoder that would operate at average rates of 75 bps.
Again, in designing this system,; we used techniques from the

speech understanding and compression projects.

The acoustic-phonetic part of our speech understanding

system had to be modified to pive a single stream of best
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percentay of correct fir st cl ‘ had t« b 1mpro !
onsiderably f the phonefic vocoder 19 cation, “urther ¥

interfac between the recognitio: f ynthesis-by-rul
programs was written to rcommodate differenc: in the phonet
sets of the two system components. Considerable effort went into
quantizing and encoding the pitch and duration of segment to
naintain the requisite intonation of the speech while minimizing

the transmitted bit rate

The phonetic vocod

result was a

rates of T5 when the speaking r

bps

second, or an G i

average

bits for piteh and duration, ‘and 4.75

From the subjective listening tests we

able to make the fo

o

isteners, we were

bits/p

or that operated at averag« .

ate was 10

phonemes per

honeme, which includes 2.75

bits for phonetic encoding.

performed with a panel of

llowing conclusions: |

¢1) 'he present encoding of pitch and duration at 2.75
bits/phoneme is adequate to preserve the natural intonation of

the speech signal.
(2) Phonetic recognition ac
leterminer of intelligibility. A phon

of at least 80%, and preferably

intelligibility of continuous speech i

(3) Synthesis is the principal de

at the receiver. The speech from th

15 somewhat machine-like; modificati

the speech more natural.

guracy is the principal

etic recognition accuracy o

85%, 1is for high

necessary
n context.

terminer of speech quality d|

¢ synthesis-by=rule prorram

ns are necessary to render

" 4




Fo oy -

- ]

al [ ok 1
(

18 ol <!

synthesis=t

of natural

Sectior

compression

)

-

. 10
speasel

i €, naka | b

honetic v row
LELOR

T is,

' 185 ion ra 5
Gt y

Lf fechnolog

ite effort is ol

ne so-called "Donalc

certain synthesis pi

speech is definitely

The major development

n overall descrij

Details of the 500 bps

is not a necessary

“Oprams

>

thing

} ! Newman 1In
g r ks L o -~
i LT 13
_"'/ i } iLtv of

ing 75 bp vocoder
the order of 25
The details for suckt

ent.

’

quality that

especially

Synthesis

possible with a

characteristics,

tion

hybr id

has to be in

instead of

a speech

formant=LPC




~——d

- W

and give

vocoder .

B

I

sndations ¢




(‘/’ ‘k‘ \‘" “ x (. \
para ter are t
an I {7
noisele chant

b
o+
=
R

parameters x'(t)
approximation t

per{ormed. Figure 2

synthesizer:

2.2 Fidelity

In any
criterion that
distortion
mathematical

the f,!l"’)!‘ﬁ/

T CED.

(model)

excitation

theory
basis

reqguires

Of Bolt Beranek and Hewman Inc.
TON
f Sp *h Compi sion st e
} y { ¢ \ o) ny nent f . ar
31 ¢ i V el 1) Mmpo 1\ O] ‘ peecn

has been low-pass filtered and time-sampled, and

ctor of unquantized parametc x(t). fhese
hen quantized and encoded in the encoder as f(t)
itted through the transmission channel, In a
1 E'(t)ﬁl(i). (This is generally thi 7 for
ARPA Network.) The parameters X'(ﬁ) ar decoded

o produce an estimate x'(t) of the analysis
The last component in Fig. 1 wuses the

to 'synthesize the signal s'(t) which is ai

O L}l{,'

original sig

dictates the type of

depicts the two major components of

and transfer function.

Criterion

communication system, one must specify & fidelity
is optimized in the system design. Rate

(see, for example, [1]) has provided a

for many types of data compression. However,

that one the distortion function to

specify
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shai 3 updat | 16w R) ;| pey s ond while pitct nd ga
W } t | R A per cond. (Fipure 3 shows the
S { ] T 1 58] ;v"i" for n ente "".) Et rates
pt } in 11 tran i ] rat of 00-60( bps. Witl
entr ol [11], the averag transmission rate poes down to
500 3 ] .
3.4 Synth 18
o resynthesize the speech wave, W use a direct-form
synthesis structure becau of its relative insensitivity to

be linearly

not interpol

see if that

rmant tracking. The synthesizer operates at a basic

f 10 ms, reguiring the decoded speech parameters to

interpolated. lote that the decoded pitch value is

ated ascross voiced/unvoiced boundaries.

structing the synthesis filter, the system checks to

frame is voiced. If so, it approximates the formant

bandwidths based on their target frequencies. Our approximations

are as follows:

In addition,

to the voiced speech.

-
s
1
(o))
<
N

B2= 50 + F2/80 Hz

we use fixed U4th and S5th formants to add crispness

Their values are:

-14-
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4.1 Intr etior

Iy order - to design a speech compression syste that

transmits at 100 bps or less, onhe has to deal with speech

ents on the order of a single sound or phoneme. If shorter
segments were used, the number of bits needed would be too large.
In addition to the identity of the speech sounds, stress and
intonation information is essential to the naturalness of the
speech, and to the semantie information contained 1in ¢th
inflections. Such information is carried in the speech signal

via &the pitch and duration of the Segments, and to a much lesser
extent by the signal amplitude., Therefore, in addition ¢to
transmitting the identity of the sounds, it is also helpful to be
able to transmit piteh and duration. Proper pitch and duration
elps to mask some of the inevitable phonetic

errors made in the recognition of the individual phonemes. In

ocur phonetic vocoder, we transmit phonetic as well as pitch and

duration information at a total average data rate of 75 bps.
There ire two major obstacles in the design of a phgnetic
vocoder: recognition and synthesis. The recognition component

attempts to.  identifry the particular set of phonemes that were
uttered by the speaker. Any error in the recognition @process
results in the transmission and final synthesis of the wrong

phoneme, Since the phoneme is the smallest unit of meaning in

-

e
L

el it s T —_— 4
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: ) | erry | Pl ol = g ( v £y 11! ausl b + he
listeners:
Giv r 1 S ¢ V14 ¢ ;1,, ; l\,' "+ \. com: 1 4
attbempt {4 resyntt the wantet r e, Most phonetic
ynthesizers, hen given the cot ‘ y of es,
produc S| b with 100d intelli JLEY . Therefore, if
intelligibilit were our only concern, most any type of synthesis
would do. However, for communicati pu )3 SR 1 s 1150
concerned witl the guality ind natural: s of the speech. To
that extent, the us f transmitted piteh and duratio 1S
helpful, but not sufficient; the phonet synthesi must als

I e—

Sa— on——y e ——

produce natural soundit specch. In sur J 5 : i < t he
princi 1 determiner of quality.
Below, present ¥ brief escription o our ph tice
vocoder, followed by the result listene Judgments on the
intelli bility of thi synthesized speech.
o
-l I e e
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1 ( 11 Vocoder I ription

' ) with existing pr ; fro £ 3 cl
L tandins nd compression projects, we i ler ted phonetic
V ! on ( | "‘l" tem. 3 ure I 'vll v ! B I"e ‘lfl
th whole process. The speech signal is sampled at 10 kHz and
processed by our signal analysis progran, which produces
time-varying parameters such as energy, formants, zero-crossings,
ete. Then the Acoustic-Phonetic-Recognition (APR) program
tW. 151 from our speech understanding project uses these

parameters to produce a phonetic transcription in the form of a
segment lattice with  associated probabilistic phoneme scores.

e phonetic transceription is +then examined by the Interface

ibed in Section 4.5) which finds a single best path
ion that can be quantized and coded and sent to the
synthesis-by-rule program (see Section 4.4). This program takes
the phonemes and their associated duration and pitch, and applies
several rules that result in parameter tracks that are then used
to generate the output synthesized speech signal. The major

- » - - ) 1
components show

n in Fip. 4 are described further below.
%.3 Acoustic~Phonetic Recognition (APR)

In the APR component of our Speech Understanding System
(SUS ) we try to wscore many possible alternative phonetie
transcriptions. These transcriptions differ both in the number

of phonetic segments and in the phoneme scores in each segment.

a0}’ |
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ylish thi through the use of a __ﬁw'Ax‘, 1 att E’f.' Fig. B
a section of a segment lattice. There are several possibl

paths through the lattice, where each segment (between two
vertical lines) corresponds to a single phonetic segment. Since
W nnot be absolutely sure of the phonetic identity of a
ent, we ssocliate with each segment a 1list of prjbnﬂilixtic
scores - one for each possible phoneme. These scores depend on

acoustic measurements made in the vicinity of the segment. In
our speech understanding system it is not very important that the
correct phoneme have the highest score, since other sources of
knowledge are used to determine the most reasonable sequence of

words. However, 1t is important that  there be a strong

correlation between phoneme correctness and score. In our SUS,
the lexical retrieveal component gives scores to hypothesized
words by combining the appropriate phoneme scores on adjacent
segments in the lattice. Finally, the semantic and syntactic
components determine the most 1likely sentence that spans the
hypothesized set of words [16]. These "higher-level" components
are absent in a phonetic vocoder and, therefore; phonetic

i
recognition accuracy becomes of paramount importance.
h.4 Speech Synthesis-by-Rule

Through the wuse of a synthesis-by-~rule program [17], a
synthetic speech waveform is reconstructed from the information

transmitted by the recognition component of the vocoder. This

- |
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rero Yhonetic transcription and a sp ficabtio { y duration
I f L

an fundamental fr 2 f target for *h phon [he

1stic-phoneti romponent of the prog then d ived a set of

Lt funetions (formant frequencies, source amplitudes,; ete.) to
ntrol ter 1al anal snpeech s hegizer.

I'he synth -by-rule program was modified fo us in the

ol eti vocodel by e ving th bove-menti »d phonological

into the phonetic inventory of the rule program. Other synthesis
s Ip - “ L o ' e o : - ~ v 1 ~ PSP - » S et o " ~ - 1 o
worl performed during this period concerned i yvements to the

synthesis quality by comparing detailed spectra of selected

ynthetic speech sounds with comparable spectra obtained from the
me utterances spoken by an adult male tal r.

vocoder it is not meaningful to have several
phonemes with scores on competing paths through a lattice.

Therefore one must pick a single "best path" through the segment

-24-
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f I e voicing st t ur i the v Lo er ynorant. In the APR,
11 three periods are considered to Dbe part of the unvoiced
jve, o ‘,_'v‘\|)‘.l ¢ ( ontai e c]lur { t Y ident tv of
{ nlosive. Po. Lt SBR program, %l spiration i Cl red
part of the following vowel or scnorant, since the formants are
excited during this time.
A program has been developed as a test bed for several
possible strategies. One phase in this program applies severa

transformation rules to convert a transcription from the APR

conventions to the SBR conventions.

The interface progrem has three basic methods for
determining the "best path" through a segment lattice. First, a8

a control, the program can start with a "hand labeled" (i.e
correct) phonetic transcription of a sentence using APR
conventions. This allows us to determine the effect of parameter
quantization and the loss in naturalness due to the SBR program.
In the second (intermediate) method, the program starts with the
segment 1lattice produced by the APR, but is given the correct
path of segments through the lattice. In this case, the program
must still decide on the phonemes to be transmitted (the major
difficulty). The third method requires that the program choose
what seems Lo be the best segmentation path, and also choose the

phonemes along that path.
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4.6 R tion Perform
I order t.o s 0 several differ t for
detet ing the "be nath®? honetic Lri xriptior from the
' lattice, we needed a data b of senten . ‘We chose to
use the official test set of 132 utterances used in testing our
U5. These 132 utterances represented the speech of 3 speakers,
and had no beon used at all in training the APR program. We
11so chose a subset of 13 of these sentences that were spoken by
1 r ker (WAW).
Giver é sequence of segments through a segment lattice, as
in the second method, there are several possibl sche for
choosing the phonemes. Since each phoneme has been assigned a

~ e
15

not

nees

simplest method is to pick the phoneme on each

was given the higphest acoustic score by the APR p ram
¢ 6 shows the percentage of phonemes that were correct on

trst cholce (out of 71 phonemes) for each of the

possible

data bases. As can be seen from the first line, the 13 WAW

performed slightly than the whole

set, but there was not nce the program

a major difference si

tuned specifically to that one order to

speaker. In
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Fig. 6. Phonetic recognition performance, iven the
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i protl lity of that phoner occurring { ) na W
} f the p ! i1 ph on the preced A -3 bnen,

: B Let tiv D1 du PO, f i the Qa 1C a1 O

+ ] i ¢ t ) y \ | 1 ore , nd re Ji1 . n ; , ¥ R ¢
| St1 . 1 LY thi 4 f"l):, t g pr-] centbagse y f correct
in ed { 77% for the 13 sentences. (The experiment
| et run f 111 132 sente i in this case.) Upon informally
listening to nthesized versions of the 13 sentences, it 1as
laar that some were very intelligible and others were not. It

turned out that while the average recognition accuracy was T7%

fasid

1 the sentences, some had substantially better performanc

and others worse. Since one of our objectives was to determine

174 level of performance that would be meaningful for 4
communications task, we decided tc choose those sentences that
had better performance for furt r formal testing. The results

of the test are given in Section 4.8.

.7 Quantization and Encoding

4,7.1 Phoneme Encoding

I

In order to minimize the number of bits of information
needed to transmit the phonemes, we must code them efficiently.
Since we define 71 different phonemes, this would require a 7 bit
code for each phoneme. However, since we had determined that
some pairs of phonemes are much more likely than other pairs, we

decided to use entropy coding [11] to reduce the data rate. As

=30~
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information using very few bits, and simultaneously preserve most
£ 1} in : ion of the originatl peech.
.8 Results of ntellipgibility Experiments
Eight of the thirteen sentences in the data base were

grouped into a dialogue with nine other sentences (shown in Fig

g). The numbered sentences were the output of the phonetic
vocoder, and the rest of the sentences were spoken naturally. A

group of nine subjects were played the dialogue, without being
told anything about the subject matter of the diul:ﬁué. After
each vocoded sentence was played, the tape was stopped, and the
subjeects were given time to write down as many words of the
vocoded sentence as they could remember. When all were ready,
the next pair of sentences were played. When the dialogue was
finished, the experiment was redone. This time, the subjects
were asked to fill in (on a different line) any words they may

have missed ¢the first time through. The results of the

experiment are tabulated in Figs. 10-12.

Fig. 10 shows, for each subject 1listener, and for each
vocoded sentence, the percentage of words written douwn correctly.
The first and second lines in each case give the results for the
first and second ¢trials, respectively. Averages over subject,

over sentence, and total averages are also shown. As ean. be

¥

seen, there is a wide variation across subjects and across

sentences. Only subject BY, and less 50 P S had been

o~
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with experience are: AR, BH, HA, LC.

|
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Fig. 12. Effect of listener experience on word
i recognition.

~-42~-




g |

N Report No. 3508 Bolt
peripherally associated with the SUS proj
some idea of the subject matter in the senten

erformance of BT was not much better thar
the additional advantage that she had had exj
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It is clear from Fip. 10 that the resul

trial were almost always better than the firs

simple repetition, there are two main reasons

was better in the second trial. First,
the subjects became. familiar with the subj
dialogue and,

therefore, were able to use

disambiguate words. Second, the subjects be

speech produced by a SBR

synthesizer, an

“

understand it better in the second trial. Tt
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iscussed further below.
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sentences 1is the accuracy of the phoneti
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the sentence; shorter sentences were ger
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r tion accuracy 1s an objective 1 \ur of the performance
the recognition component of the vocoder; the accurac is
lefined as the percentage of phonemes that were recognized
rrectly by the recognition component. The third and fourth
columns in Fig. 11 show the subjective listener performanece on
the intelligibility of the vocoded sentences. The third ‘column

s

is a repetition of the last column in Fig.lo, and it represents

t} average word intelligibility on each of the sentences, while
t fourth columns gives the average sentence intelligibility. A

tence was considered to be correct if all the words in that

tence were correctly transcribed by the listener. Therefore,
the numbers  in the fourth column must be less than or egual to
those in the third column. ‘While, from Fig. 11 , one sees that
stener performance was highly correlated with phoneme
correctness, there were exceptions to the trend. For example,
sentence number 5, where only T77% of the phonemes were
transmitted correctly, was understood perfectly by all of the
sub jects. This 1is because the sentence was short and the
phonetic errors were not on adjacent segments. Sentence 4, at
67% phoneme recognition, gives an indication of what would be
unacceptable performance for a vocoder in a communications
environment. It is clecar from this and other experience we have

had that phoneme accuracy should be no less than 70%.

There also seems to be another important variable

controlling intelligibility. The subjects can be broken down

wilith =

M
. S -
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(2) The synthesis-by~rule program producsd speech with good
intelligibility but with &  quality that was uLnnatural, The
program required minimal storage but used a large set of rules.

The lack of naturalness was due to  the | rule _aspect of the
program; there simply were not enough rules to capture the
naturalness of the speech. Speech naturalness can: be important

4

for a phonetic vocoder application.
5.2 Conclusions

Our conclusions in terms of how to improve the performance

of a future phonetic vocoder édre as followus:

(1) Quantization and Encoding

The quantization and encoding of piteh and duration at a

total rate of 2.75 bits/phoneme was judged to be adequate in

naintaining the natural intonation of the speech. No major
Looaal improvements are necessary. |
(2) Recognition :

(a) A best first choice recognition strategy is needed.
(b) The recognition should utilize more context information.
(c) Greater speaker dependence should be built in to achieve

higher recognition accuracy.
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O. IMENDATION

ur conclusions, as outlined in the previc section,
W ot out ipn the Ffinagl part of the projeect to study, in a fair
ar { yf detall. the fleasibility of :-actually: building =
real-ti , natyral sounding 75 bps phonetic vocoder. number of
ou: staff with various types of expertise participated in this
pr 35 in order to form realistic - estimates and conclusions.
I'h results of our deliberations are being written in a2 document
that will contain e -proposed system -that would actually

the

The
features:

L 1)
(2)

W

(4)

The
project.

Judred

the

Alth

intelligi

recogniti

plis

sSpons

{7

speec

h- the desired goal. That document will be submitted to

or at a. later date

proposed phonetic vocoder aims to have the following

o
S8

75 bps average transmission rate,

85-90% phonetiz recognition,

natural sounding synthesis,

real~time operation using off-the-shelf technology.

75 bps data rate was already demonstrated in the pilot

The 2.75 bits/phoneme allotted to pitch and gain were

o be adequa in maintaining the natural intonation of

0

ough 80% phonetic recognition might be adequate for good

bility in context, we felt it was best to aim at 85%=90%

on to ensure high intelligibility.
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